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Preface

Buildings are one of the largest consumers of energy and contribute significantly to emissions that effect
the earth’s climate. There is a critical need for informed design decision that can help communities in
mitigating climate change effects, and that is one of the reasons why built environment simulation and
design computation have become ubiquitous throughout the design world, from small scale offices to
multinational firms. Simulation workflows harness the ever-growing power of personal computers, and the
increasing use of cloud computing, to aid design teams in their increasingly complex endeavors throughout
the globe. Disciplinary boundaries are blurring, as simulation-based decision support systems bring experts
from various fields together to develop low-tech solutions, using high-tech simulation tools. The 9th annual
Symposium on Simulation for Architecture and Urban Design (SimAUD) therefore aims at creating a
convergent scholarly platform that showcases advanced methods, tools, theories and simulation-based
workflows to inform design disciplines on the performance of buildings and cities, in an effort to create a
better future for the human race.
It is a thrilling experience to be leading this edition of SimAUD at this critical time, and to continue the
tradition of bringing together prominent academic experts with cutting-edge practitioners under the roof of
the TU Delft Faculty of Architecture and the Built Environment, which has a world leading role in the fields
of urban and architectural design and engineering in a broad sense. This year the conference establishes
transdisciplinary conversations that represent papers, posters and panels from leading universities including
design schools and engineering institutes, as well as distinguished architecture, engineering and built
environment practices innovating on the topic of performance-based design. This book is the conference’s
impact to the body of knowledge of the art and science of simulation in architecture and urban design.
It presents novel contributions in the fields of: daylighting; building geometry; multidisciplinary criteria;
building envelope and new materials; energy and thermal comfort; occupants and human behavior;
fabrication; microclimate, generative urban design and urban modeling and environmental modeling and
data collection. We designed the conference program to include three keynotes from visionary voices of
the academy, industry and in-between both: Marilyne Andersen from EPFL, Andrea Love from Payette
and David Gerber from USC and Arup. Finally, SimAUD 2018 continued the offering of pre-conference
workshops that started in the 2017 edition. This -now- tradition has grown substantially, where we offered
fifteen international workshops presented by scholars and specialists, disseminating knowledge, expertise
and hands-on practices that span building and urban performance simulation, immersive virtual reality,
robotic fabrication and innovative design workflows.
This edition’s success is attributed to a dedicated team that serves our community with extreme diligence.
We would like to recognize and thank the Scientific Chairs: Daniel Macumber, Forrest Meggers and Siobhan
Rockcastle for managing a rigorous peer-review process that was crucial in producing these high-standard
proceedings. We would also like to thank the Scientific Committee for their essential paper reviewing
activities. We are also grateful for the support and guidance of Ramtin Attar and Rhys Goldstein from
Autodesk, as well as the Design Energy Futures program at Syracuse University School of Architecture,
and ESTECO Academy for their sponsorship of the conference. SimAUD is run in partnership with the

V

Society for Modeling & Simulation International (SCS). We owe much gratitude to Oletha Darensburg
and Carmen Ramirez, as well as all the SCS officers who helped us in organizing and managing the
conference. We would like to also thank Kristi Connelly and Holly Meyers from Omnipress for developing
these proceedings. Furthermore, we are honored and grateful to work with the faculty, staff, and students
of the TU Delft Faculty of Architecture and the Built Environment as our academic and venue partner for
the event; with special thanks to Sevil Sariyildiz for her treasured support and the contributions from the
Chair of Design Informatics.
Last, but definitely not least, we would like to thank all the authors for their brilliant contributions to
this conference. SimAUD’s exceptional standards in research are only possible because of their passion,
knowledge and drive to disseminate their remarkable work. We look forward to the continuous involvement
of the authors, as well as future and emerging contributors, to evolve our community towards a better and
more performative future.

Tarek Rakha

General Chair, SimAUD 2018
Assistant Professor, Syracuse University

Michela Turrin

Program Chair, SimAUD 2018
Assistant Professor, Delft University of Technology

All accepted papers will be published in the ACM Digital Library at the SpringSim Archive.
Sponsored by The Society for Modeling and Simulation International.
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Keynote Speakers

Marilyne Andersen
Dean, School of Architecture, Civil and Environmental Engineering
Professor of Sustainable Construction Technologies
Ecole Polytechnique Fédérale de Lausanne (EPFL)

Marilyne Andersen has a background in physics and works at the interface between architecture and
engineering. Her research and consulting activities focus on building performance in the architectural
context in general, and the use and optimization of daylight in buildings in particular. She has a PhD in
Building Physics from EPFL, was a scholar at the Lawrence Berkeley Lab as well as tenure-track Professor
at MIT before joining EPFL as faculty member. She is a Full Professor at EPFL and Dean of the School
of Architecture, Civil and Environmental Engineering, Head of the LIPID Lab, and co-founder of the
consulting spin-off OCULIGHT dynamics.
Marilyne Andersen’s research field situates itself at the interface between architecture and building
technology, and focuses on the integration of building performance in design, with an emphasis on
daylighting and passive solar strategies. From an initial focus on video-based goniophotometry and
complex window materials, she broadened her research interests to architectural design and to its bridging
opportunities with photobiology and neuroscience, psychophysics, computer science and other fields
traditionally remote from building technology. She works on a wide range of subjects, including visual and
thermal comfort, tools for early stage design, circadian photoreception and health, and advanced facade
technologies for daylight redistribution. She is the author of over 100 refereed scientific papers, recipient
of several awards including the prestigious Daylight Research Award 2016, and is a member of the Board
of the LafargeHolcim Foundation for Sustainable Construction. She was the leader and faculty advisor of
the Swiss Team and its NeighborHub project, who won the U.S. Solar Decathlon 2017 competition.
This talk will explore current research efforts at the interface between architecture and building technology,
with a focus on the integration of daylighting performance in design through simulation methods. The
impact of natural lighting contributions on occupants’ well-being, notably from their health and biological
clock perspective, but also through perceived visual and thermal comfort or from an emotional response
standpoint, in order to bring these considerations to become integral components of design support,
providing guidance towards places of delightful – and daylightful – living.
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Andrea Love
Lecturer in Architecture, Harvard University Graduate School of Design
Director of Building Science and Principal, Payette

Andrea is the Director of Building Science and Principal at Payette, an architecture firm in Boston, working
across all projects to bring rigor to the performance of their work. Additionally, she leads the firm’s
internal research projects, and was the Principal Investigator on the AIA Upjohn Grant focused on thermal
bridging. She has also been a Lecturer at MIT and at Harvard where she teaches a class on building
performance. Andrea is a licensed architect with her BArch from Carnegie Mellon as well as a Masters in
Building Technology from MIT where she was the recipient of the Tucker-Voss Award. She is a LEED Fellow
and was a 2017 recipient of the AIA Young Architect Award.
Andrea joined Payette in 2011 to start the Building Science group which leads internal research
projects and sustainability efforts for the firm. The group works across all projects in the office providing
integrated, iterative performance modeling during design to enable project teams to make informed design
decisions. She particularly focuses on early in the design process when there is the greatest opportunity
to influenced design. Much of Andrea’s research has focused on building envelopes and exploring how
they impact energy usage, occupant comfort, and mechanical systems. A licensed architect who also
has a degree in building performance, Andrea seeks to marry performance and design in order to achieve
beautiful, high performing buildings.
The lecture will focus on an organizational case study on the integration building science into its design
process. The talk will show how the integration of building simulation into the design process has been
leveraged to inform and drive architectural design, transforming our firm culture and building an energy
literacy within the organization.
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David Gerber
Associate Professor of Practice in Civil and Environmental Engineering
and Architecture, USC Viterbi School of Engineering
Global Research Leader, Arup

Dr. Gerber is Arups’ Global Research Manager. David holds a joint appointment at USC’s Viterbi School
of Engineering and the USC School of Architecture as an Associate Professor of Civil and Environmental
Engineering Practice and of Architecture. Dr. Gerber is also the program Director for the Civil Engineering
Building Science undergraduate program and teaches in both the Viterbi School of Engineering and the
School of architecture. David Gerber received his undergraduate architectural education at the University
of California Berkeley (Bachelor of Arts in Architecture, 1996). He completed his first professional degree
at the Design Research Laboratory of the Architectural Association in London (Master of Architecture,
2000), his post professional research degree (Master of Design Studies, 2003) and his Doctoral studies
(Doctor of Design, June 2007) at the Harvard University Graduate School of Design.
Dr. Gerber’s work is focussed on developing a richer synthesis of Architecture with computing, engineering
and related sciences for the design and engineering of the built environment. At the core of his interest is
the discovery of systems, tools, and new knowledge for architecture, and urban design.
In “Research Matter(s)” Dr. Gerber will speak about research at Arup and the drivers that influence the
design and engineering research directions of travel. Included in this description is a reflection upon
technological trends and their influence upon designing for and with complexity. His talk includes examples
from both industry and the academy and purposefully raises questions about our plausible futures and
highlight the essentialism of design exploration in the fourth industrial revolution.
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volume metrics, the orientation to cardinal directions and
the function distribution in the building. From the early
beginning of forming a place for living, the history of
architecture has been strictly connected with the
development of daylighting. The daylight defines a spatial
form which controls (the air flow, heating, humidity,
temperature), strongly visible particularly in the
architecture of ancient, gothic and baroque buildings [1].

ABSTRACT

The aim of this paper is to examine the new method of
obtaining
the
simulation-based
results
using
backpropagation of errors artificial neural networks. The
primary motivation to conduct the research was to
determine an alternative, more efficient and less timeconsuming method which would serve to achieve the results
of daylight simulations. Three daylight metrics: Daylight
Factor, Daylight Autonomy and Daylight Glare Probability
have been used to verify the reliability of applying the latter
into an early stage architectural design process.

The sufficient daylight strategies were essential before the
daylight was supplemented by artificial light in 19th century
[2]. Moreover, the daylighting was also a thesis for
theoretical investigation as Le Corbusier underlay the
significance of the topic as one of three key regulations
during projects development. Nowadays, apart from basic,
visual and aesthetic factors, daylight plays an important role
in minimizing building energy consumption. The most
advanced research regarding thermal comfort and
microclimate shows its impact on working conditions in
buildings, in compliance to sustainable architecture design
principles. The latest findings in physiology field also
investigate a positive long-term effect of the daylight on
individual well-being due to the fact that they prevent
acquired human health disorders like myopia or controlling
the circadian rhythm by daylight-based molecular
mechanism [3].

The framework was based on the computationally
generated data sets build on various office models variants
followed by daylight simulations. In order to predict the
simulations values based on the given office parameters
with artificial neural networks algorithm, a specific tool
was designed as an alternative to computer simulations. The
designed tool and simulations results were compared
against computing time and values differences. The above
findings of the research proof the reliability of the new
methods as a tool during an early-stage architectural design
process likewise conventional daylight simulations.
Author Keywords

1.2.6
1.6.3

The importance of applying efficient daylighting practice in
buildings, signify a growing interest in using computational
daylight simulations which become the most accessible way
to evaluate lighting conditions in the interior. Nevertheless,
the authors consider this method as time-consuming and
complex.

Lightning conditions are one the most important factors in
the process of utilizing office spaces. The primary daylight
measurements and strategies play a fundamental role in the
early decision-making stage of design process, e.g. the

The primary motivation to conduct the research was to
reduce the time of computing calculation processes and
proper 3D model preparation by applying more timeefficient algorithms. The following research investigates the
idea of replacing the simulation engine with machine
learning algorithm.

Daylight simulation; machine learning; artificial neural
network
ACM Classification Keywords

1.6.1
SIMULATION
AND
MODELING;
CONNECTIONISM AND NEURAL NETS;
APPLICATIONS
1

INTRODUCTION

SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

3

2 LITERATURE REVIEW
2.1 Simulations

second type of machine learning approach is unsupervised
learning, in which the data set is composed solely of a given
inputs, and the goal of the algorithm is to find patterns in
the data set [13].

Several methods of evaluation daylight in buildings have
been established, i.e. physical models, photography, on site
measurements, rules of thumb, regulations, guidelines or
computational simulations. In the recent years there has
been a considerably, growing interest in computational
daylight simulations as the most accessible way to obtain
comprehensive and valid information about buildings
daylight conditions. The direct motive for using daylight
simulation methods is to simplify the design process and
validate it during its early stage. Not only to the
computational tools accelerate the daylight calculations, but
also they appear to be the only reliable simulation method.
Furthermore, complexity of the geometry of the space
makes them difficult to calculate illuminance manually [4].
After having considerate the daylight requirements and the
building specifications, from the very first phase we are
able to ensure orientation, massing, space planning, sizing
and shaping of apertures in the building to provide
acceptable luminous environment in interiors, attaching
weight to sunlight (illuminance from the direct sun) and
daylight (illuminance from the dome) factors [5]. The
acknowledge and implementation of simulation-based
daylighting tools might become a powerful tool in
developing a comprehensive strategy for the building.

The most commonly used type of machine learning
algorithm is artificial neural network. It is a biologically
inspired computational model which consists of processing
elements and connections between them with weights
bound to the connections, which form the “memory” of the
system by a process of learning [14]. Neural networks
mimic the human brain architecture of neurons and
connections between them in a form of synapses.
The first neuron mathematical model was proposed in 1943
by McCulloch and Pitts as a binary device with binary
inputs and outputs [15]. The first developed version of
Artificial Neural Network was proposed by the
psychologist Frank Rosenblatt in 1958 called perceptron
[16]. Later in 1975 Werbos introduced back propagation of
error artificial neural networks algorithm, accelerating the
training of multi-layer networks [17]. Since this day,
backpropagation of error artificial neural networks has
found an application in various disciplines: Pattern
recognition, Handwriting recognition, Speech recognition,
Artificial Creativity, Computer vision, Virtual reality and
Image processing, Automated Car Steering etc. [18].

One of the major drawbacks to exploiting this method is the
fact that the process is complex and time-consuming. DIVA
performs simulations on 3D models, by operating on the
physically-based simulation system DAYSIM using
Radiance [6]. This system uses light-backwards ray-tracing
method, to obtain simulation results [7], which commonly
requires long computation times [8].

2

METHODOLOGY

The method was fully based on the computationally
generated data sets, which consist of various office models
variants followed by daylight simulations. The generated
data set composed of office spaces geometrical parameters
and corresponding simulations results were utilized as
supervised learning algorithm training data. Based on
trained artificial neural network, as an alternative to
simulations, tool was designed. The goal was to collate
result obtained with simulations and machine learning
algorithm in order to juxtapose differences in computing
time and results values (figure 1.).

The purpose of the article is to examine the methods to
expedite simulation calculation time by replacing
simulations systems implemented in DIVA with machine
learning algorithms. The recent review in literature on this
topic examines predicting illuminance in office buildings
[9], solar radiation [10] and energy management [11] using
artificial neural network.
2.2 Machine Learning Algorithms

The research investigates the concept of replacing the
simulations with machine learning supervised algorithmerror backpropagation multilayer artificial neural network
[12].
Machine learning algorithm is a set of methods to
automatically detect data patterns in order to predict future
data or to perform decision making under uncertainty.
There are two main machine learning algorithms types:
supervised learning and unsupervised learning. In the
supervised learning approach, the goal is to learn a mapping
from inputs data to the corresponding output data. Based on
the input data, trained system predicts the new values. The

4

2.3 Daylight Glare Probability

Daylight Glare Probability (DGP) is occurring when
observer is faced with a very high luminance in the visual
field. The parameter is investigating the probability of
appearing visual discomfort working conditions,
simultaneously supporting designing comfort offices [22].
The analysis has been performed under climate-based
various sky conditions for over a year time during
scheduled occupancy time between 8 p.m. and 6 a.m. Due
to the diversity of the workplace distribution in the office
spaces, the location of the measurement point has been set
in the center of each generated office room.
3

MACHINE LEARNING-BASED DESIGNED TOOL

The research objective was to predict the mean DF, mean
DA and DGP values with a data set consisting of
geometrical dimensions of the given office space without a
need of simulation. In order to develop a fast computing
tool, the time-consuming simulations have been replaced by
machine learning algorithm. The backpropagation of errors
artificial neural networks was selected as an algorithm to
conduct the research on. This process requires both input
and output training set data in order new values based on
the given examples.
3.1 Data Collection

The research explores the idea of training the machine
learning algorithm with simulations results, without a need
of collecting a large set of on-site daylight measurements.
The simulations have been conducted in DIVA.

Figure 1. Diagram of a main process

Input data

To validate the method, three primary daylight parameters
dealing with daylight availability and visual comfort (Mean
Daylight Factor, Daylight Autonomy and Daylight Glare
Probability) have been taken into consideration. This
metrics were established by authors as the most compelling
in order to predict a primary overlook of conditions in the
office buildings.

A set of 2763 random office spaces has been generated, as
an algorithm input data. Each of the evaluated offices has
been modelled based on the seven normal distributed
random parameters (figure 2.) used as an artificial neural
network input vectors divided into the 4 basic groups. Due
to the parameters required for specific simulations types,
DF and DA does not count the simulation time, presented in
the 4th group :

2.1 Mean Daylight Factor

Daylight Factor (DF) is strictly the ratio of internal to
external illuminance determined under a sky luminance
distribution. That conforms to the CIE Standard overcast
sky pattern [19]. Accordingly to the definition DF
calculations were conducted under CIE overcast sky
condition. The selected sky pattern is not analyzing direct
sunlight entering the office space [20].

1.



2.

2.2 Daylight Autonomy

Daylight Autonomy (DA) is a daylight availability metric
which uses work plane illuminance as an indicator of
whether there is sufficient daylight in a space so that an
occupant can work by daylight alone [21]. The study has
been conducted under climate-based various sky conditions
that occurs in the selected location. The calculations have
been collected over a year period for hourly values of the
solar radiation and the meteorological elements.
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Office space dimensions (simulation types: DA,
DF, DGP):
Length [range of: 3.0 to 10.0m]
Width [range of: 3.0 to 10.0m]
Height [range of: 3.0 to 4.0m]
Window parameters (simulation types: DA, DF,
DGP):
ratio of window and the corresponding wall areas
[0.0 to 1.0]
Window horizontal location [0 to 1(as a ratio of
wall length)]
Window vertical location [0 to 1(as a ratio of wall
height)]
Orientation (simulation types: DA, DF, DGP):

represented as percentage. DA is represented as a
percentage of annual daytime hours that a given point in a
space is above a specified illumination level set for 300 lux,
recommended by the European Daylight Standard (prEN
17037) and represented as the area percentage. DGP shows
the probability of people being affected by discomfort
glare, represented as the percentage value [23]. The
possible range for each of the simulated daylight metrics
was set from 0 to 100.

 Cardinal direction [0 to 2pi]
4. Time and Date (simulation types: DGP):
 Occupancy time: [8am to 18pm]
 Date: [1 to 365]
Apart from the provided nine input parameters, which took
part both in training the artificial neural network and
simulations, four fixed parameters, which are required by a
simulation engine have been selected:
 Localization: Denver, U.S.A., 39°45′43″N
104°52′52″W
 Office furniture layout, evenly distributed over the
area, with a density of one workstation per 5m2
 Optical material properties: selected and set as
typical values for office building available by
default in daylighting and energy modeling plugin DIVA 4: (GenericInteriorWall_50,
GenericCeiling_70, GenericFloor_20,
OutsideGround_20, OutsideFacade_35,
Glazing_DoublePanel_LowE_Argon_65,
250cdm2_screen, GenericFurniture_50)
The foregoing fixed parameters of location, office furniture
materials and layout have been selected by the authors. That
makes the tool less universal, but on the other hand easier to
evaluate its accuracy. Due to the simplification of the
discussed problem simplification, provided samples have
only window opening possible on a single wall.
Additionally, physical dimensions for a random office
space are set within the provided range, which enables a
prediction of rooms outside the range.

The Data Set resulted in the following values:




DA [range of 0 to 100%, average of 15.83%]
DF [range of 0.001 to 17.51%, average of 0.73%]
DGP [range of 0 to 41.1%, average of 16.17%]

Figure 3. Comparision of simulation results domains and average
vaules.
3.2 Machine Learning Algorithm Selection and
Model Training

During the research a supervised learning method was
applied according to the problem structure. In the respond
to the collected data structure and problem type, the
following research is based on the back propagation of error
artificial neural networks algorithm.

Selected artificial neural network algorithm requires setting
its parameter in order to minimize the predictions error.
Several network parameters were set by the trial and error
method: number of hidden layers and corresponding
neurons count per layer, neurons activation function,
learning rate and number of learning cycles. Input and
output data were beforehand remapped into the number
range from 0 to 1.0 and divided into the two parts: 2963
training sets and 200 testing sets. For each of the simulation
types (DA, DF, DGP) separate artificial neural network has
been trained, minimizing calculated Mean Square Error
[24] to 0.004 (DA), 0.002 (DF), 0.008 (DPG). Each of the
trained artificial neural networks separate architecture has
been set. DA network consisted of 7 input parameters,
previously shown in point 3.1, 2 hidden layers with sigmoid
activation functions of 5 and 6 neurons per hidden layer.
DF artificial neural network architecture has been

Figure 2. Averaged random input data set normal distribution.
Output data

In order to train the artificial neural networks a data set of
simulations’ results (daylight metrics) have been collected
(Figure 3.), creating the output data set. The paper examines
a possibility of predicting the simulations results for three
daylight metrics: DF, DA, DGP. Each of the simulated
daylight parameters values have been collected for all
generated office spaces, creating a data for supervised
artificial neural network training. DF simulation calculates
the ratio between internal and external illuminance
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Figure 4. Plot chart comparison of simulation and tool results (DF, DA, DGP).

composed of 7 input parameters, 2 hidden layers of 3 and 5
neurons per layer with tanH activation function. Due to the
number of input parameters required by DGP calculation
being extended to 9 parameters by time and date factors,
artificial neural network has been set with 2 hidden layers,
of 10 and 8 neurons with tanH activation function.

4

RESULTS

Five diverse office layouts with different orientations have
been generated for the final detailed comparison of results
and computing time differences between simulations and
machine learning aided predictions, in order to evaluate
research approach. Predicted by the designed tool values
and simulations results differences for five selected
examples have been minor (2.82 for DA, 0.15 for DF, 1 for
DGP). The authors of the research claim that ehe
differences in values are insignificant and admissible to
discount. The obtained comparisons results lead to the
conclusion that values predicted by the tool are reliable to
utilize and apply into early-stage design processes, likewise
conventional daylight simulation.

Successfully trained networks allowed to make calculation
based on the new input values set and to receive predicted
simulations results. Previously separated 200 test data sets
have been compared with the results predicted by the
trained network. From three simulation types the
considerable difference occurs while comparing the DGP.
That resulted in the maximum difference of 17% in one of
the layouts, where the average difference has been found
several times lesser of 2.477 %. DA maximum values
difference of 13.1% should be as well considered as
significant, while its average value equals 1.825 %. The
best results have been found in comparison of simulation
results and predicted values for DF simulation, where
maximum difference was approximate to 0.5% and its
average value below 0.1%. Even DA and DGP predictions
maximum differences were significant, their median
differences were smaller than 1.5% being reliable results.

During the research both the computing time and
corresponding predictions were compared. Daylight
simulations time is based on its calculation quality,
geometrical complexity, selected algorithm and processing
unit capability, whereas artificial neural network prediction
is always processed with the same number of inputs and
network architecture, resulting in unnoticeable computing
time differences while predicting the results. The advantage
of the utilizing machine learning approach is its computing
time difference, which for the given five examples on

Figure 5. Comparison of simulated and predicted values of test data.
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Figure 6. Detailed set of chosen office models, comparison of simulation and Artificial Neural Networks results and computation time.

average resulted in simulation/prediction computing time
ratio of 32.16 (DA), 2.88 (DF) and 16.72 (DGP). The
presented approach results in significant computation time
boost and minor predicted values differences.

Simulation

Daylight
Autonomy
Mean Daylight
Factor
Daylight Glare
Probability

Average
value dif. [%]

results in a cloud data base, enhancing networks prediction
accuracy and variants range. Computing time reduction
allows the efficient application of evolutionary algorithms
to optimize offices layouts based on the DF. Five diverse
office layouts with different orientations have been
generated. That requires generating a large set of variants
during each of the optimizing algorithms iterations and
creating a considerably less time- consuming design tool.
It is recommended that further research should be expanded
by additional conditions: shading systems, external
geometries, different values of optical materials properties
etc. In terms of proposal for European Daylight Standard
(prEN 17037), further research should also regard the urban
context. This approach has the potential to be applied into
existing as well as rooms being designed.
The rooms parameters have been all generated and
presented in numbers for using machine learning
algorithms, not regarding 3D modelling in any steps. It
expands the tool’s usage accessibility for broader audience,
without the necessity of preparing the 3d model.

Average
time ratio
[sim./ann]

2.8194

31.16

0.1514

2.88

1.06

16.72

Table 2. Simulation and designed tool values differences and
computing time ratio.
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The climate based Daylight Autonomy (DA) metric has
been gaining ground in the field of sustainable building
design as a measure for the amount of daylight within
spaces and associated energy savings. In this study,
Artificial Neural Networks (ANNs) were used to predict
DA levels in interior spaces as an alternative to
computationally expensive simulations. Research was
carried out in three phases of increasing complexity: First, a
neural network was trained and validated for a single design
space. Subsequently, the window design was altered and a
neural network was trained and tested on its ability to
predict DA levels according to changes in window design.
Lastly, the neural network was trained to account for the
effects of shading from an external obstruction. After
sufficient training, the ANN, during the recall stage, was
able to predict DA, on average, within 3 DA short of the
simulated DA results for both the shaded and unobstructed
scenario. The results obtained show the potential of neural
networks as a prediction tool for estimating Daylight
Autonomy.

This paper employs the climate based Daylight Autonomy
metric (DA) and investigates the potential of applying
artificial neural networks (ANNs) to predict this metric. By
proving the potential of ANNs to learn or mimic the
behaviour of simulation tools, it aims to establish a basis for
ANNs to partially replace time-consuming simulations in
design optimization processes.
The next part of the paper gives the definition for DA,
describes the basic construct of ANNs and explores the
current application of ANNs as prediction tools. In the third
section, the four methodological experiments undertaken in
this study are described, after which the results are reported
in section 4. The last section evaluates the findings and
draws the conclusions for this paper.
2

ARTIFICIAL NEURAL NETWORK PREDICTIONS OF
DAYLIGHT AUTONOMY

Daylight Autonomy (DA) measures the amount of occupied
hours in a year, in which a given illuminance target can be
met by daylight alone [4]. For office work, 300 lux is a
typical target taken as the illuminance threshold. To
illustrate, a DA of 80% reports that artificial lighting may
not be required for 80% of occupied hours in a year. This
metric and variations of the metric (such as Spatial Daylight
Autonomy and Useful Daylight Illuminances) are thus
commonly used in lighting design for designing daylight
harvesting systems [5]. Time-consuming climate based
simulations at hourly or smaller time steps are needed to
calculate the annual result of this metric. As such, research
has also ventured into the field of machine learning and
proposed neural networks to tackle the problem of
computational expensive simulations while maintaining
prediction accuracy [6].

Author Keywords

Artificial neural network; climate-based daylight modeling;
daylight autonomy, daylight performance; machine learning
ACM Classification Keywords

I.6.1 SIMULATION AND MODELING; I.2.6
CONNECTIONISM AND NEURAL NETS
INTRODUCTION

Daylight is an essential physiological and psychological
human need that has been shown to improve human wellbeing and work performance [1, 2]. As a measure for
daylight, current building standards and guidelines (e.g. BS
8206-2:2008; BR209-2011) still predominantly rely on the
Daylight Factor (DF). This metric however has been
criticized for its inability to distinguish between a better or
worse design approach as it takes into account neither
climate, orientation nor shading [3]. In place, climate-based

SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

Cardiff University
Cardiff, U.K.
bleildesouzac@cardiff
.ac.uk

daylight metrics have been recommended as a design driver
to evaluate design solutions.

ABSTRACT

1

4

Artificial neural networks are the mathematical description
of ‘brain-like’ systems that have been developed with
biological neural networks as their core concept [7].
Characteristically, ANNs are a construct arranged in an
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input layer, one or more hidden layers in the middle and an
output layer (Figure 1). The layers consist of a variable
number of neurons with variable connection strengths. The
connection strengths between the neurons of each layer are
established by providing the ANN with a set of training
data and the respective results, to which it then develops a
pattern of connections that replicate complex functions and
mimic non-linear behaviour. Depending on the applied
learning rules and the transfer functions between neurons,
the networks can be trained as prediction models to
compute continuous output such as illuminances (function
approximation)[8], or binary output that classifies data into
categories (classification), e.g. illuminance categories such
as Useful Daylight Illuminances [9].

daylight predictions, one of the major drawbacks stems
from the effort required to collect or generate the data
required for ANN training. Additionally, Neural Network
models remain as a black box [13] and the sensitivity of
prediction results towards a selected neural network
architecture as well as the randomly selected initial weight
settings make their robustness questionable.
This research models artificial neural networks to predict
annual DA levels for changes in façade design, specifically
window dimension and window location. The data is
generated from daylight simulations. So as to improve
reliability and robustness of the networks, the study ran
multiple trials and optimized the neural network
architecture for each training set individually before
applying the ANN to predict the DA metric.
3

METHODOLOGY

3.1 ANN Settings

A neural network model was developed by providing a set
of input output pairs to the network to undergo supervised
training. In this case, the design variables were the input
and their corresponding DA values the output. This study
employed a feed-forward neural network that uses the backpropagation training. Back-propagation neural networks are
popular for function approximation problems [14] and use
gradient descent to adjust connection weights between
neurons. As such, there is risk of getting stuck in local
minima. To mitigate this risk, network settings such as the
speed or learning rate and the step size in which the
network weights are adjusted as well as the initial weight
setting itself become crucial factors affecting the outcome
of ANN training [15]. Therefore, the Levenberg-Marquardt
algorithm was implemented in conjunction with backpropagation for a faster convergence during training and
increased robustness [16], as it switches between gradientdescent and a Newton-like update of the weights. The
neural networks were modeled and trained in MATLAB
and each network was trained ten times with randomised
initial weight settings.

Figure 1. Neural network architecture with five input neurons, four
neurons in the hidden layer and one neuron in the output layer.

One of the studies that applied ANN-based modelling
successfully predicted illuminance levels in an office
building with a percentage error of 3% compared to field
measurements [6]. The study used Illuminance
measurements alongside time variables and weather data to
train the network. In another study, the illuminance results
obtained from a trained neural network were used to
optimize the slat angle of blinds [10]. Good prediction
results were also obtained in a study that applied neural
networks to estimate sky luminances. The study showed an
overall better performance of the ANN over CIE sky
models [11].

As the connections between neurons are at the basis of
neural network modeling, the ANN architecture,
specifically the number of neurons in the hidden layer, are a
paramount influencer of ANN models [17]. A typical
approach to determining the optimum number of hidden
neurons is one of trial and error. Research has
recommended a pyramidal structure in which the number of
neurons is smaller than the number of input neurons and
bigger than then the number of output neurons [18]. Similar
studies in the field however found predictions results to be
more accurate with a larger number of neurons in the
hidden layers [19]. For this study, a script was written that
tests the performance of ANN models starting from a small
number of three hidden neurons up to 25 hidden neurons.

In an effort to evaluate the daylight performance of a
building, a more recent study used ANNs for hourly
predictions of the climate-based metric UDI (Useful
Daylight Illuminances). The network was able to correctly
classify the UDI category for most days of the year and
showed a better performance than support vector machines,
another machine learning technique [9]. ANNs also yielded
promising results for annual predictions of the Daylight
Autonomy metric [12]. Although the studies show the
ANNs potential as an alternative computational model for

All input data was normalised to the range of -1 and 1
before training and a tan-sigmoidal activation function was
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employed in between the input and hidden layer and the
hidden and output layer. To mitigate overfitting [20], the
training data set was subdivided into a validation set of 30%
and the default MATLAB setting of six maximum
validation failures was selected to initiate an early stopping
of neural network training before completion of 1000
training epochs.

The training and testing of ANN models was undertaken in
the four parts:
Neural Network Validation

Daylight simulation results for all 121 sensor points of design
A (Figure 4) were extracted and attributed a sensor point ID
according to the distance from each sensor point to the center
of the window. The data was then used to generate the ANN
input and target data. 90% of the data was used for training
and early stopping; the remaining 10% of the data was
withheld for testing ANN prediction accuracy. This was
done once with the data that was generated from the
unshaded scenario and repeated a second time with the data
generated from the model that received shading from a
neighboring building.

3.2 Simulation Design

A generic model of 10 x 10 m with and a cantered window
and a window head height of 2.7 m was chosen as the base
model for daylight evaluations (Figure 2). The daylight
simulations were run on Diva for Rhino, a validated and
Radiance-based simulation tool [21]. DA was calculated for
121 sensor points at a work plane height of 0.8 m.

Predicting DA for Variations in Window Dimension

Simulations results were extracted from A to I (Figure 4)
and window width was added as an input feature for neural
network training. In a first run, the input and target data for
B was withheld from training. After training and optimizing
the ANN architecture, DA levels were predicted for all
sensor points in B. In a second run, the ANN was retrained
using the input and target data from A to G and I as training
data and the data for H was withheld for testing. After
training and optimizing the ANN architecture, DA levels
were predicted for all sensor points in H. This was done for
both the unshaded and shaded scenario.

Figure 2. Generic model used for daylight simulations.

Window length and location of the window on the south
facing façade were varied by 1 m in each alteration with
resulting designs shown in Figure 4-7.

Predicting DA for Variations in Window Location

In an additional scenario, a one-storey building was placed
diagonally across the model in 8 m distance from it. The
training data generated from this scenario was used to
investigate the ability of the ANN model to cope with
additional noise in the training data.

Input and target data was extracted for simulations H1 to
H7 (Figure 6). The location of the centre point of the
window was added as an input feature for training the
ANN. In a first run, data for H3 was withheld for testing,
then another network was trained without the data set for
H5. The optimised and trained networks were used to
predict DA levels for H3 and H5 and prediction results are
compared in the next section. Again this was done for both
the obstructed and unobstructed scenario.
Predicting DA for Variations in Window Dimension and
Location

In a final test, all data points for window dimension and
location (Figures 4, 5 and 7) with the exception of data for
G was used to train another network. After training and
optimization of the network architecture, the network was
used to predict DA levels for G1, G2, G6 and G7.

Figure 3. Overshadowing from an external obstruction.

Figure 4. Resulting configurations for design variable: window width; change by: 1 m
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Figure 5. Resulting configurations for design variable: window location; change by: 1 m

Figure 6. Resulting configurations for design variable: window location; change by: 1 m

Figure 7. Resulting configurations for design variable: window location; change by: 1 m

(RMSE) and the Mean Biased Error (MBE). MAE, RMSE
and MBE are calculated by using the following equations
where P is the predicted, and T the simulated DA value:

3.2 Neural Network Training Performance

So as to determine a suitable network architecture for each
prediction problem, the training performance was measured
for networks with three to 25 neurons in the hidden layer.
The Mean Squared Error (MSE) was used to measure
training performance. ANN training was stopped when
either the lowest possible MSE was reached at 1000
training Epochs or when the MSE worsened six consecutive
times on the validation set. As aforementioned, each
network architecture was trained ten times and the
architecture with the lowest MSE in ten runs was recalled
for DA predictions.
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Although both MAE and RMSE take large errors into
account, RMSE places penalty on large errors and weighs
them more heavily. A major difference between MAE and
RMSE could therefore indicate either a small number of
largely incorrect predictions or a larger number of
moderately incorrect predictions [23]. The MBE was used
to assess whether the trained architectures typically over or
underestimate DA predictions and to gauge how far off the
daylight evaluation of the entire space fell from the
simulation.

DA prediction results were generated in three ways: using
the network with the lowest MSE, using the average output
of the five networks with the lowest MSE for that
architecture and by averaging the output of all ten trained
networks. This was done to improve generalization [22].
Prediction accuracies and effectiveness of this are
compared in the results section.
3.3 Measurements of Prediction Accuracy

The neural network output (between -1 and 1) was scaled
back to DA levels before assessing the prediction accuracy.
The accuracy measures used in this study are the Mean
Absolute Error (MAE), the Root Mean Squared Error
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exceptional case of 7 MAE when using the network with
the lowest MSE for predictions in which case the network
largely over predicted DA for that scenario. Not
considering this case, accuracies were not consistently
better or worse for the unshaded and shaded scenario.
Despite an additional input feature used for training, the
best performing network architectures had either the same
number of hidden neurons or were close in range to the
prior case for changes in window dimension.

RESULTS

4.1 Network Architectures and Prediction Accuracies

For each training set, the number of hidden neurons was
optimised with the custom script. The number of neurons
that resulted in the lowest MSE are listed in the table
alongside MAE, MBE and RMSE for each prediction.
Neural Network Validation

Predictions for 10% of randomly selected data from ‘A’
were less than 1 DA away from the simulated DA level
(Table 1). This was the case for both the unshaded and
shaded scenario. The RMSE yielded results close to the
MAE, showing that there were hardly any outliers. The
high accuracy showed that the network was correctly
trained on the data and could be used for annual DA
predictions. Additionally, MBA of less than 0.1 DA
suggests that prediction give overall high accuracy on the
evaluation of daylight without a noticeable tendency to
either over-or underestimate daylight predictions. The
neural network architecture that was best able to match
training and target data and return a lowest MSE had 13
neurons in the hidden Layer.

Predicting DA for Variations in Window Dimension and
Location

Predictions on four completely new cases for variations in
both window dimension and window location yielded
slightly worse results as the mean absolute prediction error
went up from 3 to around 4 DA. This difference however is
marginal in terms of interpretation of the overall daylight
performance. Over- and underestimations were slightly
more pronounced on two of the cases (G2 and G7),
suggesting that the magnitude of variation may be too great
and additional training data from a more similar case may
improve results. One ANN model was optimized for all
four predictions and the architecture with 24 hidden
neurons returned the best training performance.

Predicting DA for Variations in Window Dimension

The accuracy of predictions for B and H are listed in Table
2. The ANN model with 23 and 24 neurons in the hidden
layer returned the lowest MSE. Predictions for B are below
3 DA away from the simulated results and estimates for
both the shaded and unshaded scenario show similarly good
results. Prediction results for H have a slightly lower
accuracy: although the absolute error again is less than 3
DA, there is one outlier for the result: The MAE rises to 9.7
and 5 DA when using the best trained network for
predictions, indicating the neural network may have been
over trained on the specific training and target data, making
the network less suitable for generalizing or predicting for
new cases [24]. Another possibility is that noise in the data
may have been generated from the behaviour of the
simulation tool itself. Diva works on the basis of threephase method and depending on the location and distance
of sensor points to one another, results may be more or less
representative of the grid in which the sensor point is
located [25].

4.2 Best Performing Networks and their Ability to
Generalize

The greatest consistency in prediction results was obtained
by averaging the output of all ten trained networks.
Networks with the lowest MSE achieved the best as well as
the worst prediction accuracies. Overall results largely fell
in the same range of error between 1 and 3% DA.
The number of hidden neurons that were best able to match
input data and corresponding targets fell in the same range,
with 21 to 24 neurons respectively. If, depending on the
training data, completely different number of neurons had
led to optimum results, this would have meant that multiple
neural networks need to be trained depending on the design
variables and the data sets. Instead, the observed result
suggests consistency in the way that the neural nets learn
and that convergence within the ‘black box’ may not be at
random.
4.3 Computation Time

In general, over and underestimations cancelled each other
out, meaning the overall estimation of daylight within the
space would range around the same DA levels as the
simulation. This was the case with one exception, whereby
the best performing network underestimated predictions of
H (obstructed) by a DA of 5%. Outliers seemed to be
prevalent in both cases for which the network performed
less accurate, based on the RMSE for both.

Daylight simulations on Diva for Rhino took between 10
and 15 minutes per case on a 2.6 GHz Intel Core i7. The
time required for training each ANN architecture took less
than two minutes when provided with 726 data points. The
training and optimization of ANNs used for predicting DA
for variations in window dimension and location (G) took
slightly longer with 2 minutes and 15 seconds as the
networks were provided with a dataset of 2057 training
samples. Once a neural network architecture was trained,
the recall for the DA predictions itself took less than 1
second.

Predicting DA for Variations in Window Location

Predicting DA for variation in window location yielded
very similar results to the prior case. All predictions had a
MAE of max. 3 DA from the actual result with one
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Predicted case

AUnshaded
AShaded

MAE
MBE
RMSE

MAE
MBE
RMSE

Predicted case

BUnshaded
HUnshaded
BShaded
HShaded

MAE
MBE
RMSE
MAE
MBE
RMSE
MAE
MBE
RMSE
MAE
MBE
RMSE

Predicted case

H2 Unshaded
H6 Unshaded
H2 Shaded
H6 Shaded

MAE
MBE
RMSE
MAE
MBE
RMSE
MAE
MBE
RMSE
MAE
MBE
RMSE

No. of
hidden
neurons
with lowest
MSE

Errors of
best trained
ANN

Errors of
top 5
trained
ANNs

Errors of 10
trained
ANNs

Elapsed
time in
seconds

13

0.51
-0.06
0.63

0.41
-0.10
0.49

0.48
-0.07
0.55

45.66

13

0.55
0.09
0.65

0.51
-0.05
0.65

0.54
-0.02
0.72

40.31

Errors of
best trained
ANN

Errors of
top 5
trained
ANNs

Errors of 10
trained
ANNs

Elapsed
time in
seconds

1.01
0.92
1.22
9.77
0.28
13.71
1.48
0.56
1.81
5.04
-4.97
7.11

2.55
2.67
3.30
2.44
-1.29
3.16
1.04
0.13
1.33
2.83
-2.34
4.15

1.67
1.55
2.09
1.60
-1.13
2.16
0.96
0.36
1.18
2.74
-1.86
3.85

No. of
hidden
neurons
with lowest
MSE

Errors of
best trained
ANN

Errors of
top 5
trained
ANNs

Errors of 10
trained
ANNs

Elapsed
time in
seconds

24

2.39
1.92
3.68

1.64
0.56
2.32

2.30
-1.94
2.94

77.17

23

7.73
6.84
9.90

2.21
1.78
3.00

1.40
0.87
1.95

68.41	
  

23

2.06
-1.03
3.55

3.58
3.46
5.38

2.15
1.68
3.14

61.28

21

2.25
-0.60
3.68

3.48
-0.15
4.59

3.46
-2.41
4.68

66.51

Table 1. Prediction accuracy: Neural Network validation

No. of
hidden
neurons
with lowest
MSE
23
23
24
23

76.71

82.47	
  
75.45
92.70

Table 2. Prediction accuracy: Variations in window dimension

Table 3. Prediction accuracy: Variations in window location
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Predicted case

G1 Shaded
G2 Shaded
G6 Shaded
G7 Shaded
5

CONCLUSION AND
FUTURE RESEARCH

No. of
hidden
neurons
with lowest
MSE

MAE
MBE
RMSE

MAE
MBE
RMSE

MAE
MBE
RMSE
MAE
MBE
RMSE

24

Errors of
best trained
ANN

Errors of
top 5
trained
ANNs

Errors of 10
trained
ANNs

3.99
0.15
6.96

2.47
0.95
3.98

2,29
-1,33
4.20

3.47
3.37
5.07

4.51
4.46
6.39

3,78
3.68
5.48

2.71
-2.52
3.44

2.90
-2.59
3.76

1,39
-0.98
2.02

Elapsed
time in
seconds

135.03

3.46
3.32
2,38
-4.31
4.22
2.12
6.11
5.38
3.22
Table 4. Prediction accuracy: Variations in window dimension and location
RECOMMENDATIONS

convergence rate are expected to improve results. The
sample size used for training and the selection of data used
as the validation set for early stopping are further factors
that influence the results. A more in-depth exploration is
still needed to validate the method and future work will
investigate the adaptability of ANNs to predict DA levels
under changing design with multiple design parameters.

FOR

It should be noted that this study investigates the potential
of ANNs to estimate DA levels but does not infer on their
ability to fully re-establish the DA measures that results
from backward ray-tracing to the sky patches and the
respective climate-data, which would require further
research with more detailed data. Instead, observations are
made on how close ANN predictions get to simulated DA
levels as well as the consistency of predictions. This was
done to gauge the suitability of ANNs to partially replace
time-consuming simulations in daylight performance-based
design explorations. Predictions typically fell within 3%
DA on average away from simulated DA level of each
sensor point and were more accurate in terms of evaluating
daylight performance of the entire space, as indicated by the
MBE results. A typical MBE close to 0 showed that there
was no particular tendency to over or underestimate
daylight levels.
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from foundational knowledge to applied models in recent
years. Second, the evaluation of models related to these
human factors relies on time intensive simulations with an
array of inputs:
light exposure at eye-level, light
composition across an occupant’s field of view, variability
over an annual time series, and variability under various sky
conditions. Finally, to assess these responses throughout a
building, the factors mentioned above have to be evaluated
across an array of possible view positions and view
directions where an occupant may reasonably be located and
change locations over time. As both non-visual and visual
performance models evaluate an occupant’s ocular exposure
to daylight, simulations are computationally expensive and
produce a large volume of data that must then be synthesized
into a comprehensive and intuitive evaluation [1]. This paper
introduces OCUVIS, an interactive web-based visualizer for
daylight which was developed to display the simulated
ocular daylight performance of human vitality, emotion, and
comfort in buildings alongside more traditional horizontal
illumination metrics.

ABSTRACT

This paper introduces an interactive web-based visualizer for
multi-metric daylight simulation results, named OCUVIS. It
is able to display simulation-based results for a diverse range
of ocular human-centric metrics such as non-visual health
potential (nvRD), daylight-related visual interest (mSC5) and
visual comfort (DGP with Ev), as well as horizontal
illumination metrics such as spatial Daylight Autonomy
(sDA), Annual Sunlight Exposure (ASE) and Daylight
Factor (DF)). To provide a holistic representation of
performance across a multi-directional field-of-view,
OCUVIS creates an interactive visualization of results over
time and across space, linking temporal and 3D graphics.
This allows the user to explore the impacts of dynamic sky
conditions, view position, view direction and program use on
localized and building scale performance. OCUVIS bridges
the gap between human and building-scale daylight potential
to offer a more holistic and intuitive representation of
daylight performance in buildings.

Author Keywords

1.1 Barriers in visualizing BPS results

Comprehensive and intuitive visualization strategies are very
important for the successful implementation of building
performance simulation (BPS) methods in the design
process. While there are many BPS tools developed for use
by architects, a comparative study by Weytjens et al. [2] on
the architect-friendliness of several BPS tools found that
while no one tool in their study was entirely adequate for
assisting the architect’s decision-making process, the poor
communication and visualization of results was found to be
a major limitation. Along those lines, Attia et al. [3] found
that the three most important factors in the usability and
graphical visualization of building performance simulation
were: the graphical representation of outputs, flexible use
and user navigation, and the graphical representation of
results in 3D.

Daylight simulation; ocular performance; web-based; user
interaction; visualization.
1

INTRODUCTION

Daylight offers clear benefits to the energy efficient and
healthy occupation of buildings, but due to its variable nature
and impacts on both our visual and non-visual systems, a
holistic evaluation of performance can be difficult to
achieve. While the current state-of-the-art in daylight
simulation has embraced annual methods for evaluating
illuminance and to some extent glare risk, the development
and integration of human-centric analysis methods for health
and perception have been slow to take hold. There are
several clear reasons for this. First, research focusing on the
evaluation of daylight for its impacts on health and
perception in buildings has only begun to make the jump
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A study by Dondeti & Reinhart [4] found that an inability to
comprehend simulation data motivated the need for an
interactive visualization tool that could allow users to
interact with simulation results through an intuitive
graphical format. In 2005, Crawley et al. [5] compared 20
BPS tools and found that most of them produced results in
raw file formats, placing the burden of translation on the
user. While there have been advancements in usability for
many of these tools over the past several years, the lack of a
standard data format continues to create barriers for holistic
performance evaluation.
When multiple software or
algorithms are required to simulate a range of metrics needed
for a single multi-criteria assessment, the burden of synthesis
often falls on the user. While some architectural designers
are comfortable with this burden, many are not. The timeconsuming nature of understanding and communicating
results between BPS tools and performance metrics creates a
costly barrier for users in the design process.

exposure. Light Stanza has implemented comfort metrics
like DGP, but has yet to integrate other human-centric
metrics or offer a visualization strategy specifically designed
for dynamic temporal results at eye-level. Immersive humancentric metrics require a multi-directional analysis to account
for an occupant’s field of view. To tackle the challenge of
visualizing dynamic eye-level performance metrics through
an interactive UI, this paper offers a web-based tool called
OCUVIS to deliver interactive human-centric results directly
to the designer or decision-maker.
1.2. Occupant-centric daylight performance

Daylight performance is generally assessed using two
photometric inputs:
Illuminance and Luminance.
Illuminance, which is the total flux incident on a surface for
a given unit of area, is by far the most common input for
daylight standards and general illumination metrics.
Illuminance on a surface, usually at task height like a table,
might be evaluated instantaneously under one sky condition
or annually, across many instances and sky conditions.
Metrics that rely on Illuminance, such as daylight factor (DF)
[11], spatial daylight autonomy (sDA) [12], and annual
sunlight exposure (ASE) [12,13], generally assign a
threshold and display their performance as a colored 2D
surface of values that fall either below or above that
threshold. This allows a designer to understand whether
daylight levels are sufficient for recommended task activities
on that surface.

In daylight analysis, there are several rendering engines used
for simulation, but Radiance [6] is arguably the most broadly
accepted by experts in the field. While robust, this software
is notoriously difficult for novice users based on the lack of
a graphic user interface (GUI) [7]. To overcome this
limitation, multiple tools and plug-ins have been developed
to offer an intuitive and user-friendly interface for Radiance.
Using Radiance as the back-end simulation engine, BPS
plug-ins like Diva-for-Rhino [8] allow architects to set-up,
launch, and manage simulations from within the 3D
modelling environment of Rhinoceros, creating an easy
workflow from digital model to performance metric. Divafor-Rhino integrates performance metrics for point-in-time
illumination, climate based-illumination, and visual comfort
assessment (as well as thermal modelling capabilities), but
the standard user interface (UI) launches and outputs results
for one simulation at a time. DIVA’s grasshopper plug-in
allows for more dynamic simulation and visualization
approaches, but requires a base level of expertise from the
user to navigate results within the grasshopper environment.

Luminance, a measure of light intensity per surface area
travelling in a given direction (cd/m2), is most commonly
used as input for metrics like daylight glare probability
(DGP) [14] and modified spatial contrast (mSC5) [15]. As
luminance describes the light experienced at eye-level, it is
used to assess the composition of light levels within a fieldof-view.
The holistic assessment of daylight from a human-centric
perspective requires both illuminance and luminance-based
inputs, but necessitates a break from traditional performance
visualization strategies.
While surface-based lighting
performance metrics can be easily represented by a grid of
coded values, ocular (or eye-level) daylight performance
metrics require a representation strategy that can translate
multi-directional information from a human perspective to a
building model.

A handful of daylight analysis companies now offer webbased tools like Sefaira [9] and Light Stanza [10] that
combine cloud computing with an interactive user interface
to compare performance criteria. Sefaira offers real-time
feedback from a 3D model interface, but is limited by its
analysis metrics (namely illuminance and Daylight Factor
(DF)).
Light Stanza integrates more sophisticated
illuminance metrics like Spatial Daylight Autonomy (sDA),
but has yet to implement human-centric metrics beyond
visual comfort (Daylight Glare Probability (DGP)).

Perhaps the most significant barrier for offering a holistic
evaluation of daylight from an occupant perspective is the
lack of tools that have integrated human-centric performance
models within their workflow. In order to compare the
effects of daylight on ocular human responses (non-visual
health, perception, and visual comfort), new models for
predicting such factors must be integrated within a single
workflow or output format to provide coordinated results.

Software like Sefaira and Light Stanza have improved user
experience and decision-making through the use of an
interactive graphic interface. That being said, the research
field continues to offer new computational models for
human-centric performance in novel-areas like non-visual
health and perception [1]. These metrics are directional and
dependent on an immersive field-of-view or ocular light

A first approach can be found in Amundadottir et al. [16],
where performance modules for non-visual health nvRD [17],
visual interest mSC5, and gaze response GRL were combined
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within an integrated simulation-based workflow. Ocular
daylight from a single eye-level view position was rendered
over an annual time series across an array of view directions
and then used as an input to three prediction models (nvRD,
mSC5, and GRL). This method, while an important first step
in the multi-criteria ocular evaluation of daylight
performance, was limited in both the computationally
intensive nature of the workflow and its reliance on a single
view-position.

temporally (over time), and synthetically (as a percentage of
all simulated view directions). The added efficiency in
simulation time did not, however, translate to an automated
visualization method and still required the time-consuming
process of manually formatting text-based data using vectorbased graphic editing software. No 3D model or interactive
capabilities were offered.
2

INTRODUCING A WEB-BASED VISUALIZER

To develop and improve past approaches, this paper offers a
web-based application for the visualization of dynamic,
multi-criteria daylight performance. Building upon the
multi-view position simulation workflow introduce above
[1] (and now referred to as OCUSIM), the authors of this
paper propose OCUVIS. Figure 1 shows the conceptual link
between OCUSIM and OCUVIS, with an intermediary step
where data produced by OCUSIM is tagged using variables
for sky, time, and group. As mentioned in the introduction to
this paper, any holistic evaluation of daylight performance
from an occupant perspective must account for the variable
nature of daylight over time and across multiple sky
conditions. It must also account for the multitude of possible
view positions and view directions where an occupant may
be located and offer a way to compare visual and non-visual
responses. In addition to nvRD and mSC5 models
implemented in previous work, we have introduced a visual
comfort module, composed of DGP and vertical illuminance
(now referred to as ‘Ev’) to assess discomfort risk and
adequate minimal brightness.

A further step in the evolution of this method, presented by
Rockcastle et al. [1], built upon the single-view position
approach mentioned above and expanded to offer a multiview position workflow that allowed for a full-building-scale
simulation of health (nvRD) and visual interest (mSC5). The
gaze response model used in the previous study provided a
novel method of predicting gaze behavior based on ocular
light conditions, but did not provide a comprehensive
indicator of comfort.
Using an optimized approach, multiple view positions could
be simulated in batch at a much faster rate by building upon
the same ambient lighting file in a given scene, substantially
lowering simulation times for each additional view position
for a given moment and sky. A new method of visualizing
the results was also introduced, binning the performance of
each view direction and assigning a color based on the
specific threshold and performance metric. Results could be
visualized both spatially (within a plan or axon diagram),

Figure 1. Conceptual diagram showing the relationship between OCUISM, data variables, and OCUVIS.
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An indoor location and view that may be ideal for non-visual
health responses due to sunlight exposure may be at risk for
glare discomfort. Furthermore, the criteria for non-visual,
emotional, and comfort responses often vary depending on
the function of a space and it is critical to visualize the
performance of view positions based on space type. To relate
these human-centric performance models to more traditional
illumination metrics OCUVIS has also integrated sDA, ASE,
and DF. OCUVIS displays these climate-based illumination
metrics across a grid of task-height points, with ocular
daylight simulation results shown for separate points,
simulated at eye-level.

exciting. The model proposed in this paper offered a method
to predict the percentage of subjects that were likely to rate
an image in the calming or exciting spectrum based on the
composition of daylight in that image. To represent feelings
of calm or excitement based on the daylight conditions
perceived at eye-level in a building, OCUVIS uses the
following thresholds [15,16]:
• calming (mSC < 6.96),
• neutral (6.96 ≤ mSC ≤ 11.75), and
• exciting (mSC > 11.75).
The values that fall within each of these threshold bins are
then colored in blue (calming), grey (neutral), or pink
(exciting).

2.1 Ocular Daylight Performance

In this paper, OCUVIS introduces a method to visualize the
performance of a building in terms of three modules; vitality,
emotion, and comfort experienced at eye level, which are
simulated using the radiance and the OCUSIM tool. A fourth
module, introduced in Section 2.2, integrates a collection of
task plane illumination metrics.

Comfort

The visual comfort module used in this paper relies on both
DGP [14] & vertical illuminance Ev. As the examples used
in this paper were simulated without furniture or defined task
surfaces, we use the vertical illuminance at eye level as a
threshold for adequate brightness. View directions that
exceed a specified DGP threshold are classified as ‘at risk for
glare’ and those that are beneath a minimum Ev, are
classified as ‘too dim.’ When view directions are above the
Ev threshold and below the DGP threshold, they are
classified as ‘likely comfortable.’ While DGP thresholds for
predicted discomfort have been generally accepted in the
literature (although subject to regular adjustments), there is
still a lack of consensus about a universal threshold for
adequate brightness, as recommended illuminance values for
task acuity were developed for horizontal surfaces. As this
paper focuses on a visualization tool and not on metric
development, we have decided to use 150 lux as a lower
hypothetical threshold for scenes that are comfortable (>150
lux). In this paper, that value is based on the acceptable
illuminance level for stairs/circulation spaces (100-150 lux)
[18]. These values can be adjusted to suit specific lighting
goals. The thresholds for OCUVIS are indicated below:

Vitality

The OCUVIS application uses the term vitality to describe
the non-visual direct effects of daylight driven by ocular
exposure to across the day. The non-visual direct effects are
predicted using the nvRD model proposed in [17] and then
translated into a dose measure (i.e. cumulative response).
This module shows the vitality of each view direction in one
of three daily thresholds: insufficient daily dose (nvRD <
4.2), intermediate daily dose (4.2 ≤ nvRD < 8.4), and
recommended daily dose (nvRD ≤ 8.4). These tentative
thresholds correspond to the number of “vital” hours in a day,
when adequate daylighting is desired as well. The threshold
value of 4.2 was established in [16] as a reasonable criterion
for achieving beneficial effects of light. The recommended
daily dose, accumulated over the day, exceeds an nvRD value
of 8.4 or twice the intermediate dose.
As this dose is heavily influenced by the duration of daylight
hours but still also considers variations in light intensity,
wavelength, pattern, and history, it can be challenging to
make sense of the cumulative daily values. This is especially
relevant in locations where daylight hours are shorter than
8.4 hours, because in that case it is impossible to achieve the
recommended dose with daylight only. To solve this problem
the daily cumulative response is binned into periods of equal
length for each simulated day and then normalized assuming
an optimal day period of 12 hours. The values that exceed a
recommended incremental dose are highlighted in dark green
to indicate if that period lacks sufficient light exposure.

• too dim (Ev < 150 lux & DGP<0.4)
• likely comfortable (Ev>150 & DGP<0.4)
• at risk for glare (DGP>0.40)
These values can be adjusted to accommodate new findings
and customized for each project and /or program type
independently.
2.2 Illumination Performance

In addition to the three ocular-performance modules
described above, OCUVIS integrates a fourth module for
task-plane illumination, called compliance.

Emotion

In this paper, OCUVIS defines emotion using the Modified
Spatial Contrast or mSC5 algorithm. Modified spatial
contrast was first proposed as an image-based method to
predict the visual interest of a rendered scene [15]. The
mSC5 algorithm was applied to a series of images under
varied sky conditions and then fit to a distribution of
subjective rankings on a bi-polar scale from calming to

Compliance
The compliance module contains results for three
illumination metrics: sDA, ASE, and DF. Selected based on
their common use in both American and European daylight
standards, these metrics are presented as a percentage % of
points that exceed a given lux or numerical threshold.
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•
•
•

allow points to be categorized and displayed independently
or in aggregation by the end-user. To provide a holistic
understanding of daylight performance from an occupant
perspective, the temporal and spatial dimensions described
above necessitate an interactive visualization strategy. The
ability to compare the performance of various metrics over
time allows for a more comprehensive understanding of how
they relate or conflict and how a designer may alter their
design to accommodate multiple criteria. Figure 2 shows the
project information for an analysis of the Spencertown
House by Thomas Phifer and Associates.

sDA > 55% or 75% of points (where DA > 300lux
for 50% or more of the time between 8am and 6pm)
ASE < 10% of points (where 1000 lux is exceeded
for more than 250 hours between 8am and 6pm).
DF > 2% or 5% of points

Thresholds for sDA and ASE were determined based on the
IES LM-83-12 standard [12]. Thresholds for DF were taken
from an earlier version of the LEED rating system by
USGBC [13,19]. While now considered outdated, DF is still
used by many designers and it was included for reference.
3

DATA STRUCTURE

For each project, a top navigation panel allows the user to
select which design variant they would like to view (in this
case, the project was analyzed with and without exterior
louvers), with a drop-down tab that shows more information
about the project and latitude where the analysis was
conducted. The design of OCUVIS allows the user to
navigate between metrics (shown as tabs), sky types, time
steps, and groups (shown as buttons) with temporal and
spatial graphics connected globally. The main web interface
contains two graphical elements: performance cards with
collapsible bar graphs displaying a percentage of view
directions in the associated thresholds for each metric and the
spatial representation of that data in 3D. The user can jump
between performance modules by either selecting the tab on
the upper left or by scrolling down the screen to browse
between cards

While this paper does not present the simulation workflow
behind the production of results (as it was adopted from [1]),
it does require the translation of data from individual textbased outputs into a master web-based syntax used by the
OCUVIS platform. The results produced using radiance and
OCUSIM are therefore post-processed to transfer the results
for each simulated position as data objects consisting of
attribute-value pairs and array data types. The performance
result data are organized by simulation variables: sky, time,
and group. OCUVIS has been developed to visualize these
results based on the variables called by a user. Figure 1
shows the variables in this data file.
To produce an interactive visualization, OCUVIS reads the
formatted data file produced from OCUSIM and filters the
performance results data based on user inputs. Each ocular
daylight performance metric, in this case mSC5, nvRD, DGP
and Ev, contain an array of values for each position and view
direction. Those values are then normalized so they can be
plotted within a 3D model and colored based on thresholds
described in section 2.1. Values for the illumination metrics
(sDA, ASE, and DF) only contain one value per position,
without sky or time variables.

Figure 2 also shows results for Vitality, with daily data as a
thick bar and hourly data as a thin bar, collapsible from the
arrow on the right. For Vitality, the daily results are
cumulative, with light green showing the percentage of view
directions with an intermediate nvRD dose of 4.2 and the dark
green bar showing the percentage of view directions with a
recommended nvRD dose of 8.4The incremental drop-down
values show the direct dose achieved across that period,
normalized to the length of the period.

One of the biggest challenges in our understanding of
daylight in buildings is the conflict that emerges between
program type (i.e. office vs. atrium), performance
consideration, location and dynamics (i.e. sky and time). For
example, a view position that achieves good task
illumination and adequate daylight exposure for vitality, may
suffer from low comfort, and an inappropriate emotional
response – perhaps the space is glary and exciting when it
should be comfortable and calm. Perhaps the performance of
that view position varies immensely based on the sky type
and the time of day. OCUSIM allows us to tag positions
based on floor, program use, and occupant type, which in
turn, allows the user to navigate the 3D results in OCUVIS
based on these tags. The user can also navigate the results by
changing sky condition and/or time parameters.
4

This allows the user to see the cumulative daily dose for each
view direction as well as the relative incremental
performance of each view direction over the day. If the space
is only occupied during certain period in the day, this
incremental potential becomes important. Unlike vitality,
emotion and comfort contain hourly values that are
instantaneous. For emotion, pink shows the percentage of
mSC5 values in the exciting spectrum, grey shows the neutral
values, and blue shows the calming values. For comfort,
values in the ‘too dim’ range are grey, in the ‘likely
comfortable’ range are orange, and in the ‘at risk for glare’
are red. Daily values for both emotion and comfort are
computed as an average for each view direction across all
hourly time steps. The final performance tab, called
compliance, displays results for sDA, ASE, and DF. As
these metrics synthesize data across the year (in the case of
sDA and ASE) or ignore time and sky altogether (like DF),
sky and time variables are disabled under this tab.

INTERACTIVE DESIGN

The climate-based illumination metrics described above only
contain a single value per point (representing annual or nontime dependent values), but the ocular metrics contain data
that is temporally dynamic and variable by sky type. Both
metric types, ocular and illumination, use group tags that
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Figure 2. Shows the OCUVIS web interface for a one-floor house. The project info panel can be expanded or collapsed from above, with
temporal and spatial data shown below for one of four performance tabs.

The number and spacing of points also differs from the
ocular metrics, as they are determined based on standards
(which vary based on geographic location) and must assess a
standard task-height. Where task-driven performance
metrics (DF, sDA, and ASE) require an analysis of the entire
occupied floor plate, the performance of ocular daylight
responses (vitality, emotion, and comfort) are more nuanced
and require interpretation based on the space use and location
of occupants. Figure 3 shows the web interface for a multilevel mixed use building. The interaction elements in the top
navigation bar allow the user to explore the performance
results between time steps (seasonal and hourly), sky

condition, and space group. In this case, only some variables
are engaged to show how the data is parsed: clear, 7th floor,
open & enclosed study spaces.
While we may be interested in the emotion of all spaces in
this example, we may care more about comfort in the spaces
where task work occurs (i.e. open study or circulation
spaces). The same is true for vitality, where prolonged
exposure to daylight is most likely in spaces of habitual
occupation. By selecting groups of points on the upper right
(for example ‘7th floor’), as shown in Figure 3, the user can
aggregate the results based on floor and space use.

Figure 3. OCUVIS with temporal and spatial results for Emotion on the left and Comfort on the right.
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A final feature, shown as a drop down in the project info panel
in Figure 2, allows the user to navigate between design
variants (i.e. ‘original’ and ‘renovated’ or ‘option 1’ and
‘option 2’). Figure 4 shows results for the Spencertown house
as originally conceived on the left and as modelled with
exterior fixed micro louvers on the right.

penetration under overcast skies. The ability to compare
human-centric and illumination metrics in a single interface
is a novel contribution of the OCUVIS web viewer.
Advances in computational speed and workflow have made
simulations in OCUSIM more efficient, but the sheer
quantity and dynamic nature of the results pose significant
challenges to a holistic assessment. As researchers, we often
focus our energy on understanding and modelling
measurable elements in the physical world, but the novelty
of models implemented in this paper necessitate new
methods of visualization that encourage learning through
user interaction with the data itself. The OCUVIS web
application can be accessed via:
https://portfolio.oculightdynamics.com/.

This comparison feature allows architects and design
stakeholders to explore the effects of their design options
between performance criteria. The interactive exploration of
performance between design options helps the architect to
understand that the singular optimization of any one
performance factor can result in diminished performance to
another. In this case, the micro louvers on the right show a
slight improvement to comfort, but degrade the daylight
factor performance, used as an indicator of diffuse light
Spencertown ORIGINAL DESIGN

Spencertown FIXED EXTERIOR BLINDS

Figure 4 The results from two design options in a one-story house. Results for the original design are shown for comfort and DF compliance
on the left. Results for a design variation with fixed exterior blinds are shown for comfort and DF compliance on the right.
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5

CONCLUSION & NEXT STEPS

for building performance simulations. Proceedings to
IBPSA 2011, (2011), Sydney, 1250-1257.

This paper has introduced OCUVIS, a web-based visualizer
developed to display the results of immersive ocular daylight
performance alongside conventional task-compliance
metrics through an interactive graphic format. Using the
results developed from a software called OCUSIM, the
OCUVIS visualizer allows designers to interact and explore
multi-criteria performance factors over time, between sky
conditions, and across space. While it would be possible to
connect the OCUSIM software with the OCUVIS web-based
visualizer via cloud computing, there are advantages to
keeping them separate for the time being. The management
of computationally intensive simulations produced using
OCUSIM requires some user expertise and a robust
computing environment with correct software install, while
the ability to explore the results interactively through
OCUVIS requires little more than a web-browser and
internet connection. The flexibility of sharing results via
web-application facilitates the coordination between
stakeholders in the design process. As such, splitting the
back-end and front-end packages allows for easier
development on both ends. Further steps to integrate
occupant-centric factors beyond daylight as well as
occupant-specific performance based on user-profiles are
being explored. At the moment, OCUSIM relies on the
Radiance simulation engine, but could integrate other
simulation workflows as long as the data structure of the
results file is maintained, with directional data stored using
sky, time, and group tags.
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well-being. Generally, light has three effects on humans including visual functions, emotional perception, and biological effects.

ABSTRACT

Circadian rhythm alludes to the processes of the human body
needed for a person to function healthily and properly in his
daily life. It also refers to the internal clock that resets primitively with the rise and set of the sun. Studies of circadian
rhythm prioritize the needs of users within a space and reintroduces the crucial value of designing for the occupants
experience, well-being, and comfort. In this study, effective
circadian stimuli that office workers receive are evaluated to
address the sufficiency of daylighting conditions in an actual
office building. Climate-based daylight modeling was used
to capture an hourly vertical illuminance in a model office
space at the eye level within two different time periods across
12 view directions. Results indicate that effective stimuli are
present for more than 80% of the total office area for at least
71% of the week (5 of 7 days) during a year. Results can
be used to visually examine different building zones (perimeter vs interior) in terms of availability of circadian effective
stimuli over the specific window of time. The evidence from
this study can assist designers to better understand biological
effect of light exposure on occupants health and well-being
during the design phase of the project or to examine existing
spaces.

In modern office spaces with large glazing facades, daylighting from windows can bring both positive and negative experiences: access to view, reduce reliance on electric lighting, treat neural disease and sleep disorder, improve concentration and performance of working environment, but also it
cause glare and thermal discomfort. To control and achieve
a balance between advantages and disadvantages of daylight,
switchable glazing and various shading approaches have been
used. Therefore, maintaining comfortable and desirable conditions within office spaces leads to the occupants being more
productive, desiring to spend more time in their workstations,
and even improves mood and health.
ipRGCs are important to the circadian system, which is responsible in synchronizing physiological function on a 24
hour light/dark cycle called circadian rhythms. Circadian
system plays an important role by controlling physiological rhythms, affecting hormone levels, and sleep-wake cycles
throughout the human body. The visible spectrum of light is
ranged between 400 nm (violet) and 700 nm (red). The peak
sensitivity of circadian system is short-wavelength 490 nm
(teal-blue light) in comparison with visual system which is
sensitive to 555 nm (green light) [4, 21]. Circadian system is
affected by a number of parameters which are directly related
to building design such as, timing, intensity, duration, wavelength, and past history of light exposures [14]. In addition,
there are some parameters such as age and work schedule that
have an influence on circadian system which are not directly
related to building design.

Author Keywords

Climate-based daylighting simulation; Circadian system;
Health and well-being; Office building
1

INTRODUCTION

For years, prior to scientific understanding of the importance
of non-visual effects of light on human health and well-being,
lighting design standards concentrate on human visual needs.
As widely appreciated, light provides illumination to perform image-forming (visual) tasks; however, by discovery of
the eyes non-image-forming (non-visual) photoreceptors in
the human retina, named Intrinsically Photoreceptive Retinal
Ganglion Cells (ipRGCs) [18, 9, 10, 7], interest on non-visual
effect of light has gradually increased on human health and

Recently, a survey study [11] has shown that only less than
12% of designers always use simulation softwares to assess
the impact of circadian light installation during the design
process. As humans tend to spend most of their time (87%)
inside buildings [12], by considering availability of exterior
daylight throughout the year, designers should seek to achieve
sufficient lighting conditions for circadian stimuli within regularly occupied areas on a daily basis. Therefore, various
daylight strategies can be used in early stages of the design
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process to meet requirements, and supplement insufficientdaylit (biologically dark) zones with appropriate electrical
lighting. Biologically dark is a term used for all zones within
a building that do not regularly achieve the lighting conditions necessary for effective circadian stimuli. Daylight illuminance has different effects on circadian systems within
different times of the day, for instance, a sufficient amount of
daylight received in the early to mid-morning can advance the
circadian clock while it can increase the level of alertness in
the evening [17, 16, 1, 2, 6, 20].
Circadian lighting design has been developed by the WELL
Building Standard [22] as a part of the building certification
system with the objective of, measuring, certifying and monitoring the performance of building features that impact health
and well-being. This study used the threshold 250 Equivalent
Melanopic Lux (EML) that is proposed by WELL Building
Standard as an indicator of the presence of an effective circadian stimulus at a particular measurement location over specific time period. The focus of this paper is to predict and
visualize the potential non-visual effect of daylight by implementing area-based daylighting metric proposed by [13]
within an office building. First, this study identifies the potential circadian efficacy for various view directions. This
study also explores the biologically dark zones within the office space. The following research questions are addressed in
this paper:

Figure 1: Perspective view of the office building model pre-senting
views of vectors and analysis grid.
Property

Window to wall ratio
Climate
Analysis grid spacing
Number of view vectors per grid point
Ceiling height
Surface reflectance (interior floor)
Surface reflectance (interior wall)
Surface reflectance (interior ceiling)
Surface reflectance (mullion)
Glazing visible light transmittance (VLT)
Floor plate length (NW-SE)
Floor plate length (NE-SW)

• How circadian potential is varied within different daily
time frames?
• Is there any difference between circadian effective area in
different seasons and building orientations?
2

METHODOLOGY

aa = 0.1
ar= 256
Ir =6
sj= 1

Model and Assumptions

One floor plate with no shade based on a real office building
located in Charlotte, NC is modeled in order to compare Circadian Effective Area (CEA) for two time periods: 1) 7:0010:00 AM and 2) 10:00 AM-5:00 PM. The 3-D model includes a detailed schematic design of a real office building is
presented in Figure 1. The model properties are presented in
Table 1 and Radiance simulation parameters are presented in
Table 2. The model is analyzed without the presence of electric lighting and only considers daylight as the only source of
lighting. The core zone (length 26.5 m and width 22 m) includes stairs, elevators, bathrooms which are not considered
in the analysis grid.
2.2

76%
Charlotte, NC
0.5 m
12
3m
0.2
0.5
0.8
0.9
0.65
48.5 m
48.5 m

Table 1: Model properties.

The following sections will outline the implementation of an
area-based daylighting metric into a simulation platform [13]
in order to quantify the availability of circadian effective stimuli in an existing space.
2.1

Value

Parameters

ab = 4
dr= 2
Lw =0.004
st= 0.15

ad = 1024
ds=0.2
dj=0

Table 2: Model radiance parameters.

at each grid point, 12 vectors are arrayed to represent all possible view directions and light measured on the vertical plane
facing forward at each vector (Figure 2). It is important to
note that the author increased the number of view direction
from eight, which is analyzed in previous studies, to 12 to enhance accuracy. An office space is modeled using 3-D modeling software Rhinoceros [19] in which room geometry and
orientation are assigned to the model. After that, the model is
imported into Grasshopper [8] where radiance materials are
assigned to all surfaces using the open-source plugin DIVA
4.0 [5]. In order to measure hourly illuminance for each view
direction, an annual climate-based daylighting simulation is
performed for all 8,760 hours of the year.

Simulation Workflow

In order to represent occupant’s eye-height, a horizontal measurement grid with 0.5 m spacing is positioned 1.2 m above
the floor. 7,281 sensors are distributed throughout the floor
plan to measure vertical illuminance for various directions
(see Table 3). In order to simulate the view of the occupants
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Orientation

Zones

Southwest

Perimeter
Interior
Perimeter
Interior
Perimeter
Interior
Perimeter
Interior

Southeast
Northwest
Northeast

Area(x2 )

177
192
175
283
197
267
178
191

No. of Sensor

ers in order to identify CE area in the space by comparing
different view orientations and locations throughout different
days of the year.

788
861
783
1197
864
1131
796
864

CCT(K)

2700
3000
2800
4000
4000
5450
6500
6500
7500

Table 3: Number of sensors on perimeter and interior zones throughout
different orientations

Light Source

LED
Fluorescent
Incandescent
Fluorescent
LED
CIE E (Equal Energy)
Fluorescent
Daylight
Fluorescent

Ratio

0.45
0.45
0.54
0.58
0.76
1.00
1.02
1.10
1.11

Table 4: Melanopic Ratio [22].

The next step is to compare circadian-effective stimuli for different months of a year by implementing best vector approach
for each grid-point. The best vector approach shows how a
healthy circadian entrainment can be maintained for specific
daylighting strategies in early stages of the design process.
Konis [13] proposed an indicator, named stimulus frequency,
to investigate CE stimuli over a period of time for each view
on a daily basis. This indicator illustrates the variation in
the entrainment quality for specific location by categorizing
stimulus frequency levels into five groups (A, B, C, D, F). If a
location in the space achieve A, it can be labelled as circadian
effective area. On the other hand, F grade indicates a location
is biologically dark. To this end, the effect of light on the office occupants health is evaluated by examining the length of
light history over a 7-day window. With this method, all grid
points that achieve an F can be labeled as biologically dark.

Figure 2: Example showing 12 vectors directions on the grid-point.

Lucas et al. [15] proposed the biologically meaningful unit
named EML which is weighted to the ipRGCs. EML is calculated by converting the illuminance measured at every
point on the grid for each hour of the year (8,760 hours) by
using conversion factor. In order to anticipate the actual
source ef-ficacy f or e ach h our, w eighting factor i s
c alculated f or both diffuse and direct horizontal radiance
which is reported for each hour of the year in climate data
from a location in Char-lotte, NC. Diffuse and direct
horizontal radiance are assumed to correspond to D65
(circadian efficacy o f 1 .10) a nd D55 (circadian efficacy o f
1 .0), r espectively. Table 4 s hows the conversion factor for
various light sources from visual (pho-topic) Lux to EML. It
is important to note that the

After that, the Circadian Effective Area (CEA) is the percentage of analysis area that achieves the minimum acceptable stimulus frequency threshold on a daily basis, is calculated for different time periods. The average of annual CEA
(0-100%) for different options are calculated. This method
can also be used to visually vary the performance of different options among different climates on a seasonal and daily
basis. Finally, in order to visually assess spatial variations
of daylight stimuli, seasonal and annual variation in CEA is
mapped.

Based on photobiology findings, A ndersen e t a l . [ 3] defined
three distinct times during the day to evaluate circadian potential: 1) 6:00-10:00 A.M., 2) 10:00 A.M-6:00 P.M, and 3)
6:00 P.M-6:00 A.M. Occupancy hours are assumed from 7:00
AM to 5:00 PM, therefore, this study only focused on the first
two time frames. It is important to note that hour 6:00-7:00
AM and 5:00-6:00 PM are excluded due to no occupation in
the space during this hour. EML is calculated for all vectors
for each hour of the year for two time periods between 7:0010:00 A.M. and 10:00 A.M-5:00 P.M to determine circadianeffective stimuli on a daily basis. All vectors that meet at least
250 EML for all analysis hours is called Circadian-Effective
(CE) vector for that day. This method can be used by design-

29

3

ANALYSIS OF RESULTS

The detailed analysis has been conducted to compare CEA
within different zones and building orientations in order to
provide a better assessment of the office design.
As explained above, diffuse radiance is assumed to correspond to D65 and direct radiance to D55. Diffuse and direct
radiance, reported in climate data for location of Charlotte, is
weighted based on their portion of total radiance. The weighting factor is multiplied by relative melanopic ratio reported in
Table 4 for D65 and D55 separately, then summed together to
represent the conversion factor for each hour of the year. After performing the simulation, this conversion factor is used
to convert the reported lux for all grid points to EML.

For the purpose of this study, the availability of circadian effective stimuli on daily basis is investigated for two time periods separately. Then, the effectiveness of circadian stimuli
is assessed over a year. Hourly EML results are investigated
within the time periods 7:00 AM-10:00 AM and 10:00 AM5:00 PM to assess all vectors that meet at least 250 EML for
each time period separately. Well Building Standard [7] highlights that the minimum of 250 EML, measured on a vertical
plane facing forward, should be available at 75% or more of
the working area.
As shown in Figure 3, a polar plot is used to display the best
vector approach which is used to identify if at least one of the
12 available view vectors meet daily stimuli requirements (at
least 250 EML) in an office space for two different time periods. To this end, with best vector approach, circadian effective stimuli are available for more than 80% (294 of 365 days)
and 89% (326 of 365 days) of the year for 7:00 AM-10:00
AM and 10:00 AM - 5:00 PM, respectively. May to August
had the highest number of days with effective stimuli available during the year in comparison to December, January, and
February, which had the lowest number of days with available stimuli. In December, the stimuli was available for only
18 days (42%) for time between 7:00 AM-10:00 AM. However, the number of days during a year that effective stimuli
is available is reported much higher (223 days) for time period between 10:00 AM-5:00 PM. In contrast, for instance, in
August effective stimulus is available for all 365 days of the
year within both time periods (Figure 3).

Figure 4: Annual mean circadian effective area (0-100%) ex-ceeding
various stimuli frequency thresholds within different time periods.

Figure 5: Compare annual mean circadian effective area (0-100%)
exceeding various stimulius frequency thresholds for different zones.

Figure 3: Daily variation in presence of CE stimulus for all grid points
using the best vector approach to determine if the location meets daily
stimulus requirement.

The typical occupancy schedule for the office space is assumed to not include weekends, therefore, the effective stimuli should be at least 250 EML and available for 71% of the
time or 5 days of the week [13] . The stimulus frequency
score is calculated in order to identify the availability of circadian effective stimuli for all days of the year. Figure 46 present the results of the average annual circadian effective area (0-100%) of an office s pace b ased o n v arious scenarios for a range of stimuli frequency scores. What stands
out in Figure 4 is that more than 80% of the total office area
meets at least 250 EML (minimum requirement) for 5 days of
the week for both time periods, which meet the acceptability
threshold (71%) proposed by Konis [13]. Closer inspection
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Figure 6: Compare annual mean circadian effective area (0-100%)
exceeding various stimulius frequency thresholds for different orientations.

of Figure 5 shows that all working area of perimeter and interior zones, except interior zones between time period 7:00
AM-10:00 AM, meet the minimum requirement of 250 EML
for more than 5 days of the week (71%). While circadian effective stimuli are available for about 72% of working areas

in Northwest side of the building, other sides of the building
meet the minimum requirement for more than 5 days of the
week (Figure 6).
Figure 7-9 present the proportion of annual circadian effective
area achieved within each entrainment quality grade (A, B, C,
D, F) for different time periods. The grade F indicates that
area can be labelled as biologically dark. Notably, comparing
detailed analysis of different zones and orientations reveals
that a considerable percentage of the analysis area is circadian
effective for a large portion of the year. The single most striking observation to emerge from Figure 7 was the great percentage of CEA which is achieved with B grade (over 80%).
Figure 8 indicates that about 3% of interior zones between
7:00 AM-10:00 AM achieved F grade which can be labelled
as biologically dark. Comparing the results for all four sides
(SW, SE, NW, NE) of the building reveal that about 37% and
36% of the area of Southeast and Northeast sides reach the
minimum requirement for all seven days of the week within
7:00 AM-10:00 AM (Figure 9).

Figure 9: Compare annual mean circadian effective area (0-100%)
achieved for each entrainment quality grade for differ-ent building
orientations.

zones (perimeter vs interior), different view directions, and
different orientations of the building. Figure 10 provides an
overview of daily variation in CEA between two time periods
by combining the results of all zones and orientations. The
most interesting aspect of this graph is the daily variation in
CEA between two halves of the year. In the other words, from
April to October the CEA of office s p ace i s n o tably higher
than the other half of the year for both time periods.

Figure 7: Annual mean circadian effective area (0-100%) achieved for
each entrainment quality grade.

Figure 10: Comparison of daily variations in Circadian Ef-fective Area
(0- 100%) between two time periods.

Perimeter zones were capable of achieving higher CEA during the year in comparison with interior zones (Figure 11), for
both time periods. Comparison between different orientations
can assist designers to better visualize the spatial implications
of a change in CEA over the window of time (Figure 12). Figure 12 also shows that the effective stimuli was achieved for
nearly 100% of the analysis area within the Southwest side

Figure 8: Compare annual mean circadian effective area (0-100%)
achieved for each entrainment quality grade for differ-ent zones.

Figure 10-12 can be used to visually evaluate daily and seasonal variation in the circadian effective area for two time
periods and it is applicable for comparison between different

31

analysis of the results of the office space with no shading device revealed that all different orientations and zones were
achieved the entrainment quality grad ”B” within both time
periods during a year, which indicate that the effective stimuli in office space was available for more than 71% of area for
at least 5 days per week. While the findings indicate that the
amount of daylight is sufficient for circadian system within
the regular office hours (7:00 AM-5:00 PM), the results can
be different if shading device is applied to the space. The annual results, including assessing effective stimuli on a daily
basis and frequency of effective stimuli over a course of a
year, will help designers to better understand the impact of
the length of light history on performance of a building. As
previous studies indicate,the length of light history significantly decreases the level of risk associated with occupants
health and well-being [13].

Figure 11: Comparison of daily variations in Circadian Ef-fective Area
(0- 100%) between perimeter and interior zones for two time periods.

between 10:00 AM and 5:00 PM. In contrast, the Northwest
side had the lowest CEA among other sides between 7:00 AM
and 10:00 AM.

A comparison of the two time periods results revealed that a
higher area of the office space received effective stimuli over
the course of the year from 10:00 A.M to 5:00 P.M. This paper not only focus on non-visual effects of light and does not
consider visual comfort and discomfort glare, but also concentrates on office space with no shade and does not consider
shading devices. The circadian effective area for circadian
resetting period (7:00 AM-10:00 AM) and altering period of
the day (10:00 A.M-5:00 P.M) is calculated separately in order to analyze the performance of a building for typical office
hours. To continue this research, we will combine the visual
and non-visual effects of light in order to give an overview
to designers in early design stages. Future research might
investigate the non-visual effect of various types of shading
devices and switchable glasses in different climates.
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constraints such as number of rooms, number of staff and
scheduling. Such models provide objective and quantitative
tools to support the decision making process during complex
design efforts. DES is an effective method for improving
quality, efficiency and environment of healthcare settings
through optimizing resource allocation, patient flow and care
processes. A large number of current DES efforts in planning
healthcare facilities are either about determining resource
requirements, such as number of rooms, or about examining
the relationship between room numbers and performance
measures of healthcare systems, such as patient waiting
times, patient time with caregivers, patient throughput, and
resource utilization [3]. A few DES studies also have
examined the relation between layout design of healthcare
facilities and these performance measures [4]. Within such
models, the impact of space on performance outcomes
captured by simulation tools is often limited, usually to the
distance travelled from one space to another. By adding
additional layers of spatial information to simulation
environments in current DES platforms, we can create
opportunities for predicting other spatial experience metrics
of patients and caregivers, such as daylight exposure, in
order to create better environments for building occupants.

ABSTRACT

Exposure to daylight can significantly improves caregivers’
wellness and performance in healthcare settings. Research on
caregivers has shown that duration of exposure to daylight
was one of the main predictors of work-related strain and
burnout, which can compromise both caregivers’
performance and patient safety. This paper highlights
implications of discrete event simulation and climate-based
daylight modeling in developing a framework for predicting
the duration of daylight exposure for caregivers, considering
their work processes and space occupancy patterns in
healthcare settings.
Author Keywords

Discrete event simulation; Process simulation; Daylight
simulation; Caregiver performance; Health outcomes.
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BACKGROUND

In current building simulation practice, occupant behavior
models are used for realistic predictions of building
performance metrics [1]. Various predictive methods have
been developed for studying the impact of occupant behavior
on building performance [2]. Among many occupancydependent aspects of building performance, energy
consumption metrics have been studied most often, probably
because of the direct relations with costs. There still remains
a need to address other occupancy-dependent aspects of
building performance, which may not be directly related to
savings, but are critical from a user-centric point of view,
including occupants’ spatial experience and wellness. This
study seeks to develop a framework for studying such
performance metrics in relation to occupancy patterns using
discrete event simulation (DES). As a functional scenario,
this framework focuses on caregivers’ access to daylight in
healthcare environments, where building performance in
relation to these metrics is extremely important.

Existing literature shows multiple advantages of daylight in
healthcare settings. Patients have experienced shorter length
of stay, lower mortality rates, lower analgesic medications
use, reductions in pain and stress and improved rest/activity
measures [5-9] when exposed to daylight. A study of nurses
in a nursing unit showed how nurses’ assignment to
windowed stations improved their physiological responses,
mood and communications and reduced sleepiness [10].
Another study showed a reduction in absenteeism when
nurses moved from an old unit to a unit with higher daylight
levels [11]. Length of daily periods of daylight exposure is
another metric that has been studied, although less
frequently, in relation to nurses’ health and performance
metrics. In one study, nurses exposed to more than 3 hours
of daylight averaged 2.6 points lower on work-related strain
scores than nurses with less than 3 hours. For each unit
increase in nurses’ work-related strain score, components of

A DES model is a virtual representation of processes within
a specific space, taking into consideration operational
SimAUD 2018 June 05-07 Delft, the Netherlands
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job burnout, including feelings of depersonalization,
personal accomplishment, and emotional exhaustion,
changed by +0.24 , -0.26 and +0.66 units respectively [12].
An increase in nurses’ depersonalization was followed by a
decrease in patient safety measures. An increase in nurse’s
accomplishment was associated with an increase in patient
safety measures and a decrease in nurses’ absent days. An
increase in nurses’ emotional exhaustion was followed by
decreased patient safety measures, increased patient
mortality ratio and increased number of absent days for
nurses [13, 14]. This evidence indicates that, by calculating
nurses’ daily duration of exposure to daylight, it is possible
to predict their chances of work-related strain, and therefore,
performance and patient safety measures.

spaces and they might even experience different daylight
conditions in the same room throughout the day. As our
literature review revealed the importance of exposure to
more than 3 hours of daylight for caregivers, we pursued
techniques for harvesting additional information on
caregiver spatial experience, specifically durations of
daylight exposure, from our DES model. Although the DES
model allowed for testing operational scenarios, measuring
performance metrics and tracking occupancy data, it had
limited capabilities for measuring spatial experiences beyond
walking distances. To address this issue, we added daylight
simulation data to the DES model and paired it with the
occupancy data to calculate durations of exposure to daylight
for individual caregivers.

Studying time-dependent aspects of daylight exposure
becomes even more important considering the dynamic
nature of nurses’ daily tasks. A time and motion study of
nurses showed that nurses spent 38.6% of their time at nurse
stations, 30.8% in patient rooms, 23.7% on the unit and 6.9%
off the unit [15]. It is important to understand how nurses’
daylight exposure varies during a working shift while they
move in the space. This study presents an innovative
integration of DES and daylight modeling to quantify the
caregivers’ exposure to daylight in healthcare settings under
defined operational scenarios. Development of this
methodology opens up a new line of research in assessing
building performance by measuring user experience metrics
through operational and daylight simulation.
2

Figure 1. Examples of defined movement paths in Simio
2.2 Daylight Simulation Model

We used Grasshopper on Rhinoceros for daylight modeling
with Ladybug Tools components including Honeybee [16].
The Honeybee Annual Daylight Simulation component is a
grid-based analysis which uses weather data, a geometry grid
and daylight parameters to generate hourly daylight
illumination levels for the analysis area. Figure 2 shows
outputs of the daylight simulation with red indicating areas
with higher illumination levels, and blue showing lower
levels.

METHODS

2.1 Discrete Event Simulation Model

As a part of a project for planning new ambulatory facilities,
a clinic module was developed to address multiple
operational goals using success metrics such as exam room
utilization, patient time with caregivers, patient time in
system, provider travel distance, provider utilization and
space utilization. In order to test the clinic module for
intended goals, we collected data about patient and staff flow
in an existing clinic using electronic medical records, site
visits and shadowing. We used the patient flow data
including arrival times, visit types, waiting times and exam
durations, as well as clinical staff work flow and schedules,
to create a DES model representing the current state of the
operational system in Simio software. The location data was
assigned to caregiver entities for all steps in their workflow
by importing a 3D model of the proposed clinic module into
the Simio environment. The DES model in Simio was
initially used to test different layouts and operational models
against the aforementioned success metric. After numerous
iterations, the final layout was selected with 12 exam rooms
on opposite sides of two corridors and a central working zone
for clinicians. The model allowed us to visualize and track
occupancy data for each space as well as clinicians’
movement patterns created by underlying workflow logics
(Figure 1). We speculated that caregivers would experience
different lighting environments when they occupy different

Figure 2. Annual Daylight Simulation Output with Grasshopper

We ran the daylight simulation assuming that clinic would
have five 1.5*1.5 meters windows on both north and south
facades, three on the west façade and one on the east side,
with no shades, occupancy hours between 07:00 and 18:00,
default Radiance and Daysim parameters, using TMY2
weather file of Atlanta, GA, USA (722190).We first
averaged the illumination values of each grid cell for each
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occupancy hour across all days of a year to get a single
hourly illumination value for each cell. We then averaged the
hourly illumination values of all grid cells covering each
room and corridor sections to get a single hourly illumination
value for each space for each hour of building occupancy.

daylight exposure in circulation areas. We assumed that
caregivers with more than 3 hours (180 minutes) of daylight
exposure would actually experience daylight benefits [12].
We also examined whether caregivers were exposed to
illuminance levels above 300 lux, based on LM-83 definition
of “daylit” spaces [18]. The analysis results showed that in
the proposed clinic module, all the staff experienced far less
than the desired 180-minute threshold. They also
experienced lower ranges of illumination (<300 lux)
(Table1). According to our literature review, each of these
caregivers are more likely to experience higher Work Relates
Strain scores, and therefore higher depersonalization levels,
lower personal accomplishment levels and higher emotional
exhaustion levels. These changes could be followed by
decreased patient safety and increased absenteeism
measures. The resulted adjustments in such outcomes can be
quantified to associated long-term organizational costs. The
analysis results showed that, although locating work areas in
central locations might decrease walking distances, it limited
caregivers’ opportunities for accessing daylight via windows
on exterior walls.

2.3 Workflow

The daylight simulation output data from Grasshopper was
written to an Excel file with columns defining each space and
rows defining average illumination levels for each
occupancy hour. This data was pulled into Simio and
assigned to associated spaces. On the simulation run, the
number for each space was updated based on the time of the
simulation. The simulation logic in Simio created time
stamps for caregiver entities every time they entered/exited
any space. Based on these time stamps, the accumulated time
they spent under different levels of daylight illumination was
calculated and written to an Excel file.
2.4 Logic Implementation in Simo

We incorporated the daylight illumination data into our DES
model to evaluate caregivers’ daylight exposure. For each
location where a caregiver could go, we assigned an hourly
illumination value. On the simulation run, the model would
compute the daylight exposure time for each caregiver as
they navigate through the space. In the model, we created a
“Worker” object class that represented all caregivers
considered in this analysis. In Simio, Workers are dynamic
resource objects that can be described and tracked
individually in terms of schedules, animations and statistics
[17]. Each instance of the Worker class depicted a unique
caregiver performing certain tasks and had its own dynamic
variable representing the duration of exposure to daylight
throughout the simulation run. The hourly illumination data
was collected for members of the caregiver Worker class
through “Server”, “Node” and “Path” objects. Server objects
represented static resources such as exam room that could be
seized and released by different entities. Node objects were
used as the base or target locations in defining transfer logics
for Workers and other dynamic objects. Path objects defined
pathways between different Nodes and Servers, and were
used to define the caregiver movement routes in our model.
We assigned the illumination values to each Server, Node
and Pathway from Annual Daylight Analysis output tables,
which were dynamically updated during the simulation run.
Every time a caregiver object was located in a Server or Node
or moved on a Path, the dynamic variable assigned to that
caregiver would collect the illumination and exposure time
data associated to those locations for that specific caregiver.
Upon completion of our DES run in Simio, the output data,
including the value of lighting dynamic variables for each
caregiver, were saved in an Excel file and became available.
3

Worker
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Exposure time to ≥ 300 lux
(minutes)
Walking

Working

Total

Exposure time to <300 lux
(minutes)
Walking

Working

Total

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.03
0.02
0.00
0.00
0.00
0.00
0.00
0.00

0.11
0.11
0.03
0.23
12.92
12.89
11.87
8.99
14.83
0.06
14.82
13.83
9.93
11.86
10.88
0.04
0.08
0.07
20.66

74.83
133.26
45.90
119.78
130.99
122.45
123.96
116.36
111.55
67.60
146.82
148.17
110.94
81.56
143.33
41.91
112.94
102.37
64.65

74.92
133.37
45.93
119.99
131.17
122.59
124.16
116.50
111.67
67.66
161.64
148.24
111.04
81.67
143.45
41.95
113.02
102.44
64.67

Table 1. Output daylight exposure times for individual caregivers
4

DISCUSSION

Our framework differentiates itself from other approaches by
a comprehensive approach in integrating process simulation
data with common building performance analysis methods.
Such a versatile framework enables us to further analyze
buildings in relation to occupancy-dependent measures and
quantify additional aspects of building performance. The
results of our analysis emphasize the importance of multiobjective optimization design practices. Although
operational optimization methods help improve the process
flow, they have limitations in assessing design-related
metrics. At the same time, design optimization methods have
limited process flow analysis features, constricting realistic
assumptions about building occupancy. Bridging the gap
between these two fields opens up new possibilities of more
comprehensive exercises in multi-objective optimization.

RESULTS

We divided the time of daylight exposure in 2 episodes:
exposure time while walking and exposure time while
working. The walking daylight exposure episodes record
when caregivers are mobile and move between rooms. In
layouts where corridors have windows, caregivers can get
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We faced a few limitations that can be improved in future.
First, our analysis is based on horizontal illuminance values
and do not reflect illuminance levels received by human eye
in a vertical plane in different viewing directions which need
to be considered in future versions of our workflow. Second,
the process of reading data from Grasshopper to Simio and
assigning values to objects in Simio environment is currently
done manually, and should be replaced with an automated
process. Third, we averaged the hourly illumination values
for the grid cells covering each room and corridor sections to
get a single hourly illumination value for each space. The
daylight modeling in Grasshopper is a grid-based analysis
with outputs for each grid cell. The unit of analysis could be
further broken down to grid cells for higher levels of
accuracy. Finally, by defining movement rules for Worker
objects on a grid-based network and considering navigation
strategies, we can eventually create a more realistic system
for tracking Worker objects experiences.
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As for future research directions, this framework can be
expanded to compare multiple options and explore other
spatial metrics such as acoustics, thermal comfort and access
to views. It can be also applied to other settings such as
workplaces, science, technology and educational buildings.
Further development of this method will enable designers to
apply scientific evidence in their design process while
quantifying the associated human outcomes.
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for building energy performance simulations (BPS). While
BIM models provide several advantages, they are usually
prone to errors and inconsistency due to the need to model
the building fabric at a higher level of detail required for
construction rather than as an idealized spatial model. In
addition, while BIM models created by architects might
reflect an architect’s view of the project, they are not
necessarily structured for BPS [13]. Energy simulation
programmes, such as EnergyPlus, require idealized models
as inputs for the analysis, consisting of zero thickness walls
or partitions between thermal zones.

ABSTRACT

This paper presents a comparison of different pathways for
the energy modelling of complex building geometry. We
have identified three key modelling questions: first, how can
the spatial organisation of the building be appropriately
represented for energy analysis? Second, how can curved
building geometry be post-rationalized as planar elements
given the planar constraints associated with energy
simulation tools? And third, how can an exploratory design
process be supported using a 'top-down' rather than a
'bottom-up' modelling approach?
Using a standard office building test case and EnergyPlus,
the following three pathways were explored: (a) OpenStudio
using a non-manifold topology (NMT) system based on an
open-source geometry library, (b) OpenStudio using the
SketchUp 3D modelling tool and (c) through the
DesignBuilder graphical interface. The efficacy of the
software used in these pathways in addressing the three
modelling questions was evaluated. The comparison of the
pathways’ capabilities has led to the evaluation of the
efficacy of NMT compared to other existing approaches. It
is concluded that NMT positively addresses the three key
modelling issues.

The need to convert a detailed construction-oriented BIM
model back to an idealized spatial model presents some
unfortunate challenges to the user. First, the poor
interoperability between BIM tools, such as Autodesk Revit
and ArchiCAD, and BPS software, such as EnergyPlus and
TRNSYS, [20] can hinder an integrated design process, and
subsequently intermediate tools might need to be used. In
addition, the simplification might result in a
misinterpretation of the model under investigation and in
unexpected discrepancies, which will require further effort to
remedy and complete. This comes with the expense of time,
cost, and accuracy of results. The discrepancies, which can
often be significant [12, 18, 21], can undermine confidence
in model predictions, contributing to the energy performance
gap between modelled and monitored buildings [23]. Lastly,
complex geometries consisting of curved surfaces are
sometimes difficult if not impossible to translate into a
suitable analytical model for BPS due to planarity constraints
posed by BPS software.

Author Keywords

3D modelling; non-manifold topology; energy analysis;
building performance simulation; parametric design.
ACM Classification Keywords

I.6.4 SIMULATION AND MODELING (Model Validation
and Analysis).
1

INTRODUCTION

To address these limitations, a novel geometry data structure,
called non-manifold topology (NMT), is used to evaluate a
conceptual model in terms of its efficacy in BPS. NMT is
well-suited for the early design stages as it can provide
idealized spatial models, which are compatible with the
requirements for BPS. It allows for a clear segmentation of a
building, unambiguous space boundaries, and perfectly
matched surfaces and glazing sub-surfaces. The NMT

Considering the adverse impacts of climate change, there is
increased interest in assessing the energy performance of
buildings from the earliest possible stages in design to inform
design decisions and achieve increased energy efficiency.
Architects and designers traditionally use building
information modelling (BIM) systems to represent their
buildings in order to then extract the necessary information
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concept aligns therefore with the philosophy that architects
and designers should “exert the least amount of effort and
time to build the simplest possible models that yield the
largest insight into the project” [1].

combination of vertices, edges, surfaces and volumes is
allowed in a single logical body [9]. Moreover, contrary to
the manifold models, NMT models have a configuration that
cannot be unfolded into a continuous flat surface and are thus
non-manufacturable and not physically realizable [2].

This paper extends earlier work on the use of non-manifold
topology for building representation [1, 7, 8, 10] and is split
into four sections. Section 2 gives a brief overview of
manifold and non-manifold topology, as well as of the inputs
and constraints for BPS. Section 3 presents four test cases
addressing different modelling pathways for a building with
complex geometry including curved surfaces and then
assessed in terms of its energy performance. Section 4
includes the results of the pathway exploration and the
energy analysis; Section 5 includes a discussion of the results
that is followed by some conclusions in Section 6.
2

Topological elements of non-manifold objects are
hierarchically interrelated. A lower-dimensional element is
used as the boundary of each of several higher dimensional
ones [24] (Figure 2) and more detailed information can be
found in [10]. These expanded data structures and
topological relationships allow for a richer representation of
loci, centrelines, elements, surfaces, volumes, and
hierarchical groupings, providing model consistency and
improved accuracy.

BACKGROUND

2.1 Traditional manifold approach

In a traditional 3D modelling environment, solid objects are
said to have a manifold boundary, consisting of surfaces,
edges and vertices. Each surface separates the interior solid
condition of the object from the exterior world. Each edge is
shared by exactly two surfaces of the solid and all surfaces
form the outer boundary of it such that it is said to be
watertight. These guaranteed attributes allow 3D software to
easily operate on such geometry [7], for example to perform
regular Boolean operations, such as union, difference and
intersection. In the traditional manifold instance, the original
operands disappear and are replaced with the resultant shape
based on the chosen operation. A manifold model without
internal voids can be fabricated out of a single block of
material [1] and examples include the surface of a torus, a
sphere, or a prism. Manifold topology is efficient in
modelling physical components, e.g. building components.
A BIM model can be thought of as the representation of an
assembly of manifold physical components. However, the
spatial arrangement of a building, which is a central concern
for energy analysis, cannot be adequately represented by
manifold topology. Examples of manifold and non-manifold
geometry are shown in Figure 1.

Figure 2. Non-manifold topology class hierarchy [10]

When Boolean operations are applied in an NMT modelling
environment, the two shapes are merged and can overlap and
consistently share vertices, edges, surfaces, and volumes
without redundancy. Contrary to the regular operations, with
non-regular (i.e. non-manifold) operations the interior
surfaces, that would have been otherwise lost, are maintained
[1]. Additionally, the topology allows cells, surface, edges,
and vertices to be queried as to their adjacencies. For
example, a user can query the model what cell shares a
surface with or sits directly above another cell because the
topology establishes these types of connections [9].
2.3 Building energy modelling input characteristics

BIM models are currently widely used by architects and
designers as the geometry representation of the energy
simulation model. However, in a BIM model consisting of
an assembly of the detailed physical building components it
is not guaranteed that the components surrounding a notional
space actually touch so as to form a complete enclosure.
Therefore the recognition of spatial enclosures from the
physical BIM model is fraught with potential errors. Second,
even if the first condition was satisfied, the resulting model
of the spatial enclosure would be the literal reflection all the
detailed geometry of the surrounding physical building
components and would contain so much detail, so as to

Figure 1. Examples of manifold and non-manifold geometry
2.2 Non-manifold topology

Non-manifold geometry is also made of surfaces, edges, and
vertices. However, such models allow multiple faces to meet
at an edge or multiple edges to meet at a vertex, and also
allow coincident edges and vertices. Furthermore, surfaces
can either be a boundary between the solid interior of the
object and the exterior world or between two spatial cells
within the object. Practically, in non-manifold models any
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overwhelm any analysis or simulation program. Necessary
information could thus be lost due to the abstraction and
simplification performed in the translation process. Even
larger hurdles are presented to designers in the
transformation of the spatial geometry into thermal geometry
if their models include complex representations. Only the
absolutely necessary number of surfaces should ideally be
created for BPS. While curved geometry needs to be
segmented into planar surfaces, the relationship between the
number of segmentations and accuracy of results needs
further study. This segmentation may require further repair,
which is labour intensive, time intensive and thus
economically ineffective. It should be noted that sometimes
very complex geometries are impossible to be translated into
a suitable analytical model.

requirements relate to the construction including material
properties.
Additional inputs include the site specification, such as the
location and the weather data for the model; building
information, such as the building type, its orientation, the
internal loads and their assigned operation schedules
(occupancy, lighting and equipment); as well as information
regarding the heating, ventilation and air-conditioning
(HVAC) services of the building. The building should also
consist of one or more thermal zones (i.e. spaces), depending
on its size and complexity, in which temperature is controlled
by a thermostat at a desired set point. Defining the above
information in conjunction with the aspects presented in
Table 1 is essential for an integrated building energy
performance analysis which can be used to inform the
building design [14].

Moreover, a BPS tool simulates a number of geometrical and
topological relationships, which operate under various
constraints. This section, therefore, presents the geometrical
and topological requirements for heat transfer between
thermal zones through surfaces, as well as the geometrical
and topological constraints posed by the energy analysis
engine. EnergyPlus [25] is used in this study, as it holds the
biggest utilisation share among major simulation programs
for building performance simulation [15].

2.4 Geometrical and topological constraints posed by
energy analysis software

The energy analysis software and specifically EnergyPlus
pose geometrical and topological constraints that need to be
met in the modelling process. The identification of these
constraints also helps to interpret the results derived by
EnergyPlus. The constraints, as identified and synthesised
from the literature, are presented in Table 2.

The requirements for heat transfer associated with spaces (or
rooms) in energy simulation tools and specifically
EnergyPlus are presented in Table 1. These are classified into
geometrical and topological ones and other requirements as
adapted from [13].

Geometrical constraints
Ref
G1 Walls should not contain holes.
[5]
G2 Openings should be modelled as additional [5]
geometry.
G3 Openings must be rectangles or triangles.
[3, 5]
G4 Zones, i.e. spaces, not just space surfaces,
[5, 17]
should ideally be convex.
G5 Curves should be avoided, otherwise the
[17]
segment count should be as low as possible.
G6 The direction of the outward facing normal [22]
for the roof overhangs should be downwards.
Topological constraints
T1 Openings should relate to walls.
[5]
T2 Openings should be co-planar.
[5]
T3 Openings must not "touch" each other.
[3,5,17]
T4 Openings must not share 2 edges with walls [5, 16,
or floors or roof.
17]
T5 There cannot be a wall that is only a window. [16]
T6 A subsurface (window or door) should not be [17]
placed inside another subsurface.
T7 Surfaces of adjacent zones must not overlap. [17]
T8 EnergyPlus does not compute heat transfer [17]
between zones if they do not share a surface.

Heat transfer requirements in EnergyPlus
Geometrical Topological
Other
requirements requirements
 Surface
 Relationship between
 Material
area
surfaces and spaces
properties
 Surface
 Relationship between
normal
materials and surfaces
 Relationship between
two opposite surfaces
 Surface type
Table 1. Heat transfer requirements in EnergyPlus (adapted from
[13])

Regarding the geometrical requirements, the area of the
surfaces (whether analytical surfaces, such as walls, floors,
ceilings, roofs or openings, such as windows, doors, holes,
skylights) and their normal vectors determining the direction
of the heat transfer are needed. The topological requirements
include relationships and adjacencies aspects in order to
calculate the heat gains and losses for each space. The three
relationships include the one between surfaces and spaces,
the one between materials (and their properties) and the
surface, as well as the relationship between two opposite
surfaces for internal heat transfer. The adjacencies
requirement includes the indication of the surface type, such
as internal, external or adjacent to the ground. Other

Table 2. Geometrical and topological constraints

Some clarifications are added regarding geometrical
constraint G4 and topological constraint T3. G4 addresses
the interior solar distribution calculation and how a concave
zone or surface can affect the accuracy of the individual
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surface temperatures of the zone, but not its heating and
cooling loads. This is why it is advised that concave elements
are divided into smaller convex ones. In addition, it should
be noted that, although T3 has been stated in the literature,
some implementations such as [7] have overcome it, so it is
likely to have been generally suggested, as it might be
specific to certain cases.
3

reviewed in this paper. The software architecture
representing the pathways in the four test cases is presented
in Figure 4.

MODELLING PATHWAYS

The City Hall in London, designed by Foster and Partners,
(Figure 3) inspired a simple exemplary massing model of a
relatively complex curved office building. It is important to
note that, while the digital model is to the same general
dimensions of the real building, the idealized model
geometry does not represent the detailed geometry of the real
building and the assigned material properties in the energy
model do not correspond to the material used in the real
building. Thus, any simulation results reported in this paper
have no relationship to the performance of the actual built
work.

Figure 4. Software architecture for the four test cases. (A)
VDFP/NMT to OS through DSOS, (B) SketchUp to OS, (C) DB
to EnergyPlus, (D) VDFP/NMT to DB and EnergyPlus through
gbXML.

The idealized 3D model comprises 9 vertically-stacked
thermal zones, according to the number of floors of the real
building. Each thermal zone is bounded by 20 wall panels
consisting of 2 triangular windows each, as well as a floor
and a ceiling. The model’s orientation is consistent with that
of the real building.

3.1 Test cases

The images of the four models built to explore the different
modelling pathways are presented in Figure 5 followed by
the description of the modelling process.

Figure 5. Surface and subsurface geometry of the four test cases.
(A) The NMT model built in Dynamo and visualized in SketchUp,
(B) The SketchUp/OS model, (C) The DB model, (D) The
imported VDFP/NMT model to DB from OS through gbXML.

VDFP/NMT building model (A)
The first test case used parametric modelling and specifically
Dynamo version 1.3.2 and an open-source geometry library
providing NMT capabilities to build the model. A top-down
approach was used and four steps were involved in the design
process: the creation of a smooth curved wall, the creation of
its EnergyPlus-compliant planar quad-mesh counterpart, its
segmentation into a multi-storey building, and designing the
windows.

Figure 3. The City Hall in London designed by Foster and
Partners [6]

Four test cases using different modelling pathways for
building performance simulation were explored. The first
test case was modelled in a visual data flow programming
application (VDFP) using NMT and the model was then
exported to OpenStudio (OS) within the host application
through the DSOS plugin developed by one of the authors
and presented in detail in [7, 9]. It should be noted that in this
paper an improved and more efficient implementation was
used. The second test case was modelled in SketchUp using
the OS plugin for SketchUp, with the aim to perform the
energy simulation in EnergyPlus through OS. The third test
case was modelled in DesignBuilder (DB) and simulated in
EnergyPlus. In the fourth test case the VDFP/NMT model
was imported to DB through gbXML file format and was
then simulated in EnergyPlus. Honeybee modelling
workflows using automated zone and surface splitting of
complex geometry exist; however, this option was not

To create the curved wall, sample points were defined on the
edges of each floor as well as the roof, at the opposite sides
of the wall. Every pair of points at the same height on the
opposite sides of the building was used create a circle,
representing the floor. By performing the lofting technique
through all the constructed circles, the curved wall was
formed.
The quad-mesh was created by firstly segmenting the wall’s
UV-space into a grid, consisting of 20 panels horizontally
and 9 panels vertically. The vertical segmentation was done
so that the above sample points would lie at the panel
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boundaries, to create the floors separating the storeys in the
next step. After this grid was mapped to the actual curved
wall, it was found that the resulting panel faces were
approximately planar, thus no further planarization was
applied. If non-planar faces were encountered, planarity
constraint as discussed in Deuss et al. [4] could have been
applied. The roof and the ground floor were added by closing
the holes at the top and the bottom of the wall, respectively,
thus creating a cell.

required analytical model for energy analysis. Overall this
modelling pathway was regarded as a cumbersome process
and proved to be non-practical for such a complex building
model. As the EnergyPlus compliant model of the building
could not be created, this model unfortunately did not
proceed to the energy performance simulation due to the
geometry and stability issues that posed a significant
limitation in using this pathway. This pathway could have
been simplified in its modelling approach until the run is
successful; however the resulting model, which would be
free from curved and sloped surfaces due to the
simplification, would have been similar to the DB case
(model C). Therefore, to avoid replication of results, no
model simplification was pursued in this modelling pathway.

The final step involved performing the non-regular slice
operation on the cell using 8 horizontal planes at the
horizontal boundaries of the panels. This process created a
non-manifold CellComplex, containing 9 Cells representing
the spaces and subsequently the thermal zones in every
storey. This resulting building was passed to the DSOS
library [7] to create its EnergyPlus model, which includes
triangulated windows according to the given window-to-wall
ratio.

DesignBuilder model (C)
The third test case used DB version 5.0.3.007 to create the
model. A simplified model was created, as DB does not
currently provide the possibility of modelling accurately
such complex geometry, for example applying the required
variety in the sloping of the walls in each of the zones in the
specific model. Therefore, a bottom-up approach was used.
First, all zones were modelled according to the diameter of
the circle circumscribing the 20-sided polygon and the height
of each zone. Due to DB’s limitation in modelling the
required variant slopes on the wall surfaces, vertical walls
had to be used instead. The same glazing ratio of 0.7 was also
applied, as were all relevant attributes taken from the OS
medium office template.

SketchUp/OS model (B)
The second test case used SketchUp Make version 17.2.2555
and OS version 2.3.0 to create the model. A bottom-up
approach was used here and the model was built from bottom
to top, floor by floor. The design of the first thermal zone
included the creation of a 20-sided polygon to represent the
floor, its extrusion by the zone height in order for the ceiling
and 20 wall surfaces to be created and the horizontal scaling
of the ceiling surface that was attached to the walls in order
to achieve the suitable slope. Then the ceiling surface was
copied and included in the next thermal zone and the above
process was repeated. The same process was followed until
all nine thermal zones were created. Lastly, the windows
needed to be placed so that the glazing ratio is 0.7. However,
as OS is not capable of applying glazing ratio to sloped
surfaces, the multi face offset SketchUp plugin was applied
to each zone separately and used accordingly in order to
achieve the desired glazing ratio.

OS/DesignBuilder imported gbXML model (D)
The fourth test case used again DesignBuilder (version
5.0.3.007), but instead of modelling the building using its
built-in tools, we leveraged DB’s capability to import
gbXML files. The NMT/OS model was exported in gbXML
format through the OS standalone application and imported
to DB. The default settings for import were used, including
the import of the thermal properties. The imported geometry
to DB was correct and the model was visualised correctly.
However, although the construction names and material
layers were imported correctly, the thermal attributes needed
to be set individually. In addition, even when they were set
individually and appearing correct in the DB interface, the
results in the EnergyPlus report showed differently. It should
be noted that the thermal attributes as stated in the gbXML
file are correct, so the mis-computation of the thermal
attributes might have occurred due to a software bug in DB.
This requires further investigation.

This modelling pathway presented several shortcomings
including distorted geometry and stability issues. For
example, although the sloped wall surfaces were initially
modelled and visualised as rectangles, they were arbitrarily
triangulated in SketchUp during the modelling process,
affecting the geometry of the model and increasing its
complexity. In addition, although the geometry appeared
correct in SketchUp, when the same file was opened in the
OS standalone application, the geometry was distorted.
Stability issues were also encountered when the multi-face
SketchUp plugin or the SketchUp undo button was used,
causing the application to freeze and needing rebooting.
When rebooted, the created geometry in the saved file
disappeared, which instigated a one-off geometry creation
without saving the file in order to avoid any synchronisation
issues between the SketchUp model and the OS model. But
even then, the geometry was distorted when opened in the
OS standalone application and the surfaces could not be
properly matched or intersected in order to create the

3.2 Common input variables

Although the models were created differently in the four test
cases, some input variables were commonly shared in the
two test cases that proceeded to the energy simulation in
EnergyPlus. The ASHRAE 189.1 template for medium
office was used in both test cases, applying default settings
for construction (materials), temperature set points,
occupancy and lighting loads, occupancy and lighting
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schedules and air flow. A glazing ratio of 0.7 was assigned.
The overall height, floor area and volume of the model, as
well as the height, floor area, ceiling area and volume of each
thermal zone, was kept the same as much as possible. It is
noted that small differences in the range of 0.5% were
incurred in the volume and the floor area due to the
geometrical complexity of the model and the constraints
posed by the design software. The idealized City Hall models
were simulated annually.

was not capable of representing accurately the geometry, so
the material properties and the model elements cannot be
discussed. It is assumed though that the same level of
geometry as in DB is achievable in SketchUp/OS and
therefore partial capability in terms of geometric accuracy is
assigned to the SketchUp/OS pathway. In terms of modelling
time, the VDFP/NMT model took more time to design
(approximately 3-5 hours for a medium experienced user)
than the DB model (2-4 hours). Regarding simulation time,
the VDFP/NMT model required the most time, possibly due
to the increased number of glazing surfaces, then followed
the DB model and lastly the imported gbXML to DB. The
results are summarised in Table 4.

The geometrical and topological constraints presented in
Table 2 and Table 3 were taken into consideration, apart from
G6 and T3, as no roof overhangs were modelled and as
previous studies [7] showed that adjacent windows can be
operational.
4

RESULTS

4.1 Modelling outputs comparison

The different models were compared in terms of geometrical
accuracy, correct material properties and number of building
elements. The EnergyPlus reports were used to compare all
outputs. The automated creation of the EnergyPlus geometry
(Table 3) was investigated in models (A), (C) and (D). It
largely depended on the input geometry in the two host
applications and geometry in the host application and
EnergyPlus were overall the same in terms of surface types’
area in all models, apart from some negligible rounding that
occurred in some instances. Although the wall/floor/roof and
glazing areas were accurate in the VDFP/NMT model, its
volume presented a small increase of 1.15% in the automated
EnergyPlus report and this needs further exploration. This
might be attributed to the complex shape of the model and
possible adjustments made by EnergyPlus, but this did not
affect the energy analysis calculations as these use the
surface areas. An interesting point was that the volume was
accurate in the imported gbXML model to DB (D), which
proves the consistency of the NMT model. The model
elements, i.e. the number of walls, floors, roofs/ceilings and
windows were accurate in the VDFP/NMT model and the
subsequent exported gbXML format, as were in the imported
gbXML file to DB. They all amounted to 180 wall elements,
9 floors, 9 roof elements and 360 windows. The test case in
which the model was built from scratch in DB, the geometry
is accurate but simplified due to the software’s limitations to
represent accurately complex geometry. Moreover, the
number of the wall and window elements is correct, but the
number of the floor elements and roof/ceiling elements were
increased to a total of 82 and 96 respectively. This possibly
happened due to the concave exposed floor and roof surfaces
and EnergyPlus’s requirement for convex surfaces, so there
was an automatic adjustment within EnergyPlus to convert
the concave floor/roof area to smaller convex ones. The
material properties were outputted correctly in the
VDFP/NMT model and the exported gbXML file, as well as
the DB model, while the imported gbXML file to DB
presented discrepancies particularly in the thermal properties
of the wall surfaces. Unfortunately, the SketchUp/OS model

Table 3. Comparison of geometrical inputs and automated
EnergyPlus geometry

Table 4. Comparison of models’ capabilities and required times
4.2 Energy analysis results

As two of the attempted pathways were not able to proceed
to the energy simulation due to limitations presented in the
host applications, only two models, the VDFP/NMT and the
DB ones were used for energy analysis. The VDFP/NMT
results through the DSOS plugin were compared with the
energy results from the OS standalone application and the
OS SketchUp plugin and were found to be the same. This
demonstrates the consistency of the model and of this
pathway’s suitability to energy analysis. The derived results
regarding the normalised cooling and heating loads per zone
are provided in Figure 6.
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building forms. An aspect that is inherent only to the
VDFP/NMT model is the set of benefits it leverages from
NMT. The consistent energy analysis results derived from
the comparison through the different OS routes demonstrate
its accuracy while maintaining its consistency throughout
this pathway to energy analysis; yet it took slightly more time
to simulate than DB, which was probably due to the higher
number of glazing elements. The energy analysis results
between the VDFP/NMT and the DB models as shown in
Figure 6 follow the same trend across all zones, but present
discrepancies, which was expected. This is likely to be
attributed to the different geometry inputted to EnergyPlus
in the two test cases, such as differences in the wall and the
glazing area, as well as the presence of exterior floor and roof
areas in DB (as seen in Table 3), and also due to
EnergyPlus’s micro-adjustments. As it is difficult to attribute
the discrepancies to explicit geometric inconsistencies, this
comparison identified the need for further exploration
including a sensitivity analysis in order to investigate
geometrical aspects individually. It can be however assumed
that the VDFP/NMT results are more reliable compared to
the DB baseline ones (but not more true to the actual
building, as this was an idealized design) due to the more
accurate representation of the building.

Figure 6. Normalized a) cooling and b) heating loads
5

DISCUSSION

The exploration above assessed different pathways for
modelling complex building geometry in order to fit to the
energy analysis process in the early design stages.
Established software for energy analysis, such as DB and OS
through the SketchUp interface, is widely used for
simulating relatively simple geometric models providing
reliable results [11, 19]. However, when it comes to complex
geometric forms they either struggle to model it accurately,
as in the case of SketchUp/OS or the user is urged to use a
considerably simplified form, as in the case of DB. This can
present geometry inconsistencies and thus questionable
results. Furthermore, in the simplified DB model,
EnergyPlus needed to divide the concave exposed floor or
roofs of the zones into many smaller convex surfaces. The
increase in the number of model elements would have an
adverse impact on the computational time, and this would be
unfavourable especially in larger models.

Any 'bottom-up' modelling strategy which requires the user
to explicitly model individual floors or individual wall panels
is extremely arduous to subsequently edit. The editing
difficulty and effort required may become a negative
incentive and is likely to inhibit future design exploration.
By contrast, a top down modelling approach might involve a
change to the form of the exterior envelope of the building
or in the number of floors. In this case, the floors and
idealised wall faces are automatically derived from higher
level modelling procedures (such as the 'slice' operation) and
offer a higher level of 'ease of use'. In fact all the user has to
do is to change the 'number of floors' parameter. The ease of
top-down modelling as supported by NMT is a positive
encouragement for design exploration.
6

Moreover, although DB currently presents limitations in
creating such complex geometry accurately, it is capable of
importing it, representing and visualising it correctly,
provided the imported model is correct. This was
demonstrated by the import of the accurate gbXML model
created in VDFP/NMT and exported through OS, proving
the interoperability among the applications used. In addition,
although the imported gbXML file was correct in terms of
material properties, DB struggled to compute the U-values
and the user needed to set them manually. Even when they
were set manually and appeared correct in the DB interface,
the output material properties in the output EnergyPlus file
do not agree. These issues might be able to be solved through
debugging of the internal communication of DB and
EnergyPlus.

CONCLUSIONS

This paper presented four pathways to the energy modelling
of a building with relatively complex geometry including
curved surfaces. From the four pathways explored, the
VDFP/NMT pathway was able to model and handle complex
geometry and produce reliable results, while benefitting from
the advantages of NMT. Moreover, while established
software are capable of representing accurately and
simulating simple geometric models providing reliable
results, they either struggle with modelling complex
geometric forms accurately, as shown in the case of
SketchUp/OS or the user is urged to use a much more
simplified design, as in the case of DB. Although this latter
pathway would work, it can present geometry
inconsistencies due to the required model simplification and
thus produce questionable energy simulation results.
Another pathway that was explored and proved possible in
terms of accurate representation was to import the

Overall the VDFP/NMT pathway provided the most reliable
process for energy performance simulation of such complex
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VDFP/NMT model to DB through OS’s gbXML format,
maintaining the complex geometry. This also demonstrated
the VDFP/NMT model’s consistency and interoperability
with other established energy modelling software. However,
although DB was able to accurately visualise the imported
complex model, limitations in the application of thermal
properties due to possible software bugs prevented a reliable
energy simulation.
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increased complexity aiming to increase quality and value of
a building design project. The added value can be a result of
increased performance (see Figure 1) and/or the result of the
creation of a distinct identity for a building. Especially in tall
residential buildings, architectural massing gestures can
create value also by generating unique apartments that can
be identified from street level by their inhabitants. With the
aid of advanced computation, such forms can still be
executed in cost-effective ways in order to achieve a building
fabric of higher quality.

ABSTRACT

Building designs have to meet multiple engineering and
financial requirements. This makes the development of
complex architectural forms challenging. Computational
automation can largely facilitate the realisation of such
forms, through the reduction of time needed for design
checking and optimisation. This is demonstrated through the
case study of a 3-tower design, called Valley, currently under
construction in Amsterdam, NL. The development of a
computational tool enabled the design team to automatically
check that the daylight (sun hours and daylight factor),
structural (cantilever span) and other performance criteria
(solar load, view privacy, apartment floor area and terrace
floor area), as well as applicable daylight code requirements,
were met in all the rooms of the design. The tool provided
almost direct feedback to the design team, allowing them to
reshape and check the model multiple times, leading to the
continuous iterative improvement of the design. The use of
parametric design tools also resulted in reduced construction
costs, through a geometric optimisation that largely reduced
required formworks. Finally, the parameterization of the
design allowed the design team to demonstrate the design’s
increased performance to the client, through comparisons
against random variations similar to the design and against
rectilinear tower designs.

The case study for this paper is a 3-tower building design
complex, called Valley, designed by MVRDV (Figure 2).
This design featured a characteristic jagged façade that
differed in each floor, resulting in a large variation of
apartment types, with no two apartments being alike. This
apartment variability called for the development and use of a
computational tool that allowed for real-time control over
quantities of a multitude of performance objectives:

Author Keywords

Parametric Design, Multidisciplinary Design, Tall
Buildings
1

3

INTRODUCTION

•

Floor area per apartment

•

Accessible terrace area per apartment

•

Structural requirements, incorporated through the
automatic calculation of cantilevering length

•

Sun hours per room

•

Privacy requirements, through the highlighting of
areas where the angle between two facades was
below a design threshold – which would therefore
allow views from one room to another if a window was
placed on both façade segments.

While rectilinear design forms are most common in practice,
architectural massing gestures can create designs with

Figure 1 Added qualities of a jagged tall building façade, as is the one of the Valley design [1].
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room with regards to a multidisciplinary set of regulations,
design requirements and objectives.
Further details per analysis type included in the Design
Assessment tool are provided below:
2.1 Floor Area Per Apartment

The most basic check per apartment was the calculation of
the floor area per apartment. This could be performed
directly through the built-in Area component [5] of
Grasshopper, after splitting the surfaces of each floor, using
the planes of the apartment wall divisions.

Figure 2 Rendering of “Valley” complex design [1]

•

Solar loads in each room during winter and
summer.

•

Daylight factor within each room.

Figure 3 Square metres per apartment floor plan segment as
visualised in the developed parametric Design Assessment tool
2.2 Accessible Terrace Area Per Apartment

Besides the assessment of the design’s performance with
regards to the listed parameters, the computational
methodologies used for this project also included the use of
form-finding techniques in order to reduce construction
costs, through the reduction of the required formworks for
the façade corners of the design, without noticeable impact
on architectural quality.

The automatic generation of terrace geometries was possible
using the Region Difference built-in Grasshopper
component [5] for two consecutive floor outlines. In this
way it was possible to calculate the amount of terrace square
metres that each apartment was adjacent to, and could
therefore have access to.
This information was needed to balance the amount of
terrace space per apartment and to check if all apartments
complied with the minimum building code requirement.

Finally, the quantification of the design’s multidisciplinary
performance through automated analysis allowed also for the
comparative benchmarking of the design against a rectilinear
variant and against random variations of the design.
These three uses of computational design tools will be
further explained in the following three sections.
2

DESIGN ASSESSMENT TOOL

The parametric Design Assessment tool for the Valley
project was developed in Grasshopper 3d for Rhino.
Grasshopper 3d is a visual programming language and user
interface which is tightly integrated with Rhino’s 3d
modelling environment [2]. The library of multidisciplinary
analysis Grasshopper plug-in extensions, available through
the developer’s website [3], together with the built-in 3d
modelling library of Rhino, make it a suitable environment
for engineering design and optimisation applications [4].

Figure 4 Accessible terrace area per apartment floor plan
segment as visualised in the developed parametric Design
Assessment tool.

The development of a single Design Assessment tool
allowed the design team to simultaneously check the
compliance or relative performance of each apartment and
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2.3 Structural Check

A basic structural check was performed through the
automatic highlighting of areas where the cantilevering
geometry’s distance from the closest structural walls
exceeded the design threshold, as this was set by the project’s
Structural Designer.

Figure 6 Visualisation of sun hour analysis and the
resulting max sun hours per room for an intermediate
iteration of the design given the sun path of the 21st of February.

Rooms with relatively low sun hours, as the ones facing the
north, could be slightly modified, by turning a north-facing
to north-west-facing one, in order to increase sun exposure
or could be allocated to sleeping rooms instead of living
rooms.
2.5 Privacy Requirements

Figure 5 Visualisations of areas of an intermediate design
iteration where the distance of the cantilevers’ furthest point
exceeded the threshold set by the Structural Engineer of the
project.

The design included areas intentionally exceeding the
general cantilever requirements for which special structural
design considerations were made. The highlighting of areas
where the threshold has been exceeded allowed the design
team to verify that only the intended cantilevers exceeded the
design threshold.

The privacy design requirements were assessed by
highlighting the areas where the angle between two façade
segments was below a design threshold. That is because a
low angle between two façade segments could allow views
from one room to another, if a window is placed on both
façade segments. The design team set a threshold of 120° for
the external angle between two walls as the cut-off value for
this check (see Figure 7). Highlighting areas where the
external angle was lower allowed for additional attention to
be paid on the window or wall placement on these areas.

2.4 Sun Hours Per Room

A very important design objective for the design has been the
maximisation of sun hours in the living rooms. The expected
sun hours in each room could be calculated, using Ladybug
[3] Grasshopper components. Based on the analysis results,
the maximum sun hour value per room could be visualised,
as shown in Figure 6.
Figure 7 Visualisation of minimum external facade angle in
each floor plan segment of an intermediate design iteration and
resultant determination if the design threshold is surpassed or not.
2.6 Solar Loads Per Room

Solar loads during winter and summer were also included in
the parametric Design Assessment tool. Solar loads have a
positive effect to the reduction of heating cooling demand
during winter but can result in increased cooling loads during
summer.
The visualisation of rooms less exposed during winter
highlighted the apartments most likely to require
comparatively more heating, while the ones with the most
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2.8 Tool Analysis Integration and User Interface

summer solar load during summer could be studied for the
possibility of overheating.

Integrating all these analysis modules into one parametric
tool allowed to automatically evaluate the multidisciplinary
performance of each apartment at each design iteration and
to highlight areas that needed revision in order to comply to
codes or to achieve a performance threshold.

In general this design, through the jagged façade, resulted in
increased self-shading during summer, reducing the
probability of instances of overheating and therefore cooling
demand during summer. The sun rays hit the building from a
lower angle during winter and therefore are not blocked from
reducing the heating demand in the largest part of the façade
of this design.

A user-interface for the tool’s algorithmic processes was
built using the HumanUI [4] Grasshopper plug-in. This
made it possible to toggle between different analysis
visualisations during meetings with the project’s design
team. The possibility of viewing different analysis types on
the fly while still being able to rotate and focus the camera
of the Rhino viewport to specific areas of attention largely
facilitated in-depth discussions and informed decisionmaking during design meetings.
Additionally, the analysis output visualisations from the tool
were shared with the design team after the design meetings,
so they could be used as reference to perform improvements
on areas where this was needed.
The developed Design Assessment tool is shown in Figure
11 and can be seen in video format in [5].

Figure 8 Visualisation of summer solar load analysis and
resulting daily values per room in (kWh/m2).

Figure 9 Visualisation of winter solar load analysis and
resulting daily values per room (in kWh/m2).
2.7 Daylight Factor Within Each Room

Finally it was also possible to visualise the daylight analysis
on each room in order to assess the daylight quality, which is
important especially for living rooms in dwellings.

Figure 11 Parametric Design Assessment Tool for the Valley.

The steps of a design iteration using the Design Assessment
Tool is further described in Figure 12. Using this workflow,
once the tool was fully developed, a design iteration could be
evaluated and documented within one working day.
Further time saving could be possible in the future mostly
through investigating automated analysis documentation and
improved interoperability workflows between Rhino and
Revit.

Figure 10 Daylight factor analysis visualised only on the living
rooms of a design iteration and ranking of living rooms from
best (green) to worst (red). The early stage analysis shown
was performed with simplified window geometries.

Larger windows or design modifications could be performed
for living rooms found to have relatively lower daylight.
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Step 1: Architect
revision of the Revit
model, given analysis
feedback
Step 5: Design
Meeting - the results
of the tool are shown
live on the tool and
via slides

Step 4: Automatic
calculation of
performance of the
design iteration

Step 2: Analytical
Revit model sent to
Parametric Services
Engineers

Step 3: 3d model
imported in Rhino and
referenced in the
Design Assessment
tool

Figure 12 Steps of a design iteration for the Valley project.
2.9 NEN Daylight Code Check

Besides assessing the performance of all apartments the
parametric Design Assessment tool for the Valley project
also contributed in providing evidence that all apartments
were compliant to the Dutch NEN2057 standard [6]. In
rectilinear buildings the compliance can be assessed by
demonstrating the compliance of a few typical apartment
units. In this design, where all apartments differed from each
other, checking the compliance of each single apartment for
every design iteration would be a much more timeconsuming task.

Figure 13 Geometric calculation of angles required for the
calculation of required openings per room as prescribed in the
Dutch standard NEN2057 [6].

Through the automatic calculation tool developed (shown in
Figure 13 and Figure 14), the geometric values α, β and Cb
were calculated for all façade openings, as required by the
equivalent daylight calculation methodology described in the
NEN2057. Through this, an automatic visualisation was
produced (as shown in Figure 15), highlighting areas where
specific modifications needed to be performed (e.g.
increased size of windows) in order to meet the code
requirements.
The project’s Mechanical Engineers, together with the
Architects, could then bilaterally discuss the best solution per
apartment, given the input from the tool. Through the use of
the daylight code-checking tool, the whole design could be
assessed and fed back to the design team within hours,
resulting in a large reduction of the time required for code
checking and documentation.

Figure 14 NEN 2057 alpha and beta values were automatically
calculated and visualised on all openings, using the algorithm
developed.

Given the evidence produced by the parametric tool, the
municipality reviewers agreed on the calculation method and
were content with only re-checking certain worst case
apartments, to feel comfortable that in fact all apartments
would be in compliance.
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Figure 15 Highlighting of areas where modifications were
needed in a Valley design iteration by the parametric Design
Assessment tool.
3

Figure 17 Random variations of the design within the design’s
boundary conditions. Color-coding is based on the number of
terraces, also noted on top of each variant.

DESIGN BENCHMARKING

6600

The parametric Design Assessment tool of the Valley project
was used, not only to evaluate the design, but also to compare
the design to rectilinear building forms (as shown in Figure
16) and random variants of similar appearance (as shown in
Figure 18).
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In this way it was possible to provide evidence of the
increased comparative performance of the design in
providing better sun hours and access to terraces in
comparison to the design variants tested.
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Figure 18 Scatter plot showing that the actual design (plotted as
rectangle) ranked very well in comparison to random variants
using the same design space, with regards to the generated gross
floor area and number of terraces.
4

CONSTRUCTABILITY OPTIMISATION

A final parametric design tooling application performed on
this design was the reduction of construction costs through
the snapping of all façade corner angles to intervals of 10
degrees without largely impacting the appearance of the
design. This snapping resulted in reduced construction costs
because less formworks were required to construct the façade
corners of the building. Additionally the natural stone facade
cladding on the corners also benefited from the reduction of
the design’s unique corner angles.

Figure 16 Comparison of part of the tower complex with a
rectilinear variant. The percentages shown correspond to the
amount of sun hours on the Valley design divided by the amount
of sun hours of the same floor segment in the rectilinear design.
As shown, the large majority of the floor segments have
increased sun hours (percentage above 100%)

To achieve this, computational form-finding techniques were
applied, where each angle was treated as a torsion spring.
Placing one torsion spring on each corner and setting the
equilibrium angle of each spring to the closest multiple of 10
degrees allowed running spring simulations, where each
torsion spring would exercise a force proportional to the
angle’s numerical distance to its equilibrium angle. Running
the spring simulation resulted in form-finding a design
variant that had the closest distance to the initial design but
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also featured as much angle duplication as possible. The
Kangaroo live physics engine [7] was used to run these
simulations within Grasshopper.

Initial Design

Revised Design

The unique corner angles were reduced through this process
from 166 in the initial design to only 35 in the refined design
(reduction of 79%).

Initial
Design

Revised
Design
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Figure 20 Appearance of initial design (left) and revised design
with all angles snapped to multiples of 10 degrees (right).

Count Initial
Model
Count Revised
Model

Facade Corner Angle

Figure 21 Bar graph showing the effect of the applied formfinding methodology in increasing façade angle repetition. In
the revised model (orange) fewer angles are repeated multiple
times while on the initial model (blue) much more different
angles were present, therefore much more formworks of low
reusability would be required.

Figure 19 Initial floor outlines (up) and floor outlines with the
angles “snapped” on intervals of 10 degrees (down).

5

The 10-degree interval was decided through a quick study
showing the effect of using different angle intervals in the
appearance of the design and in the count of unique angles.
Up to the interval of 10 degrees the architectural quality was
not reduced. As shown in Figure 20, using this methodology,
the initial and the “snapped” version of the model had
practically the same appearance. Increasing the interval even
more would impact more visibly the architectural quality
without large effect on cost reduction, therefore the 10degree interval was deemed optimal by the design team.

CONCLUSIONS

This paper demonstrated the use of automated parametric
design assessment and form-finding techniques in a case
study of the Valley 3-tower complex in Amsterdam, NL.
The use of parametric design tools resulted in large design
time and cost savings, most notably through:

• The automatic calculation of compliance to code
requirements and design objectives
• The form-finding of a building volume very close to
the initial design, but with improved constructability.
A way in which automated parametric design assessment
algorithms can provide evidence of compliance to geometric
building code regulations was shown. Additionally the
benchmarking studies performed for this project were
presented as ways to demonstrate the added value of a design
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10. Piker, D (2016). Kangaroo Physics. Computer
Software.
(http://www.food4rhino.com/app/kangaroo-physics)

by objectively comparing it to other possible design options
within the design space, which are generated and assessed
algorithmically and therefore require no additional
modelling and very limited assessment time.

11. OVG Real Estate (2017). The Evolution of City Life –
Valley (http://ovgrealestate.nl/cases/valley)

Finally it was shown that the reduction of the design
assessment time per iteration can allow for more design
iterations and therefore an increased final quality.

12. Arup (2017). Adding Value by the use of parametric
design.
(https://www.arup.com/projects/valley)
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photovoltaics (PV), BIPV is more complex in many ways:
module geometries should match the building geometry in a
way that most of the area can be actively used, shading and
unequal irradiance play an important role and the building
envelope should fulfill high aesthetic standards. Parametric
tools are used for early design analyses in architectural but
also energy performance simulations [13]. However, even
though parametric design has advantages for BIPV planning
[8] it is not yet widely used. Peronato et al. [14] perform an
urban scale assessment of BIPV potential with parametric
tools. They, however, do not consider partial shading or any
kind of electrical mismatch. Freitas and Brito [5] use a
parametric framework to analyze solar radiation on building
facades, also without conducting a detailed electrical
evaluation. In contrast, Sprenger et al. [16] present a way to
accurately simulate BIPV systems but do not include
parametric design. An interconnection of both is still
missing. We propose a parametric workflow for BIPV
planning, giving the designer feedback about design
iterations and allowing to automatically optimize the BIPV
system. This includes geometrical and electrical modeling
from low to high spatial and temporal resolution. The
presented framework is novel with its modularity that allows
to choose simulations on a desired accuracy level, which
ultimately results in the interconnection of parametric design
with a high-resolution electrical simulation. This rises the
potential to analyze BIPV systems with complex geometries
like curved modules of arbitrary shape. In this concept paper,
first the proposed workflow is presented focusing on the
conceptual methodology, then a short example of its
application is shown followed by a discussion.

ABSTRACT

Technical advances enable new design possibilities for
building integrated photovoltaics (BIPV) with improved
aesthetics and energy performance. Every BIPV project is
unique and requires high effort in terms of design and
technical planning. In this work, a workflow for a conceptual
parametric BIPV planning tool is proposed. The tool helps
designers to take informed decisions and accelerates the
planning process. Furthermore, it enables new approaches
for module and electrical layout optimization. The main
steps of the framework involve a parametric system
definition, followed by an automated module placement, an
irradiance simulation and an electrical performance
calculation. The used software include Rhino/Grasshopper,
Ladybug, Daysim and Python. For the early design stage an
appropriate trade-off between accuracy and speed should be
made for fast simulations with fast feedback while detailed
and calculation intensive simulations can be used for
optimization in the intermediate design sate.
Author Keywords

BIPV; parametric design; irradiance simulation; module
layout; yield optimization;
1

INTRODUCTION

In order to decrease CO2 emissions, energy efficient
buildings become more important. To design efficient
buildings, architectural and energy design have to go hand in
hand. Integrating both disciplines in an early stage will
prevent high costs of changes in later design stages [12]. As
the design of buildings gets increasingly complex due to the
multitude of technological and design branches involved in
the process, the parametric design environment becomes a
very important tool in managing this process [10]. It brings
computer programming into architecture and helps architects
and architectural students to make informed design decisions
in an efficient way [11]. The combination of parametric
design environments with building performance simulation
tools results in a performative framework that offers both,
valid feedback on building performance and flexibility of
rapid design changes [12]. In the context of net zero or plus
energy buildings, BIPV is one option to locally generate
renewable energy. However, compared to conventional
SimAUD 2018 June 05-07 Delft, the Netherlands
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2

METHODOLOGY

An overview on the proposed design framework is shown in
Figure 1. For each step various levels of detail are
considered. Rhino/Grasshopper [7] is used for the parametric
geometry definition. Further, Python programming is used.
2.1 Parametric System Definition

One of the big challenges of developing a parametric design
environment is finding the right balance between depth and
breadth, between the validity of the simulation and
computation time, and the flexibility to adjust both the design
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Figure 1. Proposed workflow for a parametric BIPV modeling framework

and the parametric system itself. Another challenge is the
definition of a reasonable optimization target. Some targets
related to specific performance indicators of a building are
easily quantifiable, while others, like architectural quality or
aesthetics, are rather open to interpretation. Although a pure
performative design, where the architect or engineer would
“let” the software decide the best design based on an
optimization procedure, is unfeasible, the availability of such
a result could play the role of a benchmark target. The design
alternatives, which are a trade-off between technical
performance and aesthetics, can then be compared to each
other in relation to this target. Here, the parametric system
definition includes the creation of customized modules
according to some constraints like for example a minimal
cell size. It further consists of the geometrical definition of
the building.

discrete design possibilities. Two main approaches are
thinkable. When starting from an available building
envelope, as in the case of a retrofit, the task is to find a
distribution of PV panels on a predefined surface, with the
aim of maximizing the generated electricity, while
minimizing the number of different or custom panel types. In
some situations, the solution will most likely not cover the
complete wall area around the windows. The second option
is to start from an available set of module sizes and design
the envelope as a discrete “carpet” of those modules.
Geometrically, this is a well-known principle, especially in
apparent brick construction. There, the sizes of the walls and
openings are a function of the brick sizes and the thickness
of the joints. In a new façade concept, where it is not the
construction, but the systems that are visible, we could apply
a similar approach and use the BIPV panel sizes as the
module on which the entire façade is based.

2.2 Geometrical Layout Optimization

In the case of BIPV, defining the right geometry can begin
either with the building envelope, or with the available panel
sizes. Both directions are related to specific paneling and
geometrical optimization methods, as well as with specific

2.3 Irradiance Simulation

The goal of the irradiance analysis is to determine the
irradiance distribution over the BIPV modules. Next to the
geometry, weather data is a second input to the irradiance
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simulation. This is based on energy plus (EPW) file
format [4]. Irradiance simulations can become very
calculation intensive and time consuming. Therefore it is
important to choose an appropriate tool with appropriate
settings. Here, two options are used:

and they lead to lower inverter efficiencies. Approach one
from the simplified electrical performance simulation is a
good upper benchmark to which the optimized output energy
can be compared. The result of the electrical string layout
optimization is an optimal or nearly-optimal pattern, how the
modules are electrically interconnected.

1. A simple approach is made with the use of the
Grasshopper plugin Ladybug [15]. The radiation
analysis of Ladybug uses a sky dome and a simple ray
tracing algorithm that calculates the irradiance on
surfaces. It considers shading due to obstacles but no
reflected sunlight. The main advantages of the Ladybug
radiation analysis are that its ray tracing is fast and that
it is integrated in Grasshopper which makes it easy to
directly connect with the parametric definition. The
disadvantage is that it is inaccurate when reflections
between building surfaces should be considered. There
is also a PV surface tool in Ladybug, which however is
not capable of accurately considering shading.

2.6 High-resolution Performance Analysis

To take into account partial shading and unequal irradiance,
it is necessary to evaluate I-V cures on the PV cell and
module level [16]. Within the high-resolution electrical
simulation, the common one-diode model is used on a cell or
sub cell level as presented in [9]. The advantage of this
simulation is that different module technologies (thin-film,
crystalline, etc.) and different module topologies (cell
orientation, bypass diodes etc.) are taken into account. This
allows to compare the performance of different module types
in more detail. The outputs of the high-resolution simulation
are more accurate yield predictions in particular in nonuniform irradiance conditions. This helps to optimize the
system more purposive.

2. The second, more sophisticated way of simulating
irradiance includes a simulation of the sky combined
with detailed ray tracing that includes reflections and
optical material properties. A well suited state of the art
tool to do so is Daysim [3]. Daysim is a daylighting tool
based on Radiance, a backward ray tracing tool; it
includes the generation of a sky dome based on climate
data and the calculation of daylight coefficients. This
way of simulating daylight is only used when the final
goal is to run a high-resolution electrical simulation.
Daysim can be executed directly from a Python script.

3

PROOF OF CONCEPT

In this paper, we exemplify the proposed workflow using a
simplified case study. A part of a façade that experiences a
diverse shading pattern is covered with photovoltaic modules
as shown in Figure 2. The model is realized in the
Rhino/Grasshopper environment. At first, an irradiance
simulation is carried out using Ladybug, which leads to the
irradiance distribution and an estimation of the energy yield.
Following, a high-resolution simulation is carried out using
Daysim, which allows to simulate different electrical module
layouts in detail. For this specific case installing the modules
upright or vertically does not change the maximum
installable module area, a horizontal string interconnection
results in more yield than a vertical one and the highest yield
including inverter losses can be realized using a
microinverter concept where each module has its own
microinverter, which allows to minimize the effects of
module mismatch due to shading. Using the high-resolution
simulation, the performance ratio is analyzed in detail over
an entire year, showing that most losses occurred from
mismatch because of partial shading or unequal irradiance.

2.4 Simplified Electrical Performance Simulation

Within the electrical performance simulation, the irradiance
on the active PV area is transformed into electrical energy
output. This is done based on PV module efficiency and the
performance ratio, which accounts for various losses such as
temperature losses, cable losses, inverter losses, snow cover
losses etc. In order to assess the electrical performance of the
whole system, two approaches are used. Approach one is
used for unknown module interconnections. It consists of
adding the output of all modules. Approach two is used when
the connections are already determined. It includes that at
every moment the weakest module of a string limits the
string current and thus the string power. For an automated
cable loss calculation, a parametric tool is of great advantage
since the cable lengths can be determined from the geometry.
2.5 Electrical String Layout Optimization

If unequally irradiated modules are connected to a string,
mismatch losses occur. It is therefore important to connect
modules that are similarly irradiated. For simple geometries
only a few electrical layouts make sense which can be chosen
and compared manually. For more complex geometries
genetic algorithms (GA) can be used for optimization
similarly as in [6]. In order to reach satisfying results, the
GA’s parameters must be chosen carefully. Further the
number of modules per string is looked at because shorter
strings have less mismatch losses, but higher system costs

Figure 2. Scenario of case study

Further case studies with more complex situations following
the proposed workflow will be conducted.
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The framework has been validated on a small scale with two
interconnected modules (series and parallel) with both,
crystalline and thin-film modules, on which complex shading
patterns were imposed. A building scale validation is
planned.
4

DISCUSSION

5

CONCLUSION
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The proposed concept shows a way how the planning of a
BIPV system can be included in the geometrical planning of
a building. This is an important step towards wide-spread
application of BIPV. One advantage of the proposed
workflow is that, due to the parametric approach, standard
modules as well as customized modules with different shapes
and sizes can be explored. The analysis is built on modular
steps, which results in flexibility along the planning process.
This means that a simple, fast analysis can be carried out to
get a first idea of the potential, followed by a more thorough
analysis that can for example help to compare module
technologies. Further, the workflow allows to make first
estimations with limited information of the details of a
specific PV technology. With proceeding work towards a
high-resolution simulation, more technical decisions have to
be taken. This feature of starting simple and going towards
more detail makes such a framework not only useful for
designers but also valuable for teaching. Students can get a
step by step understanding of BIPV simulation. Additionally,
the use of the Rhino/Grasshopper environment allows to
easily visualize results which helps in decision making. To
advance the presented work, additions to the framework are
thinkable; for example with a connection to a module
database that contains performance data as well as visual and
geometrical information about modules or with a connection
to a tool similar to Construct PV [2] where customized
virtual modules of all kind can be created in a web tool. Also
an interface to BIM software would be beneficial for an
improved planning process [1]. Further an automated
sensitivity analysis could be a possible enhancement. The
concept could further be expanded from conventional BIPV
to BIPVT where additional pipes for fluid transport lead to a
more complex system. Also the coupling to other building
energy performance simulations could make sense for
assessing self-consumption and self-sufficiency.
A parametric workflow is presented that helps the designer
to make informed design decisions about the building
integration of PV. The steps are modular and can be carried
out on different levels of detail with different tools
depending on the requirements of the project stage. This
paper focuses on the geometrical and electrical layout design
and optimization. A short case study following the proposed
workflow was successful. The work can be extended in
various ways. It is thought to be used by experts as well as
by students learning about BIPV systems.
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designers to choose the best compromise and balanced
solutions.

ABSTRACT

Daylight is of interest in architecture for two reasons: On one
hand it is appreciated and requested to make the interiors of
buildings pleasant and comfortable and to save energy for
electric lighting and heating. On the other hand excessive
direct solar exposure can cause occupant discomfort and
harm the energy efficiency of buildings causing overheating
during the warm season. In Estonia, a daylight ordinance
establishes the minimum average Daylight Factor for
residential buildings and an energy efficiency ordinance sets
the maximum acceptable degree hours of overheating. The
two requirements are potentially conflicting. The recent
architectural trend in Estonia is to use very large windows in
residential building design. Even in the Estonian heating
dominated climate this causes overheating issues that lead to
the previously mentioned regulations. This paper explores
the relationship of opening ratios, daylighting and
overheating potential analyzing 7812 design variants taking
into account room, windows and external wall sizes,
presence of shading or balconies and different types of
ventilation. It is shown that the overheating potential can be
contained and both requirements can be satisfied only using
measures such as shading and ventilation.

In Estonia the regulation “Minimum Requirements for
Energy Performance” [8] sets the maximum consumption for
nearly-Zero Energy Buildings of 100 kWh/m2y. It also
introduces a comfort criterion called the “Maximum
Temperature” requirement. New residential premises must
not exceed an internal temperature of 27 °C for more than
150 degree-hours between 1st of June and 31st of August. The
evaluation must assume closed windows relies solely on the
constant fresh air provided by a mechanical ventilation
system and by the passive thermal response of the structure.
At the same time, the standard “Daylight in Dwellings and
offices” [7] requires adequate natural illumination and sets a
minimum mean Daylight Factor (mDF) for different room
types: 1% bedroom, 2% living room and 1.5% kitchen.
The control of overheating in the warm season is one of the
main energy reduction strategies together with others such
the reduction of envelope heat transfer in winter and the use
of high efficiency home appliances. The metric of maximum
temperature is analyzed here for its tight relation with natural
light provision. The mean Daylight Factor metric is used to
be consistent with the Estonian daylight standard which uses
BRE’s simplified formula for the calculation of Daylight
Factor [2].

Author Keywords

Fenestration; Daylight; Solar gains; Energy efficiency;
nZEB; Shading; Ventilation; Parametric design.

The two mentioned requirements are potentially conflicting
because the easiest way to keep internal temperatures below
the required threshold is to reduce window size but this
would harm the provision of the required daylight levels.
Hence other strategies need to be put into play such as
shading and ventilation. Studies have been conducted on the
influence of façade design on buildings energy consumption
[1]. Findings show that buildings with smaller window-towall ratios (WWR) consume less energy. This is mostly since
unwanted solar gains in the summer are significantly reduced
with smaller windows. In addition, the opaque building
elements usually have better insulative properties compared
to glazing systems and thus making smaller apertures
perform better in the winter also [14]. This is especially true
for cold climates [19]. While larger apertures usually
increase daylight availability that can be used for significant
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I.6 SIMULATION AND MODELING; J.5 ARTS AND
HUMANITIES – Architecture; J.6 COMPUTER_AIDED
ENGINEERING – Computer-Aided Design (CAD)
1

INTRODUCTION

Buildings are complex systems characterized by
interdependent features and performance. In some cases,
these are synergic: For example, building orientation can
increase electric light energy saving and passive heating. In
other cases, they are conflicting: Large windows can increase
daylight availability and decrease passive cooling. Further,
the requirements and regulations for the energy efficient
building design can be contradicting, making it difficult for
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electric lighting energy savings, large windows sizes alone
do not necessarily guarantee required daylight performance
[11].

ventilation, (2) constant minimum fresh air provided by a
mechanical ventilation system and (3) buoyancy driven
natural ventilation. The three different modes were chosen to
represent the following scenarios.

External shading, such as balconies, can be used to reduce
solar gains and therefore interior temperature and, if properly
designed, they reduce daylight performance only by a small
amount [3, 4, 10]. Besides shading, natural ventilation can be
used to reduce overheating in buildings. The effectiveness of
ventilation also benefits from larger apertures and therefore
usually does not conflict with design choices that aim to
enhance daylight [21]. Studies for office and residential
buildings conducted in Estonia show good solutions for cost
and energy efficiency of combinations of wall insulation,
window properties, WWR, external shading and buildings
distance with fixed minimum DF performance [13, 20, 22].

Mode (1) represents a worst-case condition where the power
supply for the mechanical ventilation is cut and the buildings
does not have operable windows. Mode (2) is a typical mode
of operation in high efficiency houses in Estonia, where
ventilation systems with heat recovery are installed to reduce
ventilation heat-losses in the winter. The systems then often
only cover minimum fresh air requirements and only have
simple controls with constant flow rates. Mode (3) represents
a scenario where the user has full control over the windows
and operates them in an ideal way. The buoyancy driven air
exchange with the outside is started whenever the interior
temperature is above a set-point of 25°C. Windows are kept
shut when the outside temperature is higher than the interior
temperature and cooling through natural ventilation is
stopped if the interior temperature falls below 18°C.

The present study aims to give insights about the relation of
the indoor operative temperature and daylight potentialities
in residential premises simulating 7812 room and window
sizes/ratios and different shading and ventilation scenarios.
The scope is to set the range of possible WWRs and
Window-to-Floor Ratios (WFR) that allow the minimum
required mDF performance or higher without exceeding the
overheating criteria set forth by the Estonian building code.
2

The parametric models are generated in Grasshopper [16] for
Rhinoceros [17] using DIVA4 [18] and Archsim [6] to
perform Radiance [23] and EnergyPlus [5] based daylight
and energy simulations.

METHODOLOGY

The study has been conducted using parametric models of
both a single-sided (one window) and double-sided (two
windows) corner space living room types. The room has a
variable width of 3m, 4.5m, 6m and 7.5m, a variable depth
of 3m, 4.5m, 6m, 7.5m and 9m and a fixed height of 2.8m.
The room dimensions have been chosen to generate a large
number of combinations thus sizes from very small to very
large in accordance with typical living room sizes in
residential premises in Estonia. The parametric model
permits to change the window size and ratio selecting
between 3 sill heights (0m, 0.45m and 0.9m) and 6 widths
proportional with the room width in the range of 8-100% and
permits the selection of 3 different shading variants (no
shading, shading/upper floor balcony of 1.5m depth,
recessed balcony of 1.5m depth). The parametric model also
iterates through 4 room orientations: South, East, North and
West for the single sided room; South and West, South and
East, North and East and North and West for the corner room
type (Figure 1). The model automatically generates all the
possible combinations among the room orientation, width,
depth, window sill height and width, and shading for a total
of 945 unique combinations for the Daylight Factor
simulation and 3780 combinations for the thermal simulation
of the single sided room. The corner room yields 1008 unique
combinations for the Daylight Factor simulation and 4032
combinations for the thermal simulations. For both room
types, the Daylight Factor combinations are ¼ of the interior
temperature ones because differently than for energy
simulations it is not dependent on the room location and
orientation [12, 15]. The thermal simulations have been
conducted with three different ventilation settings: (1) No

Figure 1. Grasshopper component of the parametric model for the
single-sided room.
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Figure 2. Six of the multiple variations of the room geometric model for Daylight Factor simulations.
2.3 Thermal model

Location for the simulations is Tallinn using the 260380TALLIN-HARKU--2014.epw weather file. Parameters of
the thermal envelope are given in the Table 2. Other thermal
simulation properties closely follow the Estonian regulation
“Methodology for calculating the energy performance of
buildings ” [9] and are provided in Table 3. Figure 3 indicates
the temporal variation for lighting energy, equipment and
building occupancy in form of 24h schedules.

2.1 Room geometric models

The geometric models for Daylight Factor simulations have
been built using single untrimmed surfaces for all the room
elements including the thickness of the walls of 0.4m except
the window walls that are trimmed surface with 1 hole
(Figure 2). The geometric models for the thermal simulations
are entirely made with untrimmed surfaces. The rooms are
located at the third floor since it is the mean of five that is the
average number of floors of new residential buildings in
Estonia. The room distance from the ground influences
primarily daylight simulations. No surrounding buildings
have been included in the geometric models since most of
the new premises are in new development areas. All the
model input parameters use typical values for daylight and
energy simulations in Estonia.
2.2 Daylight Factor model

The reflectance (R) values for the interiors of the room and
external elements, and the Visible Transmittance (VT) of the
window glazing are presented in Table 1.
R
VT

Floor

Walls

Ceiling

Gr.

Ext..

Glaz.

40%

70%

80%

20%

35%

-

-

-

-

-

-

70%

Figure 3. Temporal variation for lighting, equipment and
occupancy.

U-value (W/m2K)
SHGC

F, I-W, C
A

E-W
0.181

G
0.95

-

-

0.38

Table 2: Thermal properties of the building envelope.
F=floor, I-W=internal walls, C=ceiling, E-W=external walls,
G=glazed areas, A=adiabatic

Table 1. Reflectance and Visible Transmittance values.

The simulation grid is located at 0.75m from the floor. The
main Radiance parameters used are: -aa .1 -ab 5 -ad 1024 -ar
256. The parametric model records all the variations of mean
Daylight Factor simulation values as required by the
Estonian standard “Daylight in Dwellings and offices”
(Figure 4).

Parameter
People density
Equipment density

Value
0.0235 (p/m2)
2.4 (W/m2)

Lighting power density

8 (W/m2)

Fresh Air per Person

2.5 (L/s/p)

Fresh Air per Floor Area

0.3 (L/s/m2)

Table 3. Residential thermal zone settings.
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Infiltration is calculated according (1). The infiltration air
flow rate qi (l/s) is calculated by means of the formula:

ݍ ൌ

ఱబ

ଷǤ௫

ܣ

A is the area of the building envelope (including floors) in
m2, x is the factor which is 35 in the case of a single-story
building, 24 in the case of a two-story building, 20 in the case
of a three or four-story building and 15 in the case of a fivestory or higher building, the height of a story being 3 meters.
3.6 is the factor which converts the airflow rate unit from
m3/h to l/s.

(1)

Where q50 is the average air leakage rate in m3/(h·m2) of the
building envelope, calculated in accordance with section 9 of
this regulation.

Figure 4. Visualization of the Daylight Factor grid for some of the multiple variation simulations.
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3

RESULTS

maximum mDF of 3.03%, 2.72% and 3.17%. All the
variations of the cases without ventilation don’t meet both
requirements (Figure 5).

The results of the study are presented in two ways. For each
room type (single and double window), orientation, case and
variation (315 for single window and 336 for double window
room type) the degree-hours above or equal 27°C in the
period between 1st of June and 31st of August and the mean
Daylight Factor are plotted to analyze the ratio of the
variations fulfilling both requirements and the maximum
mDF achievable with the maximum degree-hours allowed
(Figure 2). The room chosen is a living room, hence the
minimum average Daylight Factor required is 2%.
Additionally, for the 9 cases, 4 orientations and 2 room types
the minimum and maximum Window to Floor Ratio and
Window to Wall Ratio to achieve both requirements are
presented. The 9 cases are the following:

For the single sided, West facing room both requirements are
fulfilled at the same time by the following variation ratios:
58%, 75% and 83% for the cases natural ventilation without
shading, with shading and with recessed balcony
respectively with maximum mDF of 4.25%, 4.41% and
4.16%. All the variations of the other cases don’t meet both
requirements (Figure 5).
For the double-sided room that is oriented towards South and
East both requirements are fulfilled at the same time by the
following variation ratios: 55%, 98% and 99% for the cases
natural ventilation without shading, with shading and with
recessed balcony respectively with maximum mDF of
8.97%, 10.19% and 7.89%. All the variations of the other
cases don’t meet both requirements (Figure 5).

 No ventilation – No shading
 No ventilation – Shading/Upper floor balcony
 No ventilation – Recessed balcony

For the South and West facing double sided-room both
requirements are fulfilled at the same time for the following
variation ratios: 36%, 66% and 77% for the cases natural
ventilation without shading, with shading and with recessed
balcony respectively with maximum mDF of 4.94%, 8.18%
and 7.43%. All the variations of the other cases don’t meet
both requirements (Figure 5).

 Mechanical ventilation – No shading
 Mechanical ventilation – Shading/Upper floor balcony
 Mechanical ventilation – Recessed balcony
 Natural ventilation – No shading
 Natural ventilation – Shading/Upper floor balcony

For the double window room with orientations North and
East both requirements are fulfilled at the same time by the
following variation ratios: 71%, 90% and 99% for the cases
natural ventilation without shading, with shading and with
recessed balcony respectively with maximum mDF of
12.21%, 9.75% and 7.89%. All the variations of the other
cases don’t meet both requirements (Figure 5).

 Natural ventilation – Recessed balcony
3.1 Degree-hour ≥ 27°C / mean Daylight Factor

For the single window room with orientation South both
requirements are fulfilled at the same time by the following
variation ratios: 100% for the cases natural ventilation with
shading and recessed balcony with a maximum mDF of
7.46% and 6.06% respectively; 83% for the case natural
ventilation without shading with a maximum mDF of 7.62%;
65% for the case mechanical ventilation with recessed
balcony with a maximum mDF of 3.17%; 52% for the case
mechanical ventilation with shading with a maximum mDF
of 2.79%. All the variations of the other cases don’t meet
both requirements (Figure 5).

For the double window room with orientations North and
West both requirements are fulfilled at the same time by the
following variation ratios: 44%, 59% and 77% for the cases
natural ventilation without shading, with shading and with
recessed balcony respectively with maximum mDF of
8.22%, 6.79% and 6.98%. All the variations of the other
cases don’t meet both requirements (Figure 5).

For the single sided East facing room both requirements are
fulfilled at the same time by the following variation ratios:
100% for the case natural ventilation with recessed balcony
with a maximum mDF of 6.06%; 99% for the case natural
ventilation with shading with a maximum mDF of 7.06%;
93% for the case natural ventilation without shading with a
maximum mDF of 8.72%. All the variations of the other
cases don’t meet both requirements (Figure 5).

3.2 Minimum and maximum WFR and WWR

All the tested variations that did not have ventilation,
(without shading, with shading and with recessed balcony)
don’t fulfill at the same time the two requirements of
maximum degree-hours and minimum average Daylight
Factor. Consequently, the minimum Window-to-Floor Ratio
(WFR) and Window-to-Wall Ratio (WWR) necessary to
guarantee the required daylight is larger than the maximum
opening ratio that keeps solar gains in check and thus
maintains the interior temperatures in the required ranges
(Figure 6).

For the single sided North facing room both requirements are
fulfilled at the same time by the following variation ratios:
100% for the cases natural ventilation with shading and
recessed balcony with a maximum mDF of 7.46% and 6.06%
respectively; 99% for the case natural ventilation without
shading with a maximum mDF of 9.85%; 48%, 55% and
73% for the cases mechanical ventilation without shading,
with shading and with recessed balcony respectively with
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Figure 5. Plots of the Daylight Factor and degree-hours ≥ 27°C synchronized values of the 2 room types and 4 orientations.
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Figure 6 shows that he majority of the tested variations of the
3 cases with mechanical ventilation don’t fulfill the two
requirements. For the variants that are single-sided with
orientations East and West and double-sided with all the
orientations the two requirements are never satisfied. For the
single-sided spaces with orientation South, the two
requirements are fulfilled at the same time for the variations
with shading (minimum and maximum WFR 14.4% and
21.7% - minimum and maximum WWR 20.8% and 31%)
and recessed balcony (minimum and maximum WFR 14.4%
and 29.2% - minimum and maximum WWR 20.8% and
41.7%). For the single-sided, north facing spaces, the two
requirements are satisfied for all the variations. For this case
the smallest WFR is for the case without shading (8.7%) and
the largest for the case recessed balcony (38.9%). The
smallest WWR is for the case without shading (15.5%) and
the largest for the case recessed balcony (52.4%).

shading and the maximum is 48.6% for the case with
recessed balcony, the minimum WWR is 15.5% for the case
without shading and the maximum WWR is 78.6% for the
case recessed balcony. For the double-sided room with
orientation South and West the minimum WFR is 11.6% for
the case without shading and the maximum is 97.2% for the
case recessed balcony, the minimum WWR is 10.4% for the
case without shading and the maximum is 65.5% for the case
recessed balcony. For the double-sided room with orientation
South and East the minimum WFR is 11.6% for the case
without shading and the maximum is 122.2% for the case
recessed balcony, the minimum WWR is 10.4% for the case
without shading and the maximum is 78.6% for the case
recessed balcony. For the double-sided room with orientation
North and East the minimum WFR is 11.6% for the case
without shading and the maximum is 146.7% for the case
recessed balcony, the minimum WWR is 10.4% for the case
without shading and the maximum is 78.6% for the case
recessed balcony. The values of WFR larger than 100% are
possible when considering the two walls of the double-sided
room. For the double-sided room with orientation North and
West the minimum WFR is 11.6% for the case without
shading and the maximum is 97.2% for the case recessed
balcony, the minimum WWR is 10.4% for the case without
shading and the maximum is 52.4% for the case recessed
balcony (Figure 6).

All the variations of all the 3 cases, 4 orientations and 2 room
type (single-sided and double-sided) with natural ventilation
fulfill both requirements at the same time. For the room
single-sided with orientation South the minimum WFR is
8.7% for the case without shading and the maximum is
73.3% for the cases with shading and recessed balcony, the
minimum WWR is 15.5% for the case without shading and
the maximum WWR is 78.6% for all the cases (without
shading, with shading and recessed balcony). For the room
single-sided with orientation East the minimum WFR is
8.7% for the case without shading and the maximum is
73.3% for the cases with shading and recessed balcony, the
minimum WWR is 15.5% for the case without shading and
the maximum WWR is 78.6% for all the cases. For the room
single-sided with orientation North the minimum WFR is
8.7% for the case without shading and the maximum is
73.3% for all the 3 cases, the minimum WWR is 15.5% for
the case without shading and the maximum WWR is 78.6%
for all the 3 cases. For the room single-sided with orientation
West the minimum WFR is 8.7% for the case without

4

CONCLUSIONS

The presented research shows the conflict between two
residential building performance requirements in force in
Estonia and an efficient methodology to use to fulfill both.
The methodology, developed using a shoe-box test room, can
be applied by designers to different projects and in various
locations where similar regulations are in force. Maximum
interior temperature requirement guarantees energy
efficiency limiting overheating due mostly to solar gains
hence reducing cooling energy. The easiest way to achieve
this requirement is to minimize glazed areas of facades.

Figure 6. Chart indicating minimum and maximum WFR and WWR for the 9 cases.
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Daylight requirement guarantees natural light provision
increasing healthiness of premises and energy efficiency and
reducing electric light energy consumption. The easiest way
to achieve this is to maximize glazed areas of facades.

8. Estonian Government. Minimum requirements for
energy performance. Annex 68, RT I, 24.01.2014, 3,
Tallinn, 2012.
9. Estonian Government. Ordinance N° 58. Methodology
for calculating the energy performance of buildings. RT
I, 09.06.2015, 21, Tallinn, 2015.

Analyzing 7812 design variants of 9 cases different for
shading and ventilation, 4 orientations and 2 room type,
evidence show that it is not possible to fulfill both
requirements at the same time with window closed as
indicated by the regulation. When using mechanical
ventilation with the selected settings it is possible satisfy the
requirements for single sided room facing North without
shading, with shading and with recessed balcony and facing
South with shading and with recessed balcony. When using
buoyancy driven natural ventilation it is always possible
meet both the requirements. Additionally, the study
quantifies minimum and maximum WFR and WWR for 72
cases different for shading, ventilation, windows and
orientations.

10. Gago, E., Muneer, T., Knez, M. and Köster, H. Natural
light controls and guides in buildings. Energy saving for
electrical lighting, reduction of cooling load. Renewable
and Sustainable Energy Reviews, 41 (2015), 1–13.
11. Motuziene, V. and Juodis, E. S. Simulation based
complex energy assessment of office building
fenestration. Journal of civil Engineering and
management, 16, 3 (2010), 345–351.
12. Nabil, A. and Mardaljevic, J. Useful daylight
illuminances: A replacement for daylight factors.
Energy and buildings, 38, 7 (2006), 905–913.
13. Pikas, E., Thalfeldt, M. and Kurnitski, J. Cost optimal
and nearly zero energy building solutions for office
buildings. Energy and Buildings, 74 (2014), 30–42.

In conclusion the present study underlines the importance of
passive measures such as shading and ventilation for the
energy efficiency and comfort of buildings. Future work of
the research is to test the potentialities of additional types of
mechanical ventilation with the ability to increase air-flow
rates and of shading strategies.

14. Poirazis, H., Blomsterberg, A. and Wall, M. Energy
simulations for glazed office buildings in Sweden.
Energy and Buildings, 40, 7 (2008), 1161–1170.
15. Reinhart, C. F., Mardaljevic, J. and Rogers, Z. Dynamic
daylight performance metrics for sustainable building
design. Leukos, 3, 1 (2006), 7–31.
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models are widely used to assess the technical potential of
various building efficiency technologies at a national scale
where individual building geometry is not known [3].
Shoebox or parameterized geometry generation methods [4]
have also been developed, allowing total floor area, number
of stories, and general shape parameters to be considered.
These methods are useful for early design and stock analysis,
where limited information about any one building’s
geometry is available.

ABSTRACT

Many industries are rapidly adopting web applications that
are inherently cross platform, mobile, and easy to distribute.
The Building Energy Modeling (BEM) community is
beginning to pick up on this larger trend, with a small but
growing number of BEM applications starting on or moving
to the web. Currently, there are a limited number of opensource libraries or frameworks specifically tailored for BEM
web applications. This paper presents FloorspaceJS, a new,
open-source, web-based geometry editor for BEM.
FloorspaceJS operates on a custom JSON file format, is
written completely in JavaScript, and is designed to be
integrated into a variety of applications, both web and
desktop applications. FloorspaceJS allows users to define
building geometry story-by-story with custom 2D floor plans
appropriate for many BEM use cases.
Author Keywords

Building energy modeling; geometry editing; FloorspaceJS
ACM Classification Keywords

Applied computing~Computer-aided design
1

INTRODUCTION

Figure 1: BuildingenergymodelGeometryProgression

Building geometry is intuitively important in building energy
modeling (BEM). All BEM applications require geometry
input of some type [1]. Exterior area and orientation of walls,
roofs, and slabs are used to calculate heat transfer into and
out of the building. Building shape and surrounding context
feed shading and incident solar radiation calculations.
Internal gains like lighting and equipment use are associated
with interior sections of the building. Conditioning
equipment serves air volumes within the building. While this
list is not exhaustive, it shows many of the calculations for
which geometry is used in BEM.

At the other end of this progression, the architectureengineering-construction-owner-operator
industry
is
standardizing on building information modeling (BIM) [5],
with detailed models available in a rich electronic format as
buildings near the construction phase. A variety of
algorithms aiming to ease BIM-to-BEM translations [6, 7, 8]
automate the process of developing a BEM model during
this process. Methods and tools are even being developed to
generate energy models from images and sensor scans of
existing buildings [9].

The level of geometric detail available for BEM analyses
changes over time as a project moves from concept to
construction, as shown in Figure 1. At early stages, little
geometric detail about the final building is available so many
assumptions must be made. For example, the U.S.
Department of Energy commercial reference buildings [2]
have fixed geometry for each of the 16 building types. These
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However, many BEM use cases such as conceptual design,
energy code compliance, and project screening fall into the
middle of the progression shown in Figure 1. More
geometric information (e.g., footprint, window location,
space plan, etc.) may be available than can be incorporated
into a parameterized shoebox model. However, a detailed
BIM model may not be available. Users may want to
incorporate their building’s unique geometry into the energy
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model but may not be ready to invest the time required to
develop a full BIM representation. For example, residential
building rating tools are applied to existing homes which
most often do not have BIM models available. Rather than
develop full BIM models, current residential BEM
applications often require users to enter areas and
orientations for floor, walls, roofs, and windows as textbased inputs [10], which is both tedious and error prone.

FloorspaceJS file format in JSON schema facilitates JSON
file validation as well as communication with third party
application developers. In this way, the JSON schema exists
as both documentation and as a functional and testable
software product. The JSON schema for FloorspaceJS is
available online [15].
The root level of the FloorspaceJS schema describes
project-wide settings such as the relative angle between the
drawing coordinate system and true North. The model unit
system is specified at the project level and can be SI or IP.
Project-wide non-geometrical objects such as thermal
zones, space types, and construction sets are defined at the
root level and referenced throughout the model. Similarly, a
set of component definitions for objects such as windows
are also defined at the root level. These component objects
have nominal geometry such as height and width. Instances
of these component objects may be placed on geometry
throughout the building.

These use cases require an easy-to-use interface to quickly
develop geometry for BEM analyses. Several desktop
applications have embedded editors that meet these needs
[11, 12]. However, to date, none of these editors have been
available as open-source widgets based on web technologies.
FloorspaceJS is an open-source widget focused on this
section of the BEM geometry progression and designed to
enable a range of new energy modeling applications in both
the public and private sectors. FloorspaceJS is not intended
as a replacement for BIM. As BIM adoption continues to
increase, the number of use cases requiring a simplified tool
like FloorspaceJS may decrease.
2

DESIGN

FloorspaceJS is a 2D geometry editor. Users can define an
explicit floor plan for each story of a building. A story-bystory interface makes it easy to develop space geometry and
assign properties. Referencing satellite imagery or floor plan
images, when available, speeds up geometry entry. Floor
plans can be extruded to create 3D geometry. Separate
software to perform this extrusion is discussed in Section 6.
Explicit floor plans allow more building-specific information
than parameterized shoeboxes but less information than a full
3D BIM model. Split-level buildings, multileveled spaces,
and type of roof geometry can also be defined by advanced
users.

Figure 2. Simple geometry example

All geometry for the model is defined in a list of building
story objects at the root level. Each building story includes a
geometry object that defines the vertices, edges, and faces
associated with that story. Figure 2 shows a simple
geometry object with two faces, f1 and f2. Each face is
defined by an ordered list of edges, and each edge is
defined by two vertices. Two faces may share the same
edge but traversed in opposite direction such as edge e7 in
Figure 2.

Sloped walls, complex roofs, detailed shading structures, and
other complex 3D structures are out of FloorspaceJS’s scope.
In general, if users have a 3D BIM model in a tool that can
export a useful BEM representation, then it is better to use
that export than to recreate a new model using FloorspaceJS.

The FloorspaceJS geometry schema was designed to
promote proper second-level space boundaries [5] between
spaces on the same building story. This is important as
BEM applications must be able to tell which surfaces are
exposed to outdoor conditions and which are interior
surfaces shared by two spaces. In the FloorspaceJS
representation, an edge that is shared by two faces becomes
an interior wall, and an edge referenced by one face
becomes an exterior wall. The FloorspaceJS schema does
not explicitly address space boundaries between spaces on
different stories. These must be established using
techniques such as polygon intersection between geometry
on different stories. However, the FloorspaceJS editor
automatically displays vertices and edges from the previous
story for reference when drawing a new story. This helps
maintain vertical alignment between spaces of different
stories, improving the outcome of polygon intersection

Reusability and minimal dependencies were key design
considerations for software developers. Web technologies
can be used in both online and desktop applications. The
editor was written in pure JavaScript for maximum
portability and reusability. A custom JavaScript Object
Notation (JSON) file format was developed to ease
integration with other applications. Custom JSON schema
design was a key part of FloorspaceJS development.
3

SCHEMA

Extensible Markup Language (XML) schemas are a wellknown technology for validating that XML files conform to
a certain set of rules and requirements. The Green Building
XML schema (gbXML) is a well-known XML schema
within the BEM community [13]. JSON schemas [14]
provide a method to validate JSON files, equivalent to the
use of XML schemas to validate XML files. Specifying the
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"face_id": "f1",
"thermal_zone_id": "zone1",
"space_type_id": "spacetype1",
"construction_set_id": "construction1",
…
}, {
"id": "space2",
"name": "Space 2",
"face_id": "f2",
"thermal_zone_id": " zone1",
"space_type_id": " spacetype2",
"construction_set_id": " construction1",
…
}],
"shading": [],
"windows": [{
"window_definition_id": "window1",
"edge_id": "e5",
"alpha": 0.5,
…
}]

algorithms. The geometry object shown in Figure 1 is
represented in JSON format as:
"geometry": {
"vertices": [
{“id": "v1", "x": 0, "y": 10},
{“id": "v2", "x": 10, "y": 10},
{“id": "v3", "x": 20, "y": 10},
{“id": "v4", "x": 20, "y": 0},
{“id": "v5", "x": 10, "y": 0},
{“id": "v6", "x": 0, "y": 0}],
"edges": [
{“id": "e1", "vertex_ids": ["v1", "v2"]},
{“id": "e2", "vertex_ids": ["v2", "v3"]},
{“id": "e3", "vertex_ids": ["v3", "v4"]},
{“id": "e4", "vertex_ids": ["v4", "v5"]},
{“id": "e5", "vertex_ids": ["v5", "v6"]},
{“id": "e6", "vertex_ids": ["v6", "v1"]},
{“id": "e7", "vertex_ids": ["v2", "v5"]}],
"faces": [
{“id": "f1", "edge_ids": ["e1", "e7", "e5", "e6"]},
{“id": "f2","edge_ids": ["e2", "e3", "e4", "e7"]}]
}

The one-story example above includes a single window
placed halfway along the edge e5. The geometry of the
window is defined in a separate window definition that can
be reused throughout the model. Examples of three
different types of window definitions are given below.

Each building story defines a list of spaces, each of which
references a single face in the building story’s geometry. The
face solely represents geometry while the space contains
non-geometric BEM information. For example, each space
references a thermal zone, space type, construction set, and
other top-level objects. The building story also specifies a
below floor plenum height, floor to ceiling height, and above
ceiling plenum height; these properties can also be
overridden at the space level if needed. Each face is extruded
by these heights when converting the 2D FloorspaceJS
model to a 3D representation, as discussed in Section 6,
potentially creating up to three volumes for each face (two
plenums and the occupied space). Contextual shading objects
such as surrounding buildings are specified by extruding
faces assigned to shading objects. Window components are
placed on an edge with a parameter named alpha describing
how far along the edge the window’s center is. A one-story
example with two spaces and the geometry shown in Figure
2 is given below (with some fields omitted for brevity):

"window_definitions": [{
"id": " window1",
"name": "Large Window",
"window_definition_type": "Single Window",
"wwr": null,
"sill_height": 3,
"window_spacing": null,
"height": 8,
"width": 12,
"overhang_projection_factor": null,
"fin_projection_factor": null
},{
"id": " window2",
"name": "40% WWR",
"window_definition_type": "Repeating Windows",
"wwr": null,
"sill_height": 3,
"window_spacing": 6,
"height": 4,
"width": 4,
"overhang_projection_factor": 0.5,
"fin_projection_factor": 0.5
}, {
"id": " window3",
"name": "40% WWR",
"window_definition_type": "Window to Wall Ratio",
"wwr": 0.4,

"stories": [{
"id": "story1",
"name": "Story 1",
"image_visible": false,
"below_floor_plenum_height": 0,
"floor_to_ceiling_height": 12,
"above_ceiling_plenum_height": 0,
"multiplier": 1,
"geometry": {...},
"spaces": [{
"id": "space1",
"name": "Space 1",
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}]
4

"sill_height": 3,
"window_spacing": null,
"height": null,
"width": null,
"overhang_projection_factor": null,
"fin_projection_factor": null

properties such as height, width, and sill height. Once
component definitions are complete, users can place
instances of these components throughout the building.
Window definitions can represent individual windows,
banded windows defined by window-to-wall ratio, and
repeating windows that repeat at regular intervals. The last
two types of window component definitions are applied to an
entire edge rather than a single point.

EDITOR FEATURES

5

The latest version of the FloorspaceJS editor is available to
try online [16]. Currently, FloorspaceJS works best when
using the Chrome browser; other browsers are not fully
tested. When starting a new project, users are prompted to
either create a new floor plan, create a new floor plan with a
map background, or open an existing floor plan. If creating a
new floor plan with a map, users select the location and
orient the drawing grid to align with the building’s axes as
shown in Figure 3. The example model developed in this
section, shown in Figures 4-8, is available as a digital file
accompanying this paper and may be opened as an existing
floor plan for inspection.

WEB TECHNOLOGIES

FloorspaceJS is written entirely in JavaScript with a minimal
set of dependencies. The code, available online [17], is
distributed under a 3-clause BSD software license [18] that
allows it to be reused in a wide range of applications.
FloorspaceJS transpiles modern ES2017 syntax using
Babel.js [19] and Webpack [20] to produce code that runs in
today’s browsers. It uses the Vue.js framework [21] with
Vuex [22] for state management, OpenLayers [23] for map
integration, and d3 [24] for drawing.
To use the widget in a third-party application, a developer
downloads an embeddable version of the widget from the
release pages [25] and includes this code in their application
as an iframe. An initialization Application Programming
Interface (API) is available to allow the developer to
customize the widget for their application (e.g., SI vs IP
units). Finally, the developer calls the import and export
APIs to pass data back and forth in the FloorspaceJS JSON
format. An example integration of the widget into a web
application is available online [26].

After orienting the drawing area to the map, users press
“Done” to begin drawing. If desired, users can import a
story-specific floor plan image by selecting the correct story
and choosing “Image” in the navigator. Users can move and
resize the image using the background map or drawing grid
as a reference as shown in Figure 4. Currently, only image
formats can be imported; importing other formats such as
Adobe PDF is a possible feature for future development.
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Once background information is in place, users begin to add
spaces to the selected story. Users create and select spaces in
the left-hand navigator, then use the drawing tools to add
rectangular or polygon geometry to each space. Newly
drawn geometry is added to any existing geometry in the
space, the operation is cancelled if the resulting geometry is
invalid (e.g., the result has multiple non-adjacent polygons
or interior holes). The fill tool adds any geometry clicked to
the currently selected space, which is particularly useful for
quickly replicating similar floor plans across stories. The
eraser tool removes any overlapping geometry in any space.

TRANSLATION TO THREE DIMENSIONS

The FloorspaceJS JSON format describes 2D geometry only.
Many BEM tools, including EnergyPlus [27], require 3D
geometry for their calculations. Therefore, a translation from
the 2D FloorspaceJS JSON to a 3D format is required. In
theory, each software application utilizing the FloorspaceJS
widget could implement its own translation functionality.
However, this would place a higher burden on software
applications leveraging the FloorspaceJS widget and would
also potentially result in inconsistent translations. For this
reason, a reference 2D FloorspaceJS JSON to 3D translation
capability has been added to the OpenStudio software
development kit (SDK) [28].

More detailed space properties, including space name, are
edited by expanding the space grid view using the green
arrow keys next to the space dropdown.

Several 3D BEM formats were considered for translation
output including gbXML, EnergyPlus Input Data Format
(IDF), and OpenStudio Model (OSM) formats. In the end,
the ThreeJS JSON model format 3 [29] was selected as the
translation output format as it can be readily previewed using
web technologies and can support additional application
specific properties. Translation from 3D ThreeJS JSON to
gbXML, IDF, and OSM is relatively straightforward.
Translation from 3D ThreeJS JSON to OSM format has been
implemented in the OpenStudio SDK, which itself has
existing OSM to gbXML and IDF translators.

After space geometry is defined, users move to the
assignments tab to create building units, thermal zones, space
types, construction sets, and pitched roofs. These objects are
assigned to spaces by clicking on the appropriate spaces for
a selected object (or via the detailed space properties).
Finally, users create windows or other component definitions
(e.g., daylighting controls, doors, etc.) via the components
tab. Window component definitions have geometric
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Figure 3. Initial map view

Figure 4. Image overlaid on background map

Figure 5. Space geometry
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Figure 6. Space property grid view

Figure 7. Thermal zoning

Figure 8. Window and daylight sensor placement
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By carefully restricting the software dependencies used in
the FloorspaceJS JSON to ThreeJS JSON conversion, the
authors have extracted all the code necessary for this
translation out of the OpenStudio SDK and into a smaller
standalone C++ library. A proof of concept was completed
to compile this library to pure JavaScript using Emscripten
[30]. The resulting JavaScript library can then be used to
translate FloorspaceJS JSON to ThreeJS JSON entirely in
JavaScript using the client browser. Figure 9 shows a small
web application which has translated the example
FloorspaceJS JSON developed in Section 4 and displays
the ThreeJS JSON output in a web browser.

[32, 33]. Extruding the exterior building footprint alone
generally does not provide sufficient geometric detail for
BEM as it does not include separate perimeter and core
heating, ventilating, and air-conditioning zones designed
for most large buildings. There are methods [34, 35, 36,
37] to apply automatic thermal zoning algorithms to
arbitrary building footprints, which will be useful for
converting building footprints to usable energy models at
city scale. It may be possible for these automatic zoning
algorithms to provide output in FloorspaceJS format. In
this way, the energy model could be refined and updated as
needed in further manual processes.
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systems. Phase transition, such as the melting from solid to
liquid, is one of these observable phenomena. It is influenced
by the nuanced interaction between geometry, context,
material properties, weather, and the mechanisms of heat
transfer. Whereas the assumption of steady-state conditions
provides a well-defined system boundary to study heat
transfer; and, whereas numerical and analytical approaches,
such as finite element analysis (FEA), discretize heat flow at
an unlimited number of points across a given domain in order
to identify boundary conditions; these methods are
associated with multiple scales and disciplinary-specific
workflows [1]. They are limited in their capacity to handle
dynamic information flows, presume an analytic, rather than
generative, design approach, and are indicative of a complex,
multi-scalar, and multi-method modeling and simulation
challenge within the design community [8].

ABSTRACT

Geometries designed with carefully controlled heat
absorption and heat transfer profiles often elude designers
because of the complexity of thermodynamic phenomena
and their associated discipline-specific numerical models.
This project examines the behavior and design of geometries
associated with non-isolated thermodynamic systems by
constructing a material prototype that is fully coupled to a
mechanistic modeling interface. The prototype, a facade
system of phase change materials, was mounted on an
adjustable outdoor testbed. Its baseline geometry was
continuously monitored over two seasons and characterized
with respect to variation in liquid and solid states. The
mechanistic model, which uses a finite element method,
incorporates multiple components including geometry,
orientation, material properties, context geometry (e.g.
buildings and vegetation), weather, climate, and an array of
sensors monitoring the real-time temperature distribution of
the testbed and phase-change materials. Data were
continuously collected from the testbed and used to calibrate,
validate, and verify the mechanistic model. In turn, the
calibrated mechanistic model provided a platform for the
design of new facade geometries and predictions of their
behavior. The project demonstrates an integrative modeling
approach, orchestrating handshakes and feedback loops
between disparate spatial and temporal domains, with the
ambition of defining a cogent design framework for practices
that are trans-scalar, trans-temporal, and trans-disciplinary.

Actual material behavior is an entanglement of macro and
micro interactions and extensive and intensive properties
across spatial and temporal domains [12]. For instance,
architectural material assemblies continuously accumulate
and dissipate heat which engender small, large, symmetrical,
and asymmetrical thermal gradients. Thermal gradients,
which are likewise a transient phenomenon, are attributable
to the interaction between environment, material properties,
local surface features, surface geometry, and overall form.
There is, thus, the potential to investigate a multi-scalar,
multi-method design and modeling approach for
architectural assemblies using methods from the fields of
architectural design, thermodynamics, and materials
engineering in which (1) using full-scale prototypes, the
actual thermal behavior of a material system is continuously
measured and characterized; (2) using a mechanistic model
of coupled components and real-time measurement, the
thermal behavior of the same system is simulated, calibrated,
and validated; and (3) using a calibrated and validated
simulation platform, designers can author and predict
nuanced heat transfer profiles for new surface geometries,
and thereby fabricate, measure, and characterize their
performance.

Author Keywords

Thermodynamics; System boundaries; Phase change
materials; Mechanistic model.
ACM Classification Keywords

D.1.7 Visual Programming; D.2.2 Design Tools and
Techniques; I.6.4 Model Validation and Analysis.
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INTRODUCTION

The architectural design community has difficulty
integrating methods to manipulate, measure, and model
transient phenomena associated with open thermodynamic
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Here we present results from a six-month study that
implements this modeling approach using organic, paraffin
wax phase change materials (PCMs). PCMs undergo a phase
transition from solid to liquid, and conversely liquid to solid,
at a designated temperature. In doing so, PCMs are capable
of maintaining that temperature while absorbing or releasing
large quantities of energy. In architecture, PCM-based
thermal energy storage systems seek to reduce overall
building energy use, reduce peak energy loads, minimize
HVAC system sizing, and improve overall thermal comfort
[2, 4, 10]. Experimentation with PCM-integrated elements,
including walls, floors and ceilings, are systematically
reviewed in the literature [3, 6, 13]. PCM applications
include microencapsulants (10 - 1000 µm spheres) mixed
with materials such as gypsum to create wallboard, or cement
to create mortar [7, 9]. They also include macroencapsulants
(≅ 4cm x 4cm x 1cm bars) integrated into climate
management layers such as the commercially available
BioPCM®. PCM glazing experiments include encapsulation
between several glass or plastic layers and incorporation into
slats, louvers, and shading fins [11].

the constraint of constant PCM volume. A third variation
reduced the amplitude of the sinusoidal pattern by 50%, and
a fourth variation reduced the overall scale of the sinusoidal
pattern in all dimensions by 50%.
These last two variations permit study of how volume and
surface area influence melting behavior; each has half the
overall PCM volume of the baseline, while the latter has
significantly greater exposed surface area than the former.

Ours is a non-normative application of PCMs: they are bulkcast into formed panels and exposed to direct solar radiation
and extreme differences in temperature. While absorption
and release of energy is the primary interest of PCM wall
applications, our interest in PCMs stems from their capacity
to act as a visual register of thermodynamic behavior and,
correspondingly, as a tool for qualitative validation of
predictive modeling methods. Used thus, they offer the
possibility to connect behavior at the material scale to a
nested series of larger length and time scales; and the
opportunity to calibrate, via design, these larger scales to
steer phase transitions within the PCM for the purpose of
achieving particular desired visual effects and expressions.
2

Figure 1. Panel geometries: (top row, l-r) baseline, horizontal shift,
vertical shift, (bottom row, l-r) shallow, dense.
2.2 Panel Fabrication

To encapsulate the fluid volume of each PCM panel, a
vacuum-formed thermoplastic shell was constructed. Panels
were assembled from two layers of 1mm thick Vivak®
polyethylene terephthalate glycol-modified (PETG) sheet.
PETG was selected based on its ability to take on complex
geometries when thermoformed and for its visual
transparency, which permits direct visual observation and
video recording of melting behavior. The outer layer of each
shell was thermoformed onto a medium density fiberboard
(MDF) surface, milled to form the positive of the digitallymodeled PCM pattern. After thermoforming, the outer layer
of PETG was heat-press bonded along its perimeter onto a
flat, inner PETG surface, and additional mechanical throughfasteners were added periodically at sinusoidal valleys to
prevent buckling under static PCM pressure.

METHODS

In order to study the relationship between model geometry
and PCM melting behavior, an adjustable apparatus
consisting of 23 rhombic panels was fabricated, assembled,
and monitored on-site in Copenhagen, DK for a period of six
months. An accompanying digital mechanistic model was
developed to form predictions of melting behavior based on
empirical data for internal calibration.
2.1 Panel Geometry

Variations in panel geometry were explored to test the
hypothesis that local differences in the quantity of PCM (in
terms of surface area to volume ratio) and exposure to solar
radiation should yield measurable differences in the local
rate of melting. Five panel designs were developed as mesh
geometries in Rhinoceros3D using the Grasshopper visual
scripting environment. A baseline geometry was established
based on a bi-directional sinusoidal pattern applied to the
outside surface, with a total depth of 40mm. Two variations
employed horizontal and vertical displacements,
respectively, to the baseline pattern in order to study the
effect of varied solar exposure on melting behavior, under

Two types of PCM, Rubitherm® RT 6 and RT 10, were
selected for study based on nominal melting points of 6°C
and 10°C falling slightly above typical dry bulb temperatures
experienced in Copenhagen during the initial study period.
Hence, the combination of daytime solar radiation and
nighttime conductive heat loss would offer a high likelihood
of complete cycling between solid and liquid state over a
typical 24-hour period. The two PCM types were distributed
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among the 23 panels such that every unique combination of
panel geometry and material occurred at least twice.

Figure 4. Detail of sensors, conductive tape, and interface port.

One panel of each unique type was furnished with an array
of Maxim DS2438 1-Wire™ temperature sensors (±0.5°C
accuracy) to monitor the state of the PCM over the duration
of the experiment. Sensors were conformally coated to
protect from moisture, affixed to the interior of the panel with
epoxy cement, and wired with conductive tape to an interface
port at the edge of each panel for connection to a Wi-Fi
enabled node.

Figure 2. Panel fabrication and assembly.

Figure 5. Adjustable testbed and monitoring equipment on-site
2.3 Testbed and Instrumentation

Encapsulated PCM panels were mounted to the front face of
the adjustable testbed enclosure and placed in an exterior
courtyard where they remained for the duration of the
experiment. The testbed measured approximately 1.2m x 2m
x 2.5m and consisted of a plywood frame with infill
expanded polystyrene (EPS) foam insulation. The frame was
affixed to a plywood and polyisocyanurate (PIR) foam base
that was anchored to earth screws and sat slightly above the
ground. The base incorporated a horizontal hinge along its
front face to permit changing the vertical orientation of the
PCM panels. This allowed incident solar radiation to be
maximized in response to changing solar altitude across
seasons. The narrow ends of the testbed were sealed with
Thinsulate™ fabric to permit maintenance access to the
otherwise fully enclosed interior. As the interior was
unconditioned and normally unoccupied, it operated in a
passive, free-run condition based on climatic forces.

Figure 3. Panel distribution on testbed. Horizontal and vertical
hatches indicate panels containing RT 6 and RT 10 PCM,
respectively. Red indicates panels equipped with sensors.

A second set of 19 1-Wire temperature sensors was arrayed
across the inside face of the PCM panels and throughout the
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testbed interior to monitor the interior environment of the
apparatus and its contribution to PCM melting behavior.

The context module represents the geometry of neighboring
structures and vegetation that would potentially shade the
physical model from direct or diffuse radiation. It accounts
for both permanent structures and vegetation with a variable
shading coefficient.

The array of temperature sensors was connected to a Wi-Fienabled node running Pointelist®, an ecosystem for wireless
collection of high-density sensor data. The node logged
readings from each sensor in five-minute intervals and sent
data to the Pointelist web API for subsequent viewing and
analysis.

The sensor module connects the mechanistic model to the
array of temperature sensors describing the interior
conditions of the testbed as well as to the sensors embedded
within the PCM medium. The former serves to define the
interior boundary condition of the simulation while the latter
serve as calibration points against which the predicted
behavior can be validated.

Ambient conditions at the testbed site were monitored by a
local weather station (Ambient Weather® WS-1400-IP) and
reported to the Personal Weather Station service of Weather
Underground. This device was mounted adjacent to the
testbed at a 4m elevation and gathered various relevant
quantities, including dry bulb temperature, humidity, wind
speed and direction, and total horizontal radiation.

The material module describes the thermodynamic
properties of PCM for use in the run-time simulation. These
include the heat of fusion, melting point range, and liquidand solid-state properties of density, heat capacity, thermal
conductivity, and albedo.

A time-lapse camera (WansView®) was mounted in front of
the testbed to monitor changes in PCM state, direct sunlight,
and cloud cover in five-minute intervals to coincide with
temperature recordings.

The geometry module translates the bounding surfaces of the
encapsulated PCM form into a 3D polyhedral finite element
mesh, whose resolution may be defined through an input
parameter. The module pre-computes the direct and diffuse
shading coefficients for each mesh face of the exterior
boundary, which frees the run-time simulation from the
burden of occlusion calculations. Neighbor-neighbor
relations are automatically generated so that at any point
during the simulation, the heat flow between neighboring
elements may be computed based on the local temperature
gradient and the area of their common face and cached at
each time step. Due to the nonlinear diffusion behavior in the
phase-change regime the complete set of heat flows are
calculated at each time-step and subsequently applied to each
element, which—depending on the element’s current
phase—may have the effect of changing its temperature,
phase, or both. Hence storing the heat flows independently
permits parallelization of the run-time computation.

2.4 Mechanistic Model

A mechanistic model was developed to predict the behavior
of PCM under varying environmental conditions and
calibrate predictions against observed behavior. The model
comprises a series of custom Grasshopper components that
cover the following modules: climate, context, sensor,
material, geometry, simulation, and results.
The climate module describes the ambient environmental
conditions surrounding the physical testbed in terms of dry
bulb temperature, wind speed, diffuse horizontal radiation,
direct normal radiation, and solar angle. These are sourced
variously from typical meteorological data, airport data, and
local weather station data, depending on the time-frame of
the simulation and the availability of data from each source.

Figure 6. Grasshopper components of mechanistic model
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2.5 Interaction Between Testbed and Model

The mechanistic model serves a dual purpose: it offers a
platform for design iteration and material selection; and it
provides a means of validating its predictions using empirical
data gathered from sensors embedded in the PCM medium.
Prior to engaging in physical prototyping, one may begin
with a set of preliminary simulation settings (e.g. spatial and
temporal resolution, time frame, etc.) and simulate the
expected behavior of a given PCM, geometry, and siting.
Based on initial predictions one may choose to modify
material properties, such as selecting a PCM with a higher
melting point or greater heat of fusion. Alternatively, one
may choose to modify geometry or siting to enhance the
frequency and variety of predicted melting behavior in
response to design goals. Likewise, one may compare the
relative effects of systematically changing geometric
properties (depth, surface area, or orientation) in order to
guide the refinement and selection of panel types for
subsequent fabrication.

Figure 7. Exploded isometric view of instantaneous heat flow
between neighboring finite elements.

The simulation module allows the user to select a date, time
range, and finite element mesh to predict behavior of a panel
or to calibrate its phase change behavior against sensor data
collected over the selected time period. During the
simulation, a splash screen displays metrics describing
boundary conditions (interior and exterior temperature, wind
speed and direction, direct and diffuse solar radiation, and
data source); features of the finite element model (minimum,
average, and maximum values for temperature and phase);
and calibration metrics (variance between measured and
predicted values at each calibration sensor location).

Figure 9. Digital design iteration and material selection workflow.

Following a phase of prototyping and data collection, the
time-series temperature values predicted by the mechanistic
model are compared to the corresponding empirical
temperature data collected by the calibration sensors
embedded in the PCM medium. Standard deviations between
predicted and observed behavior are calculated automatically
within the simulation component, provided calibration
sensor data is available for the chosen time period. Hence,
numerical refinements to the material properties and
simulation settings may be automated through optimization
tools such as Grasshopper’s Galapagos GA solver. Where
numerical refinements fail to resolve differences between
predicted and observed behavior, time-series graphical
comparisons and video footage are employed to discover
systematic deviations due to real-world phenomena not
adequately represented in the model (see further discussion
of buoyant effects).
Findings from this calibration exercise establish the range
over which the mechanistic model yields accurate
predictions and thus permits further design iteration and
material selection. Thus, one can alternate between these two
modes of operation with each series of prototypes.

Figure 8. Simulation splash screen with calibration metrics.
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shallower panels exhibited a higher rate of temperature
change than their deeper counterparts during these phase
transitions.

Figure 12. Differential behavior of adjacent panels with different
PCM depth.

Comparison of the deeper panel types, which differ in the
displacement rather than depth of sinusoidal pattern, yields
less pronounced differences than in comparison to shallower
panels. Since these three panel types have approximately
equivalent surface area and volume, their principle
difference lies in the orientation of particular surfaces toward
or away from direct sunlight. Hence, the differences ought to
be perceived only at a highly localized scale, not
comprehensively for an entire panel. Indeed, footage reveals
that the panel with a vertical shift, which has roughly half of
its peaks oriented with a broad surface toward midday sun,
begins melting somewhat earlier than the other two panel
types.

Figure 10. Calibration workflow for refining simulation settings and
material properties.
3

FINDINGS AND DISCUSSION

Two sets of experiments conducted between March and
September of 2017 attempted to prove the viability of the
design and calibration workflow described above.
3.1 Initial Experiment

The initial experiment using the five aforementioned panel
types was conducted from March 15th to April 18th, 2017 and
attempted to validate three hypotheses: different PCMs
should exhibit similar patterns of melting in panels of the
same geometry, but at distinct temperatures and times;
variations in panel surface geometry should exhibit local
variations in melting rate; and the mechanistic model should
correctly predict these trends.

One important feature of the observed behavior that was not
captured in the mechanistic model was the buoyant
convection of the liquid PCM during the later stages of the
melting regime. The PCMs under investigation exhibit
significant thermal expansion when they transition from
solid to liquid. At the onset of melting, this is not problematic
because the liquid is confined to small regions and the
surface texture remains the dominant factor driving melting
behavior. However, as more of the material transitions into
the liquid state, the buoyant effects begin to dominate as the
lower density liquid finds a continuous path for rising to the
top where it accelerates the melting of any residual solid
PCM. At this point, any trace of effects due to panel
geometry is confined to the bottom of the panel where solid
material remains.

Time series temperature data and video recordings
confirmed that panels containing RT 6 PCM exhibited
melting behavior before their counterpart panels containing
RT 10, which has a higher melting point temperature. While
the precise duration of these phase transitions differed
slightly between predictions and observations, the
mechanistic model correctly predicted the start time of
melting in both cases as well as the relative difference in
complete melting between the two materials.
At the local scale of the surface texture, it was observed that
the melting occurs first at the shallowest areas of the panel.
This behavior is expected because these regions have the
highest surface area to volume ratio, and hence the least heat
capacity per unit of conductive and radiative heat gain. This
observation was also correctly predicted by the mechanistic
model.

While in principle, the finite element method employed in
the mechanistic model could be extended to consider
buoyant convection, the visual effects of this buoyancy were
considered undesirable, and in subsequent design iterations
(discussed further), effort was made to compartmentalize the
PCM medium and limit the degree to which liquid-state
PCM could rise to the top.
In contrast to melting behavior, the process of solidification
was much more gradual and uniformly distributed
throughout the PCM medium, suggesting little dependence
on surface geometry. The solidification regime was
characterized by local crystal formation throughout the
PCM, suggesting that the liquid medium was at internal
equilibrium prior to changing phase. This can be understood

Figure 11. Local melting behavior in response to changes in depth.

By extension, the shallow panel types (4 and 5), which
contain less PCM per unit of surface area, completed melting
significantly earlier than the other three panel types.
Embedded sensors inside the PCM also confirmed that the
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based on two observations: the liquid state permits more
rapid heat diffusion via convective flow; and the nighttime
ambient temperatures tend to fall gradually compared with
the rapid daytime temperature rise brought on by solar
radiation. Furthermore, it is likely that microscopic effects
below the resolution of the FEM contribute to the observed
hysteresis, as observed by others [8]. Due to this feature, and
the fact that solidification typically occurred at night when
no one was present to observe it, further analyses and design
iterations focused exclusively on melting behavior.

This study began with a routine for linearly varying PCM
depth as a height-field based on distance from a set of control
points, resulting in a form resembling a voronoi diagram.
The mechanistic model predicted that melting would begin
at each control point and expand radially. Indeed, this
behavior was observed at the onset of melting. However, the
continuity of the PCM material in this panel geometry
exacerbated the buoyant effects observed previously.

3.2 Model Verification and Calibration

Model verification was performed in the results module of
the mechanistic model. Following each simulation, a graph
of predicted and observed behavior was generated to identify
systematic variations at each calibration sensor location. In
the solid phase and during the initial melting, these graphs
typically showed agreement between predicted and
measured values within the reported accuracy of the sensor.
However, wider discrepancies arose toward the end of the
melting regime and persisted throughout the liquid phase.
The initial deviation is likely due to the aforementioned
effects of buoyancy, which were observed in the physical
testbed but not represented in the mechanistic model.
Subsequent deviations in the liquid phase tended to show that
measured values were significantly higher than predicted.
One possible explanation for this observation is the sensors
may be exposed to direct solar radiation in the liquid phase
due to the transparency of the PCM. Hence, measured values
may not accurately reflect the local temperature of the
medium.

Figure 14. Voronoi panel with sequential predictions of radial
melting behavior

Figure 15. Array of panels types whose melting behavior intends to
reveal lines, dashes, deep dashes, and dots.

A subsequent exercise attempted to explicitly resolve the
top-down melting of the voronoi experiment by
compartmentalizing the fluid volume and limiting buoyant
flow. It also sought to demonstrate more refined design
control of material behavior by introducing a set of panels
whose variation was not apparent in the exterior form, but
revealed itself through the melting process. Therefore, the
inner surface of PETG was thermoformed to establish
varying material depth while the exterior surface was molded
to a uniform cross-hatch. Under this modification, the testbed
appears undifferentiated in the solid phase, while the melting
reveals transient directional patterns of dashes and dots
according to varying depth of the inner surface. Four panel
types incorporating variations on lines, dashes, and dots were

Figure 13. Validation of melting behavior for panel type 4.
3.3 Model Conversion

Following calibration of the mechanistic model and
determination of appropriate simulation parameters and
range of predictive capacity, a second round of design
iteration was conducted. In order to maximize the frequency
and duration of the melting phase and to account for the
warmer season of this experiment, Rubitherm RT 18 HC was
selected as the PCM for all 23 panels. This material has a
nominal melting point of 18°C and a higher heat of fusion
(260 kJ/kg) compared to both RT 6 and RT 10 (160 kJ/kg).
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distributed across the testbed and monitored from June
through September of 2017.
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The results of this concluding exercise were largely
successful. Melting occurred first in the intermittent regions
of minimal material depth, leaving behind discontinuous
patterns of solid material. Thus, for the brief period of
melting, the selected patterns were observable at the scale of
the entire 23-panel facade.
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ABSTRACT  

1  

This research introduces a novel lyophilized hydrogel for
double-skin envelope (DSE) integration as a dynamic
louver system to provide dehumidification of moisture,
daylighting modulation, and recuperation of water
condensate. The work links empirical experiments for
thermal, optical, and sorption properties of the
hygrothermal materials alongside system scale analytical
models to inform energy and water conservation measures.
The system scale analyses are conducted with LBNL
WINDOW7 in combination with numerical analytical
models, in addition to select computational fluid dynamic
(CFD) studies for development of louver geometries to
optimize sorption effectiveness in the DSE cavity airstream.
Effective heat transfer and visible transmittance values for
the dynamic states of the DSE hygrothermal louver system
are then linked to building scale analyses in the RhinoGrasshopper platform using the Honeybee plug-in to run
EnergyPlus. The dynamic state envelope system is
assessed through annual integration modeling for hothumid climate conditions. The work introduces new
aspects in simulation modeling with integration of the
standard mechanical air-handling system functions to be
coupled with multi-state dynamic properties for the
envelope system in building scale analyses. A sorption
coefficient is identified for analytical modeling of the DSE
hygrothermal louver cavity thermodynamics. The work
also integrates a new calculation tool in the simulation
platform for evaluating potential water recuperation from
humidity sorption and condensate release functions.

The simulation methods that designers engage with are
thus also in need of evolving to accommodate this
convergence of functions embedded in building enclosure
systems. The analysis engines for environmental
performance must now incorporate new algorithms to
account for the temporal dynamics of these multivalent
systems and their unique time-step state changes.
Modifications to assumptions for conventional mechanical
system designs require customization to shift the physics
of air-handling and psychrometrics primarily to material
and spatial conditions of the architecture. In addition, new
functions, such as water condensate collection through
novel materials or air-cleaning processes, need to be added
to traditional simulation platforms to inform data and
phenomena about these environmental potentials.
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This design research explores some of the convergent
functions of a multivalent hygrothermal louver system
enclosed in double-skin glazing of the building envelope.
Simulation techniques are modified and adapted to
facilitate the analysis of the proposed system. Selective
aspects of the research project are presented here, including
multi-state dynamic envelope properties for the building
simulation and introduction of a water recuperation
calculation tool integrated in the simulation platform.
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INTRODUCTION  

Building designers are increasingly faced with the
environmental challenges attributed to our industry. The
energy consumption and carbon dioxide emissions
resulting from building construction, operation and
maintenance practices is often cited as accounting for
almost half of total global energy use and carbon dioxide
emissions. To address a necessary shift in building design
towards more effective resource management, new
strategies are emerging for energy and water conservation.
Building technologies are evolving to converge functions
and eliminate redundancies traditionally found between
building enclosure systems and mechanical heating and
cooling systems [8]. This is accomplished in part by
innovations in material science as well as novel
conceptions for spatial conditions responsive to
thermodynamics and climate variables.
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Figure 1. Multivalent double-skin envelope dynamic hygrothermal louver for dehumidification cooling, daylighting, air-cleaning, building
enclosure thermal management, and water recuperation.
2  

that is freeze-dried to create a superporous foam network,
which can be mechanically compressed to extract water
condensate when saturated. The hydrogel chemistry may be
based on polyacrylamides, which have covalent bonds, or
polysaccharides, which have weak bond associations. Each
chemistry composition has different challenges and benefits
for the proposed application that are being explored by
material science collaborations.

DSE  HYGROTHERMAL  LOUVER  SYSTEM  

The proposed double-skin envelope (DSE) louver system is
developed around a concept for multivalent functions
embedded in the thermodynamic and chemical processes of
the building enclosure (Figure 1). The proposed system
expands on existing knowledge of double-skin envelopes
with the introduction of novel materials and form for the
louvers in place of standard integrated solar blinds. The
concept also addresses knowledge regarding the
performance advantages of dedicated outdoor air systems
(DOAS) for ventilative cooling, providing up to 42% energy
savings when combined with chilled ceiling panels in
comparison with conventional variable air volume (VAV)
systems [4]. With an appropriate building configuration and
space planning layout, centralized mechanical cooling
system could be eliminated in exchange for the distributed
perimeter climate control and continuous ventilation through
the façade DSE cavity. The system is conceived effective for
hot-humid climate conditions, and has the potential for
variation in thermal control to allow for application in mixed
climates.

The louver foam is functionalized for potential catalytic
processes by the addition of titanium dioxide coatings to aid
in cleaning the air-stream of carbon dioxides and nitrogen
oxides. The louver foam may also incorporate suspended
enzymes that prevent mold and biofilm development. The
lyophilized hydrogel is combined with encapsulated phasechange materials (PCMs) to assist in thermal management of
the material’s temperature and thus prolong effective
sorption periods. Iterative analysis throughout the design
process ultimately resulted in a modular form for each
hydrogel foam louver unit for various reasons that will be
explained. The louver modules are attached to a diagrid
support frame that also serves as the capillary network for
water collection, and feeds into larger water collection
vessels in the building system.

2.1   Hygrothermal  Material    

The louver module is comprised of a novel hydrophilic
material that is capable of effectively capturing humidity
from the airstream. The material is comprised of a hydrogel
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3  

MULTIVALENT  FUNCTIONS  

3.2   Daylighting  Modulation  and  Solar  Control    

Numerous environmental performance functions are
conceived and described for the proposed DSE hygrothermal
louver system. The work presented here focuses on three
primary aspects including sorption dehumidification,
daylighting solar control, and water recuperation.

Each module is connected to the support framework with a
heliotropic tracking mechanism to enable solar control by
preventing direct radiation to enter habitable spaces while
maintaining diffuse daylight conditions (Figure 4). The
modules are designed in the Rhino 3D platform and linked
to solar path data from climate files through the
Grasshopper-Ladybug plug-in. The virtual tracking
algorithm is set to follow the sun path based on assuming a
direct normal radiation angle maintaining a constant
perpendicular to the center-point of the outside face of each
module.

3.1   Sorption  Dehumidification  

Empirical tests are conducted with lyophilized hydrogel
foam samples in environmental test chambers, subjected to
humidity in both horizontal and vertical orientations for
airstream direction (Figure 2). The sorption rates are
identified in correlation to the chamber air temperature,
relative humidity conditions, and hydrogel volume and
weight. Maximum loading (fully saturated foam) is
identified to occur when each side of the test chambers reach
equilibrium with each other in temperature and humidity.

Figure 4. Heliotropic two-axis tracking of louver modules.
3.3   Water  Recuperation  

Figure 2. Empirical testing of lyophilized hydrogel foams in
environmental chamber subjected to humid airstream.

Various modes for mechanically squeezing the foam
modules are investigated, with some success using a
surrounding mesh fabric under tension pull. The initial
design proposition includes water recuperation by squeezing
the modules when oriented in a vertical position and
allowing water to drop into the device directly below feeding
through collection tubes connected back to the support
framework. Effective percentages of condensate
recuperation are identified through physical tests for the
various hydrogel foams, and used as input data for the
material in the water collection calculation tool.

Sorption coefficients are identified for different types of gels
based on these experimental tests. The sorption coefficient is
introduced in DSE computational fluid dynamics (CFD) and
heat-air-mass (HAM) transfer numerical analyses. Based on
the flow-test experiments, effective sorption is best enabled
when the airstream is perpendicular to a greater surface area
of the material. Development of the unique form of the foam
modules is based on this understanding and simulations
conducted with CFD visualization modeling to assess
positive pressure zones and to maximize material volume in
those areas (Figure 3).

Figure 3. Louver module analysis of positive pressure zones based
on active airflow patterns.

Figure 5. Water recuperation mechanical tension squeeze with
hydrophobic mesh around module.
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4  

DSE  ANALYTICAL  AND  SIMULATION  MODELS  

Prior  DSE  Simulation  Methods  

The proposed double-skin envelope system analysis is
developed based on prior knowledge of DSE models. Most
heat transfer studies focus in part on the computational fluid
dynamics within the DSE cavity, especially if blinds or
louvers are involved. There are some basic physics
phenomena that help define the variables to be considered
when analyzing the DSE integrated louver system, but a new
layer of complexity is added in this scenario because of the
humidity sorption function.

The combination of all of the variables to be considered in
heat, air and mass transfer of a DSE system can become very
complex and typically requires physical testing for realistic
results and validation of numerical analyses. Prior DSE
analyses provide a range of methods that incorporate CFD
two-dimensional analyses to accompany the heat transfer
conditions [2, 5, 9, 10, 11]. However, none to date have
incorporated humidity sorption or sorption isotherms for
cavity louver functions. Some extrapolation of knowledge
from desiccant mechanical equipment flow rates and
operating temperatures for effective humidity sorption could
be applied in this design scenario for initial proof-of-concept
simulations [1, 6, 7].

4.1   DSE  Heat  Transfer  Properties  Modeling  

Heat transfer variables are accounted for at all surface
interfaces of the DSE and louver system, as well as air
temperature conditions of the outdoor, indoor, and DSE
cavity (Figure 6). Angles of beam radiation and resultant
absorption, transmission, and reflection must be considered
at all material surfaces. In addition, both radiant and
convective heat losses from material surfaces should be
accounted for [11].

4.2   DSE  Dynamic  States  and  Timeframes  

Three basic states and associated diurnal timeframes are
established for the dynamic functions of the DSE
hygrothermal louver system (Figure 7). The first state occurs
overnight from 6pm to 8am for sorption dehumidification of
humid airstream and night-flush cooling of the DSE cavity
(Figure 7a). The second state occurs during the morning from
8am to 12noon and in the afternoon from 2pm-6pm for
dehumidification cooling fresh air intake and daylighting
control by solar-tracking of the louver modules (Figure 7b).
The third state occurs in the middle of the day from 12noon
to 2pm when the temperature of the cavity airstream and of
the hygrothermal louvers is assumed to be too high for
effective sorption to occur (Figure 7c). This state allows for
a regeneration cycle as the louver modules are oriented in
vertical position and dried out by a mechanical squeeze
function for water collection and by heat regeneration to dry.

Figure 6. DSE louver analysis variables for heat, air, mass transfer.

The hygrothermal louver itself incorporates each of these
phenomena, in addition to a sorption coefficient for the
lyophilized hydrogel foam to address drying of the air and
latent heat of sorption. There is a gradient in the air
temperature within the cavity from bottom to top, resulting
in higher sensible temperatures at the top of the chamber. The
airstream direction is assumed to be entering at the base of
the cavity and leaving at the top of the cavity (either flushed
to the outdoors or drawn in to ceiling plenum spaces across
chilled beams for sensible cooling to habitable rooms). In
hot-humid climate conditions upwards of 70% of energy
consumption is from the mechanical ventilation system of
which almost 90% is a latent load [3]. The hygrothermal
louvers serve in part to address these high latent loads
through relatively passive desiccant functioning within the
outdoor intake air-stream, thus reducing the overall energy
consumption for the building.

Figure 7. DSE louver system dynamic states and timeframes.

Thermal and optical values for the lyophilized hydrogel
foams were collected from empirical tests and used as inputs
for LBNL WINDOW7 analyses of the various DSE louver
configurations. The WINDOW7 results provide both UValues and Visible Transmittance values (Figure 7) that
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Figure 8. Water collection calculation variables and analytical methods for humidity sorption condensate recuperation.

modulate from state to state based on the thermal and optical
properties of each DSE dynamic function. The output file for
each state is linked to the EnergyPlus building envelope as
custom material definitions with the Honeybee tools in
Grasshopper.

option for unit conversions between Imperial and Metric
systems.
5  

BUILDING  INTEGRATED  SIMULATIONS  

Integration of dynamic modeling for temporal variations of
material and envelope system properties is an emerging field
of building performance simulation. Existing prior dynamic
envelope system analysis functions are limited to two-state
conditions (i.e. electrochromic glazing with opaque and
transparent states). Utilizing the Grasshopper platform for
custom parametric control of the time-step functions in the
Honeybee tools for the EnergyPlus simulations provide for
new capabilities for simulating dynamic multi-state envelope
system for more complex responsive facades and enhanced
environmental performance assessment.

4.3   DSE  Water  Recuperation  Analytical  Model  

The potential water collection variables and methods are
based on water vapor per volume of air from climate data
information, and on conversion calculations from gas to
liquid water (Figure 8 left and top). In order to assess the
potential amount of water that can be recuperated by the
hygrothermal louvers, many other variables must be
identified for input values in the calculation tool. Both the
sorption rates and condensate release rates of the hydrogel
foam must be known (Figure 8 bottom). The given surface
area of DSE louvers in humid airstream as well as
timeframes for sorption and regeneration processes must also
be identified (Figure 8 right and top).

These modeling tools also allow for unique geometry
configurations of the hygrothermal embodiments in Rhino
linked to Honeybee plug-in through the Grasshopper
interface for energy simulation via EnergyPlus. Specific
algorithms are developed for the dynamic modeling of the
multivalent material properties at the interface of Honeybee
and EnergyPlus. The initial results provide improvements on
annual and cooling season energy loads and consumption for
the Mumbai hot-humid climate condition.

In this analytical model, an assumed volume of outside air is
identified as equivalent to an indoor volume served by the
dehumidification cooling system. These volumes are then
scaled with multipliers when a building simulation model is
defined. The rates of exchange in the diurnal sorption and
condensate release process are calculated on an hourly basis
to align with the standard time-step in typical building
simulation platforms. A sorption and condensate release
percentage effectiveness can be applied in the model for
conservative assumptions. The model includes a toggle

5.1   Base  Building  Model  Assumptions  

Initial building scale energy simulations are conducted to
convey the potential effectiveness of introducing a dynamic
state double-skin envelope system with integral
dehumidification functions as the enclosure for commercial
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building program in hot-humid climate conditions. The hothumid climate location used for analysis example here is
Mumbai, India (ISHRAE data), which is within the
ASHRAE 169 (2006) Standard Climate Zone 1 (very hothumid). The annual temperature and humidity conditions are
depicted in the psychrometric chart below (Figure9a), where
the majority of hours fall outside and above comfort zone
temperature and relative humidity.

Figure 10. Annual total floor area normalized cooling energy loads.

The total annual cooling loads (kWh/m2) are higher the
basecase than with the hygrothermal louvers, and the east
and west zones show higher cooling loads for both scenarios
due to sun angle direct radiation (Figure 10).
DSE  Energy  Exchange  Results  

In the analysis for annual hourly surface energy exchange at
the DSE glazing systems (Figure 11), the results graphs start
at 1am of January 1st at the lower left corner and read across
daily to the right ending with December 31st and by hour
through the 24-hour day from bottom to top. Heat energy
entering the building through the glazing system is depicted
by the red end of the spectrum on the legend color scale,
while heat energy leaving the building through the glazing is
depicted on the blue end of the spectrum. A neutral white
color represents no heat energy exchange in either direction.

Figure 9. Building analysis basecase information and assumptions.

The base building design for the energy analyses is a tenstory commercial building with plan dimensions of 32meters by 16-meters, with the long facades facing north and
south (Figure 9b). The building envelope assumes a 70%
glazing (basecase DSE U-value 0.89) to 30% wall (R-22)
ratio on all facades. ASHRAE 189.1 Standard for High
Performance Green Buildings is followed for the basecase
constructions for steel frame walls and metal roof, metal
deck and concrete floors, and for the double-skin envelope
glazing system. The typical floor plan is an open office, with
‘Air Wall’ adjacencies designated in the EnergyPlus model
for separating the five thermal zones (north, east, south, west
and core). The east and west zones each have a depth of 8meters, while the north and south perimeter zones have a
depth of 7-meters each resulting in a 2-meter wide core zone.
The habitable spaces are conditioned with an ideal air loads
system. The office occupancy schedule assumes an 8am-6pm
weekday operation throughout the year. No context is
included for the building simulations so that each façade of
the building is fully exposed without any shading factors.

Figure 11. Annual hourly surface area normalized glazing system
energy exchange loads.

The analysis provides annual hourly results by façade
orientation, including south, west, north and east shown
vertically for each building case in Figure 11. The basecase
for Mumbai shows higher intensity of energy exchange into
the building on the south façade from late fall through early
spring because of the high temperatures and solar altitude
angle in winter. However, Mumbai has minimal energy
exchange during its monsoon season around August and
September. The north façade shows heat energy loss at night
with neutral conditions at day throughout the year.

5.2   Building  Energy  Simulation  Analysis  Results  

Building simulation results are selectively identified for
specific aspects of the system performance in comparison
with the basecase building. The performance values of
interest presented here include cooling loads, DSE energy
exchange loads, and water recuperation values.
Cooling  Load  Results  

The building simulations are performed for the basecase
DSE and the DSE with hygrothermal louver system for an
annual timeframe to compare cooling loads and effects of the
hygrothermal louver system thermal values on envelope heat
transfer dynamics.

The annual hourly surface energy exchange shifts primarily
to energy losses with the introduction of the hygrothermal
louvers embedded in the DSE cavity. In part, this is due to
the design of the system to provide shading from direct
radiation at all times on any façade. It is also partly due to
the dynamic of the regeneration state set at mid-day for the
louvers to be fully vertical when drying out, resulting in a
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higher heat resistance value with minimal radiation
transmittance. In addition, the energy losses from the interior
through the glazing system are partially attributed to the DSE
venting states, which are open in day to the interior for fresh
air intake (but might be releasing heat out) and for night flush
cooling of the DSE cavity during maximum humidity
sorption times.

in the simulation techniques are mentioned throughout the
paper, but include numerous areas where cross-linking and
integration of interscalar simulations and multiple platforms
is required.
Future  Work  

The initial results of the DSE hygrothermal louver system
provide positive direction for overall improvements on
energy and water conservation in office buildings of hothumid climates. Further development of the building
simulation modeling is required to study the comparison of
results with standard DSE cavity blinds, and to enhance the
accuracy of dynamic state performance conditions with the
DSE system in conjunction with the daylighting and
ventilation modes. CFD models for the DSE cavity
incorporating the hygrothermal sorption and desorption
functions will ultimately be linked to the full-scale building
simulation. In addition, a convergence of the identified
mechanical air-handling system in the building model with
the DSE hygrothermal cavity and chilled ceiling beams will
need to be better addressed in the EnergyPlus platform.

5.3   Water  Recuperation  Integrated  Tool  

The annual total water recuperation potential is calculated
with the integrated tool developed by the author in the
Grasshopper platform. The tool is linked directly with the
absolute humidity data from the EnergyPlus Weather (EPW)
file imported with the Ladybug plug-in. Input values for the
variables mentioned in section 4.3 are entered manually, and
the tool is linked to the building envelope definitions in the
Honeybee plug-in to identify appropriate surface area and
volumetric conditions.

Scale prototypes of the hygrothermal materials in louver
compositions will be pilot tested to assess human interface
experiences. The prototypes will also be evaluated in an
environmental test chamber with input devices (heat, light,
and humidity) and data sensors for acquisition of dynamic
thermal, optical, and moisture conditions. This information
will be used to validate the simulation modeling. The future
work with the physical test chamber will also provide realtime data collection that will inform machine learning
algorithms as the training data sets for system optimization
in response to varying climate data conditions.

Figure 12. Annual water recuperation daily potentials from
humidity sorption and condensate release.

The results can be provided in a few different formats based
on what type of graphic information is desired. The example
shown here is the annual hourly graph (Figure 12), which is
a function available in Ladybug and is linked to the output of
the water recuperation tool. Modifiers are included in the
water recuperation tool for this graphic output to provide
three forms of information: total water available from
absolute humidity, total water available from sorption
timeframes, and total water available after condensate
release.
6  
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CONCLUSIONS  

In the current work, a number of new aspects for simulation
modeling are identified and developed. Interscalar modeling
is conducted by linking empirically tested material data with
system scale analyses to provide inputs to the building scale
simulation. Dynamic states of the environmentally
responsive façade are identified and used with time-step
parametric tools in the building simulation platform. The
need for incorporating a sorption coefficient in the analytical
modeling of DSE hygrothermal louver system is identified.
A new tool is developed for humidity sorption and water
recuperation calculation for assessing building scale water
conservation potentials.
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the wind direction is constantly changing, the wind-catcher
takes multiple possible positions (see Fig. 1).

ABSTRACT

We develop a kinetic cooling roof device for desert climate,
which operates in multiple constellations triggered by
sensor input. The device is designed for a dual response: as
a wind catcher it captures external airflow and channels it
into the building's interior volume by orienting the roof
opening toward the current prevalent wind direction. At the
same time, the aperture is responsive to radiation – either
avoiding direct solar radiation during the day or
maximizing radiant cooling during the night by exposing
the building’s interior to the night sky. To achieve these
various states, the geometry of the design is simplified into
a segmented cylinder with multiple blades that allow for
myriad potential constellations to occur. A motorized joint
with three degrees of freedom controls the position of each
of the aperture’s blades. The range of possible outcomes
and functional relationships in the system is tested with
both digital simulations and physical prototypes. A wind
tunnel test was conducted to compare the performance of
different configurations.

This study explores the kinetic re-configuration of a onesided wind catcher, such as reviewed by [3]. The reason for
preferring the one-sided wind-catcher to the two-sided
option, despite its reduced efficiency [4], is the former’s
omni-directionality. An adaptive system that assumes equal
air distribution based on the external wind force will be
compromised by a built-in directionality. This means
however, that the system relies on outlets in the building
volume itself rather than another roof device for air exiting
the building.
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Figure 1. Left: Wind Catcher, cylinder tilted towards the prevalent
wind. Right: Open position of the radiant cooler with night sky
diffused radiation

I.6.1 SIMULATION AND MODELING
1

INTRODUCTION

Channeling airflow into a building volume through an
opening in its roof is an ancient technique prevalent in the
Middle East, which has re-gained relevance with presentday research on adaptive wind catchers [1]. We examine a
system developed to provide multiple cooling strategies in
desert climate and therefore requiring additional degrees of
freedom in comparison to a regular rotating wind catcher.
This is accomplished by the kinetic transformation of a
device that operates in two different cooling conditions: the
first state – radiant night sky cooling – is optimized by
opening the aperture to a maximum angle of dilation to
expose the interior of the building volume to the cold sky
[2]. The second, the wind-catcher configuration, optimizes
airflow into a building volume by adapting the roof-opening
to the current prevalent wind direction, while avoiding
direct sun radiation from heating the interior space. Since
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The cooling aperture can be regarded as a case study within
a growing field of kinetic adaptive buildings and building
components, which respond to environmental conditions
[5,6]. These systems depend on sensor input from the
environment and are able to respond in a way that
maximizes the desired effects of external forces on the
architectural space. In order to optimize these effects, the
architecture must be adaptive via a transformation, which is
often achieved through a kinetic component [7].
In the design of the roof device, the transformation between
different cooling states was solved through the choice of a
simple cylindrical shape to form the aperture and its
segmentation into kinetic blades. Cylindrical, conic and
hyperbolic geometries were tested in relation to both
cooling effects and actuation. The following experiment is
focused on aspects of the most volatile form of cooling,
wind catching, which requires a shift from mechanical
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b

control (which allows only a limited number of
predetermined blade positions) into algorithmic control
(which allows many more positions) and on the
interrelationships between blades. Our method for an
adaptive cooling system is based on a generic design with
repeating blade extrusions, which gains its specificity by
allowing each blade to form unique adjacencies or degrees
of dilation, based on sensor input processed through
algorithmic control [8,9]. While the initial geometry does
not reflect the optimal design for any of the cooling
conditions mentioned above, it is precisely the generic
nature of the design that can result in multiple arrays and
enable all of them rather than limit the operation to only
one or two states. In order to obtain an assessment of the
functional relationships created by several possible
constellations, we look at their kinetic action and measure
their airflow performance in a wind tunnel.
2

METHODS

Figure 2: (a) Rotation in 3 steps. Vector ν represents the wind
direction received from the sensor. (b) Actuation loop using an
Arduino controller and servos, which respond to the input of a
wind sensor

2.1 Algorithmic Rotation and Actuation

The first experiment is a digital simulation of the wind
catcher’s blade rotation. The digital model is based on the
segmentation of a cylindrical form. The working
assumption is that in order to allow for a multi-function
cooling system it is necessary to be able to open and close
the segments in addition to rotating the full cylinder
towards the wind. Therefore the segments are cantilevered
and rotated from their base to create a tilted cylinder. The
simulation was conducted in Grasshopper Algorithmic
Modeling for Rhinoceros 3D modeler (Fig. 2a).

2.2 Wind Optimization

To investigate the airflow consequences of the possible
blade constellations and cross-sections described in sections
2.1 and 2.2, we conducted wind tunnel tests for models
representing several geometric configurations. For this
stage of the prototyping, a set of 10 blades was used to form
the roof aperture and a volume that represents the building
through which the airflow moves. To avoid the hardships of
fluid mechanic similarity and scaling, the models are
compared to each other only at model scale without
reference to a larger prototype.

To study the actuation of the segments, a prototype was
built with integrated servo motor rotation. The prototype is
equipped with 3 servos to control the rotation of each blade
with three degrees of freedom per blade, in order to enable
the rotation described above. The servos receive input from
an Arduino Uno controller, using the grasshopper/firefly
interface [10] that allows for the geometric transformation
of the segments outlined above to be translated into
physical movement. The direction of the wind vector is
received by the Arduino using a wind vane direction sensor
which returns values based on resistance that can be
translated by servo into degrees of rotation (see Figure 2b).
In addition to the wind direction, an input of the current
time and sun position affects the final vector of the windcatcher rotation, as the device must shade the interior from
direct radiation as to not to heat up the space.

Figure 3: (a) Sectional diagram of wind tunnel prototype

The wind catcher is placed on the top of a circular partially
closed volume that allows the air to flow out in any
direction under the roofline. It is then placed in a wind
tunnel where its blades are pointing towards the wind
tunnel direction.

a

The bottom half of the blades are open to let the horizontal
wind in, while the top half are forming the cylindrical shape
discussed in section 2.1. The open and closed positions are
compared at different angle of tilt and different blade crosssections (see Figure 4 for 4 positions tested), all under a
wind tunnel speed of 40MPH. The wind speed reading is
derived from two hot wire anemometers (SKU: MD0550)
located inside the volume (see Figure 3). The sensor
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provides a temperature and voltage readings which, using a
function provided by the manufacturer, can be converted
into wind speed based on the rate of cooling of the wire.
The data was received via a Photon Particle controller and
apply a calibration based on the wind-speed reading of a
Pitot-tube with anemometer placed in the tunnel
independently of the aperture.

cross-sections were half-ellipses rather than full ellipses,
there was higher air mass entering the volume.
In regards to the vertically oriented blades in comparison
with the open blades, no substantial velocity difference was
found in the results. This can be an indication that various
constellations may yield similar results, and a sensor
feedback inside of the volume is required to assess the wind
catcher’s operation.
In this regard, while the wind tunnel test simulated the
blades turned towards a wind source emanating from one
direction only, in real conditions, wind arrives from
multiple directions at once, while the sensor indicates the
prevalent wind only. Therefore the multiple possible
positions of the aperture could be used for a trial and error
operation where a random constellation may generate better
results. This could be a future development of this study,
where outdoor wind is used to generate a machine learning
process based on feedback from sensors inside and outside
of the volume in relation to many different constellations.
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RESULTS AND REFLECTION

The wind tunnel results show the wind speed readings for
the four constellations tested. The more significant results
are shown in Fig. 5a, of the sensor placed in the floor of the
volume. The sensor placed on the top of the volume shows
relatively similar readings for all four tests as it was
receiving wind almost directly from the tunnel source
before it entered the volume.
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Figure 4: 4 configurations tested in the wind tunnel

Time

Since the airflow in the volume is turbulent, based on the
Reynold’s Number of 1.53 × 105 and there are losses due to
the change in angle from the receiving blades to the
volume’s roof, the exact interpretation of the different
results is difficult. However, it can be assume that the angle
of the wind-catcher contributed to a change in the mass flux
entering the volume and therefore at a higher angle the
velocity is greater than at a lower angle. Likewise, when the

Figure 5: (a) Air Velocity Readings for 4 different constellations,
from the volume's floor. (b) Air Velocity Readings for 4 different
constellations, from the volume's ceiling

99

4

CONCLUSION

The roof aperture passive cooling device is a case study for
a kinetic system that constantly changes its configuration
based on changes to environmental forces that are sensed
and motivate a response in real time.
The design approach to the roof aperture relies on a generic
cylindrical initial geometry of a segmented cylinder to
allow for algorithmic complexity in its actuation
mechanism. Thus, despite inherent losses in efficiency in
comparison with a design optimized for one cooling
condition, such as in conventional wind-catcher geometry,
the versatility of possible constellations, together with the
ability to respond to sensor data, makes this system able to
generate cooling effects for multiple environmental
conditions. In this way, its generic design is exactly what
makes it a more robust and intelligent system than a
sophisticated form-found shape for any single operation.
Further work should explore the sensor feedback and
machine learning possibilities of this system.
We explored the mechanism of an architectural element that
reconfigures itself to optimize the benefits of external
forces on the interior of the building. This is a paradigm
shift from a controlled interior environment, which must
withstand and resist environmental forces and remain
untouched by them, to a new paradigm where external
fluctuations can become beneficial to the functionality of
the interior building volume, if they are met with a proper
timely response from the architecture itself.
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ABSTRACT

Although graphene is considered the material of the future,
its research and applications have not yet reached the
construction industry. This paper focuses on the potential of
developing graphene-embedded composites to enhance the
electrical and thermal performance of traditional and
widespread construction materials such as concrete and clay.
A number of performing prototypes were fabricated at
different stages of the study using different approaches for
embedding graphene nanoplatelets into clay and mortar. Our
experimentation with these composites has led to the
conclusion that there is significant potential in enhancing the
thermal and electrical properties of traditional materials.
These first tests demonstrate both the achievable
performance as well as the feasibility of producing such
composites without access to a professional grade laboratory
Author Keywords

Graphene; 3D Printing; Thermal Performance; Clay;
Cement; Composites
ACM Classification Keywords

I.6.1 SIMULATION AND MODELING
1

INTRODUCTION

Buildings are responsible for 40% of energy consumption
and 36% of CO2 emissions to the atmosphere in Europe (EU
Directive 2010). Climate change is becoming a global
priority and the construction industry will have to focus on
innovative solutions for energy reduction in the building
sector. New materials, nanotechnologies and new fabrication
techniques in combination with information and
communication technologies are becoming a new field of
research for “smart” or sustainable constructions, where
energy consumption is reduced during the whole life-cycle
of the buildings. In the field of new materials, graphene is
SimAUD 2018 June 05-07 Delft, the Netherlands
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placed on the top of many solutions that could contribute
positively to the climate change challenge. From protective
paints and suburb screens to high efficient solar panels and
low consumption LED lighting, graphene and its composites
have the potential to constitute new energy efficiency
paradigms. Although graphene is considered to be the
material of the future, its research and applications have not
yet reached the construction industry. This paper focuses on
researching graphene as the base for the development of a
composite material coupled with traditional and widespread
construction materials such as concrete and clay. Working
with the extraordinary properties of graphene on thermal and
electrical conductivity, the paper focuses on the development
of architectural elements of graphene/concrete and
graphene/clay composites that transfer heat with low energy
input. The paper also focuses on the development of a
composite material that could eventually achieve a
functional differentiation that could be used in additive
manufacturing processes and produce a range of heat transfer
intensities according to the specific needs of its application
in a building.
2

BACKGROUND

Although graphene material applications are today widely
and intensively researched upon, their reach in architecture
and construction fields is still quite limited. Graphene has
been used for flexible circuits (Lee et. al. 2011), capacitors
(El-Kady et. al. 2012) and solar panels (Gomez De Arco et.
al. 2010), all of which have a wide range of potential
applications in architecture and buildings. Under the scope
of our study, the applications of graphene for heat generation
with low energy input and heat storage and exchange are of
most interest. Such applications exist in the literature, albeit
they are not wide-spread. Graphene has been recently used
in phase-change materials to enhance their heat transfer and
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thermal energy storage capabilities (Kant et al 2017) and in
combination with beeswax to increase the thermal
conductivity, latent heat, heat capacity and viscosity of Nano
phase change materials (Amin et al 2017). In both studies,
the focus is on the material development and not the
currently possible scalability of the application, in which we
are interested in our study. Also, our approach is focusing on
developing a novel material using traditional and widespread
used construction materials, such as clay and mortar.
Graphene composites have also been used to enhance the
properties of traditional construction materials, such as
graphene-cement composites (Sedaghat et al 2017, Muhit et
al 2017), with a focus on enhancing the structural properties
of the cement as well as in composites with low-cost huskderived graphene and cement mortar for enhancing the
thermal performance and freeze-thaw resistance of the
material, with a focus on the bonding process. Our research
focus lies on the potential of graphene-enhanced composites
with traditional materials, such as cement and clay for lowenergy heat generation and thermal conductivity under the
scope of the energy performance of these materials and not
their performance during the construction process.
Furthermore, our focus lies on the usability of these materials
in non-standard fabrication methods, such as 3D printing and
other additive manufacturing methods
3 MATERIAL EXPERIMENTATION
3.1 3D Printing Graphene Composites

Our initial experimentation with graphene focused on the
development of 3D printable graphene composites with
biodegradable polyesters, such as Polylactide (PLA) and
Polycaprolactone (PCL). These first tests were done to
understand the electrical and thermal behavior of graphene
as a 3D printable filament. Different densities of these
filaments were 3D printed on sheets and tested for electrical
conductivity.

Figure 1. Different mixes of PLC-graphene composites.

This initial experimentation with graphene and plastic
composites was quite important to understand both the
electrothermal potential of graphene as a composite material,
as well as the feasibility of producing graphene-based
composites in a low-cost and not industrial-grade lab. The
first experiments demonstrated great possibilities of working
with graphene for architectural applications and in realworld scale, therefore we decided to extend our research into
more widely used construction materials, such as cement and
clay. Given the malleability and controllable viscosity that
we achieved using the thermoplastics, our investigation was
focused on the potential of using graphene, in the form of
nanoplatelets, as an additive material for cement and clay
composites to enhance the electrical and thermal conduction
properties of these traditional materials.

The first experiments with PLA did not demonstrate a
satisfactory performance in electrical conductivity, thus a
second attempt with PLC was made. Alcohol benzylic was
used to alter the viscosity of the mix to enhance the
performance of the material. The amount of alcohol benzylic
in the mix is directly proportionate to the viscosity of the
material and in our experiments we were able through
minimizing the amount of it in the mix to decrease the
resistivity of our 3D printed sheets to levels comparable with
copper and aluminum despite the lack of a professional grade
material research lab (Figure 1). Applying electricity to the
PCL-graphene mix we also observed a significant
electrothermal reaction, which altered the phase of the
material, modifying its material state from solid to plastic
within a few seconds.

Figure 2. 3D-printed Sheets of PLA-graphene composites in
different densities.
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3.2 Graphene Bricks

Our next experiments were focused on assessing the
electrical conductivity and heat generation of a simple
composite brick. Initial tests were a comparison of three
bricks with different material mixes, namely a pure clay or
mortar brick, a 25% graphene to clay or mortar brick and a
25% graphene circuit embedded within a pure clay or mortar
brick.
In
all
differentiations
of
our
tests,
Polyvinylpyrrolidone (PVP) was used as a binder for the
graphene nanoplatelets. The bricks were all cast in moulds of
the same size and tested with a programmable electrical
meter for electrical conductivity and with a thermal camera
to understand the thermal behavior of the material
throughout the brick’s surface. The choice of a rectangular
geometry was made at this stage to enable the
characterization of the material through standardization and
with the expectation of the study to be expanded to nonstandard geometries, once the behavior of the material is
characterized.
Experiments with the composite mixes gave us quite
interesting and promising results. Although inconsistencies
occurred in the tests, caused mainly by fabrication
complications, such as cracks and material layer
detachments, the tests demonstrated significantly enhanced
material properties, especially thermal and electrical
conductivity and low-energy heat generation. One important
observation from the initial tests was the shrinkage of the
material due to water evaporation and its effect on the
different layers of the material construction. In all different
encapsulation cases, the shrinkage affected the electrical
conductivity, and in some cases with catastrophic results.
This observation led to significant improvements of the
composites produced at a later stage and the strategies of
graphene layer encapsulation. Overall, the conclusions from
the first experiments was that the embedded graphene circuit
layer was the best approach at this stage, giving the best
conductivity and resistivity results (Figure 3).

Figure 3. Graphene-clay and graphene-mortar cast bricks.

3.3 Embedded graphene circuits

After our initial experimentation with graphene, PVP and
clay/mortar mixes, we focused our investigation on
optimizing the embedded graphene circuits within the
clay/mortar bricks, which were proven to be the most optimal
approach for thermal and electrical conductivity. Having
observed a significant heat generation with low voltage
application we focused our experimentation in optimizing,
on one hand, the heat production of the unit and, on the other,
the consistency of the electrical and heat conductivity. These
further experiments were also directed towards the attempt
to gradually differentiate the material behavior within the
brick, using the embedded graphene circuits.
A number of different embedded circuit patterns were
designed and fabricated with mortar, graphene and PVP,
using again casting moulds. The different circuits were
designed to evaluate the differentiation of the thermal and
electrical behavior across the brick’s volume but also to
evaluate the connectivity possibilities of the brick, in a first
attempt to scale them to a modular system. The four main
experiments that were done consisted of a straight graphene
line embedded, a diagonal cross, a full graphene mid layer
and a net pattern (Figure 4). A low voltage (31.5 Volts) was
applied to all bricks for a period of 20 minutes and a thermal
camera was used to assess the heat generated, at an ambient
temperature of 23 degrees Celsius (Figure 5). The thermal
behavior of the bricks was significantly different, with the
straight-line pattern achieving the least conductivity
performance (210 Ohms) and reaching just 35 degrees
Celsius, while the diagonal pattern achieved significantly
better conductivity performance (108 Ohms) and reached 40
degrees Celsius. The full graphene layer had the best
conductivity performance (32 Ohms) and reached 60 degrees
Celsius, but the heterogenous nature of the material made it
unusable as the layers separated easily during the fabrication
process and due to the aforementioned shrinkage problem.
Finally, the net pattern, which was designed as an evolution
to the previous three tests, was the best compromise,
achieving an adequate conductivity level for our purposes
(105 Ohms) and a consistent heat of 50 degrees Celsius.
This second stage of experimentation with mortar and
graphene composites was much more consistent, in terms of
performance results and the fabrication process and led to the
conclusion that there is significant potential for enhancing
the performance of both mortar and clay with graphene. One
important aspect that was brought about with the
continuation of the experiments was the connectivity issues
in a modular system, which was a significant driver for the
next stage. Also of great importance was the scalability of
the approach, given that a brick module has not been the
main goal of this research, but rather a material composite
that is scalable, 3D printable and gradually differentiable.
Under this scope, the experiments demonstrated quite
promising results in terms of the ability to differentiate the
thermal behavior of the material using the graphene circuits.
The thermal properties of the material were also tested on a
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passive thermal strategy, i.e. the ability of the brick to
transfer heat and the effect of the different circuits on the heat
transfer but this experimentation is outside of the scope of
this paper.

previous experiments. The final modular system reached 50
degrees Celsius when 31.5 Volts were applied for 20
minutes, similarly to the previously recorded performance of
the smaller bricks (Figure 7).

Figure 6. Graphene/Mortar Modular Bricks.

Figure 4. Different graphene circuits embedded in mortar.

Figure 7. Graphene/Mortar Bricks Connected.
5
Figure 5. Thermal camera test.
4

MODULAR MORTAR/GRAPHENE SYSTEM

Driven by the conclusions of the embedded graphene
circuits, a further and final step of this study was to scale up
the cast brick modules with an embedded graphene circuit
net and create a modular brick system to assess both the
connectivity potential and the thermal performance on a
bigger scale. The embedded graphene circuit net was
designed to allow for different connection patterns through a
series of 5 connection points on the back of the brick which
could be combined individually to create a ‘plug and play’
logic on the module. The electricity induced heat generation
was tested for the different possible connections, with
different results, showing the potential for customization and
locally differentiated heat performance (Figures 6).
The modules were also designed with a ‘plug and play’
connection logic between them, with overlapping surfaces
that allow seamless connection between them. The
overlapping graphene connections significantly enhanced
the connectivity between the bricks, as the fabrication of the
graphene layer exposed at the connections was optimized by
minimizing the shrinkage, driven by the conclusions of the

ROBOTIC 3D PRINTING

An investigation of robotic fabrication allowed 3d printed
prototypes to replace the previous bricks, leading to the
exploration of more complex geometries. The restrictions
and complications of 3d printing the graphene – clay
composite, played the leading role in the geometry design
and the functionality of the brick defined the form of the
gradient.
The goal of this process was to experiment with the thermal
and electrical properties of the gradient print and create a
performative prototype made from the functionally graded
material of clay – graphene composite. The advantages of
using robotic fabrication methods are mostly the overcoming
of the fabrication limitations of manual methods to create
anisotropic 3-dimensional geometries that present different
performances in their different parts. 3D printing allows the
geometry to evolve without the restrictions of casting
techniques and unfolds a vast gamma of construction
methods. The fabrication strategy applied to the prototype
created a gradient through five layers with different
consistencies of graphene. The prototype was 3D printed
with a 6-axis robotic arm with a single extruder so the
different mixes had to be changed manually to create the
stepwise graduation in the extrusion. During the extrusion
the consistency of graphene was decreasing with each mix,
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leading to a vertical gradient with the greatest amount of
graphene at the last part. The section included a series of
curves aiming to better heat radiation performance. The
curvature of this shape decreased from bottom to top
following the vertical consistency gradient. The final piece
printed, showed very interesting results, as conductivity at
the high concentration parts was enough for functional
circuits and heat generation, fading gradually from bottom to
top (Figure 8).

advancement of graphene’s production methods and the
consequent absorption in the material research of the
construction industry, we expect more research upon
innovative applications and uses of graphene composites
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CONCLUSIONS

In this paper, we present our experiments with graphene
embedded composites for enhancing the thermal and
electrical properties of traditional materials, such as clay and
mortar. Our thorough experimentation with graphene
nanoplatelet based composites has led to the conclusion that
there is significant potential in enhancing these properties in
traditional materials. These first tests demonstrate both the
achievable performance as well as the feasibility of
producing such composites without access to a professional
grade laboratory. A number of performing prototypes were
fabricated at different stages of the study, each one building
upon the knowledge of the previous. As graphene is entirely
unexplored in architectural research, these findings are
considered quite promising for the continuation of the
research.
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with graphene composites. Several parameters of these first
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ABSTRACT

Modeling thermal comfort analytically is difficult, and becomes even harder to interpret when conventional numerical
simulation tools use in-house assumptions within their algorithms to produce results with Fanger’s PMV/PPD models.
In this paper, we propose to evaluate the human thermal comfort with exergy analysis as an alternative to the PMV/PPD
model. Starting from reviewing prominent researches within
the area, the paper shows the comparison between three welldeveloped human body exergy consumption models, in particular their underlying assumptions to evaluate their capabilities in evaluating the thermal comfort. Comparing existing
literatures from the three research hubs and making sure the
underlying assumptions are consistent, we believe in between
the three models lies the future of an expanded landscape for
exergy analysis not at single component or system efficiencies, but their combined capabilities to deliver thermal comfort.
Author Keywords

exergy analysis; thermal comfort; human body; exergy
destruction
1

may not have helped raising concerns on how many simplified assumptions were made when a PMV plot can be generated. EnergyPlus, for example, uses air temperature as the
default value for mean radiant temperature when calculating
PMV values [4]. Along the assumed metabolic rate and clothing factor, we have three variables out of six contributing to
PMV introduced as assumed values.
An alternative method to quantify the perceived thermal comfort is calculating the local minimum exergy destruction rate
as a proxy of thermal comfort. Originating from the minimum entropy production principle, this method allows for
a different perspective of thermal comfort. Often based on
different assumptions, most of the human body exergy models are highly complicated and developed independently without compared against each other properly. We would therefore like to present a comparison between the three human
body exergy models against each other with consistent assumptions. This is particularly important to qualitatively understand the differences between the models as well as the
quantitatively evaluate the performances of the models.
2

INTRODUCTION

Conventional understanding of thermal comfort was mainly
set forth by the investigation of Fanger et. al in the 1970s.
Basing off important findings that describes the influence
of mean radiant temperature, convective heat exchange and
level of activities(basal) with different clothing levels, Fanger
pointed out six most important factors that could be combined
into a mathematical model to produce Predicted Mean Vote
(PMV/PPD, Percentage of Persons Dissatisfied), a single voting metric that describes the thermal comfort of an occupant.
This was further improved by de Dear and Gagger in proposing the adaptive thermal comfort model[3]. This was soon
widely implemented in both the academia and the industry
as the go-to model to predict thermal comfort responses from
occupants. The increased usage of these computational tools
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BACKGROUND

Originally set to ensure working performance and later on
productivity within a given environment at the beginning of
the 20th century, the investigation towards thermal comfort
gained more attention with the increasing popularity of openplan offices where many occupants need to share a single
working space, measuring and quantifying the thermal comfort and the resulting productivity became a major challenge
for building engineers. Alongside the many matrices that
were developed from direct measurements, using 2nd law of
thermodynamics analysis to quantify thermal comfort analytically emerged as a unique branch of research from Physiology studies in 1946[1]. This was made possible by the measured heat exchange for the human body through radiation,
convection and evaporation by Hardy & Du Bois in 1938[1].
This was further pursued by Prek in a 2004 analysis directly
attempting to link exergy destruction with thermal comfort[8,
9] by pointing out there could be a minimum of exergy destruction. Basing off the Gagge two-node model[16], it was
concluded by Prek and subsequently with Butala [10] that a

very specific set of environmental condition could ensure a
minimum exergy destruction. These research were further developed and perfected within the same research hub in Slovenia led by Prek and Butala examining analytically and empirically the terms that describes the internal and external exergy
losses of the human body[11]. One of the first studies to associate the minimum entropy production with thermal sensations was conducted by Simone et al. in 2011, identifying the
prior being related to the thermal sensation votes. This was
further corroborated by Schweiker & Shukuya in 2012 with
minimum exergy destruction rate corresponding well with the
neutral temperature in ASHRAE comfort model[13].
In the mean time, Aoki’s research also stipulated localized
research interests in Japan[1]. Shukuya first investigated the
possibility of further pursuing the exergy analysis towards humans and proposed the concept of ’warm/cool’ and ’dry/wet’
exergy. ’Warm/cool’ denotes whether the substance of interests has a thermal potential higher than its surrounding environment, while ’wet/dry’ indicates whether the vapor pressure of the substance is higher than its surrounding environment or not[14]. Researchers including Wu et al. [17] and
Caliskan[2] attempted to further improve Shukuya’s model
by proposing improved terms to describe respiration.
An equally active hub of human body exergy modeling
stemmed from a mathematical model that models threedimensional transient heat transfer of the human body by Ferreira and Yanagihara (2009). Mady et al. further pursued this
in the exergy direction in 2012(Henriques 22) and further associating it with thermal comfort (H7 2014). Their model was
further improved by accounting for the reactants and products
of the metabolism in the exergy model in 2013[7] and a exergy model of the human heart[5]. All three of the aforementioned researches were developed independently and were
yet to be compared with one another. To better understand
the differences between the three major human body exergy
model, the assumptions, inputs (system and environmental
parameters) will be compared side-by-side, with the model
outputs as results to be further discussed in the Conclusions.
3

METHODS

We compared the three human body exergy models to identify
all the underlying assumptions they’re using by calculating
the human body exergy destruction rate under the same set
of environmental parameters, system parameters, particularly
whether the environment was convectively heated/cooled instead of radiantly heated/cooled and the air velocity. We will
show the resulting exergy destruction rate calculated from all
three models and discuss the output we obtained to identify
synergies and differentiations between the results.
3.1

Assumptions

All three models can essentially be tied back to the work of
Gagge et al. in 1976, where the human body is simplified into
a two-node system of core and shell(sometimes written as
skin) as two concentric cylinders. This simplification was absorbed into the model establishment of the Prek and Shukuya
model and therefore the corresponding exergy model, while
the Mady model took an extra step in suggesting the human
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body can be modeled as 15 connected cylinders[6]. This was
because the original human thermal model Mady et al. developed upon was a three-dimensional transient heat exchange
model of the human body with the environment, giving the
Mady model a much better capability to account for differences between the experienced thermal sensations caused by
heat loss/gain in different portions of the body. All three
models started by assuming basal conditions with M , however, the base metabolism rate varies significantly from 58.15
W/m2 (Shukuya & Prek) to 43.94 W/m2 (Mady, resulting
from assumed 79.1W metabolism and 1.8 m2 surface area).
Since it is a widely accepted practice to assume the metabolic
rate of a seated person to be 1 met, or 58.15 W/m2 , we will
select this value to be the metabolism rate for our simulation.Regarding the simulated human body, since the Mady
model requires more details(mainly segment surface areas)
than that of Shukuya and Prek, global data of the anatomic
model is selected to be: a 1.76m tall, middle-aged man with
body surface at 1.8 m2 ,volume of 0.0627 m3 weighing 67kg.
3.2

System Parameters—Room Conditions

3.3

Governing Equations

Regarding the environmental conditions, all three models
have investigated different wind speed under different contexts, some for forced air systems with air velocity ranging
from 0.2 to 0.8m/s, others for radiant systems[12]. Since we
are mostly interested in indoor environment, all three cases
covered a mutual range of air temperature Ta ∈ [10, 30] and
mean radiant temperature Tmrt ∈ [10, 30]. With respect to
the type of ventilation, Mady’s model provides options of
both free convection and forced convection and has a much
better documentation on how different body parts could be
experiencing different temperature sensations due to different heat transfer coefficients for both convective and radiative
heat loss.
Since all three equations have lengthy expressions for individual components of the heat transfer between the different
components, those terms were renamed and grouped alongside one another. For the Mady model, the expression of the
exergy destruction of the human bodyBbody can be calculated
as:
dB
|∆T )
dt
− (Bc + Br + Be + ∆Bres )

Bbody = (Breac − Bprod − W −

(1)

In other words, the amount of exergy destructed equals to the
amount of exergy that is produced from cellular metabolism
Breac − Bprod minus the work the body undergoes W minus the exergy destruction caused by change of environmental conditions, subtracted with the sum of exergies that went
into convective, radiative heat transfer, as well as evaporation
and respiration for the human body. The Prek model, on the
other hand, can be written as
Bbody = δBcr−sk,bl + δBcr−sk,K + δBres,a
+ δBres,ch + ∆Bsk,w + δBsk,a + δBsk,ch

(2)

This model was first proposed by Prek in 2005[8] with very
basic assumptions and further developed in details in a 2010

publication[10]. The exergy consumption is calculated by accounting for seven components: the exergy flow caused by
conduction happening between core and skin, exergy transported by blood flow, thermal radiation between the skin
and environment, sensible heat transfer from skin, perfusion
and sweating on the skin, convective heat and mass transfer
and ultimately the heat transfer caused by breathing. This is
strictly built on the two-node model with specific descriptions
on sensible and latent heat loss while accounting for physiological thermo-regulatory processes. The resulting model
does not appear, however, to have accounted for much variation in the human metabolism by assuming a single thermal
neutral point. This could be problematic for a few reasons:
To begin with, according to existing research on thermal comfort, the range of accepted thermal neutrality and self-voted
thermal comfort covers a much wider range of core and surface temperatures. Also, under different levels of activity
level (metabolism rate), the thermal neutral temperatures for
core and body surface would also float around significantly.
Both has the potential to defeat the purpose of identifying the
actual exergy destruction of the human body from the Prek
model.Last but as importantly, the Shukuya’s model of human body exergy balance suggests the exergy destruction being written as:
Bbody = Bm + δBin,a + Bcr,mw + δBsk,mw
+ δBabs,r − (Bstored + Bout,a + δBs,moist
+ Bdis,r + δBc )

(3)

Examining the Shukuya model term by term, it shares a lot
of similarities with the Prek model, and could therefore be
considered along the similar premises as the Prek model. The
Shukuya model introduced an interesting concept to attribute
heat and mass transfer using warm/cool as well as wet/dry exergy. This has led to increased complexities of the Shukuya
model to be picked up by other researchers. A few particular
strengths of the Shukuya model over the Prek model, however, includes its attempt to identify a single line of thermal
neutrality from minimum exergy destruction [14, 15].
Examining all three models term by term, we identified a few
key differences in between them. Other than the Shukuya
model, there were no other models that suggests the exergy is
’stored’ in the human body. Upon examining the three models
term-by-term, there are apparently many simplifications each
model went through within different publications - isobaric,
steady-state, etc. And with each iteration of publication, the
corresponding models becomes more detailed and complete,
yet also harder to replicate in a follow-up study. Before going into the actual results obtained from the simulated exergy destruction rate, we would like to point out that we have
worked very hard to demonstrate that we are going through
a lot of works to ensure that the corresponding problems are
addressed.
4

RESULTS

The resulting exergy destruction rate expressed in isotherms
from three different models are plotted in Figure 1. The three
models exhibit similar trend within the scope of interests but
does not appear to be agreeing with each other very well in
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Figure 1. Exergy destruction rate in (W/m2) calculated from all three models
under identical environmental conditions.

terms of range of numbers. This could be due to a couple
of individual confounding factors. The Prek model lacks key
heat transfer coefficient d ocumentation, t he S hukuya model
has an intrinsically complicated system that the reference
temperature (or outdoor temperature in the case investigated)
must be compared with the state of the human body consistently throughout the modeling process, while the Mady
model models the human body at a much more complex level
and can introduce many more variables than the other two and with their physiological research background, could be
pointing to the other models being optimistically simplified.
This does not mean, however, that the Mady model was perfect, since it also lacks documentation on how the equivalent
evaporation coefficient can be calculated as well as for convective and radiative heat transfer.

In general, the exergy destruction rates presented in each individual research hubs’ publications were repeatable - but due
to the complexities of the models, a number of the publications has ambiguous definition of parameters that were chosen - for example the heat transfer coefficients that were used
to complete the calculation, as well as lack of proper documentation on how some of the simplification were achieved
among others. Among all the different terms that were used to
describe the same phenomena, it appears that all three groups
struggled in dealing with the humidity - and latent heat exchange caused by them. The Shukuya model provides a much
more detailed model involving in much of the vapor pressure,
but was questioned by Wu in 2013 of validity of using liquid
water as the product of metabolism[17].
5

CONCLUSIONS

The resulting exergy consumption rate of the three models
agrees well with one another within its trend instead of the
actual model. The discrepancies, on the other hand, shows the
need for the three hub’s model to be further investigated by
more researchers - this is especially important since it could
entirely have been some of the assumptions that I took from
one piece of publication within a group onto the one for the
comparison.
Reproducing these results was challenging and difficult which could partially be attributed to the lack of documentation and cross-verification between the different models. It
occurs to the author that it is necessary to conduct further
studies to verify the capabilities of those models individually
to account for the differences in thermal sensations - and potentially the strengths that can emerge from combining those
models to reflect the actual thermal sensations of a human
body.
It is worth noticing that despite all models suggests that the air
properties should feed back in corresponding to the moist air
properties, most appears to have used variable humid air thermodynamic properties, e.g. specific heat, partial pressure(and
saturation pressure) as well as humidity ratio. Similarly, the
skin temperature and core temperatures were all hold constant around a ’neutral temperature’ for the duration of the
simulation, hence the inherent limitations of all three models. It would be very interesting to test for different algorithms to ensure that the skin temperature and core temperatures can also reflect both the activity and environmental parameter changes for a dynamic simulation for future transient
simulations.
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ABSTRACT

INTRODUCTION

Increasing occupant satisfaction in indoor environments is
essential to any successful business [23], and, thus
performance. Accordingly, physical, emotional, mental and
spiritual needs have been identified as the core
requirements, which effect occupants to feel and perform
better. For example, when employees at a company
perceive that any one of their four needs has been met, they
report a 30% higher capacity to focus, a nearly 50% higher
level of engagement, and a 63% greater likelihood to stay at
the company [21]. Among 4 core requirements, a number of
scientific studies have clearly shown that the performance
capacity is directly affected by the comfort offered by the
physical environment [9]. In particular, thermal comfort
and air quality form an important part of the physical
environment. Due to the fact that people spend more than
90% of their time in buildings, it is essential to maintain
satisfactory conditions in indoor environments [16].
Especially, students spend approximately 30% of their time
in classrooms [6], in which thermal comfort conditions and
indoor air quality highly affect their concentration, learning
performance and productivity [10, 14, 17, 18, 20, 25].

Thermal comfort conditions, as well as CO2 concentration
in educational buildings, indirectly affect students’
attention, comprehension and learning performance.
Although the standards recommend thresholds for both
thermal comfort conditions and CO2 concentrations in
indoor environments, the perception of students might also
affect their performance. This study aims at understanding
the relationship between students’ perception towards
existing conditions and actual measurements. A university
building, which is located in the Mediterranean climatic
region of Turkey, was selected as a test site. CO2
concentration, indoor air temperature, mean radiant
temperature, relative humidity and air velocity were
monitored for ten days in the heating season. In addition, a
survey study was conducted to understand the perception of
occupants. Predicted Mean Votes (PMV) were calculated to
assess the thermal comfort conditions of the classroom
whereas CO2 concentrations were evaluated according to
ASHRAE Standard 62.1-2016. The correlation between
PMV values and CO2 concentrations were analyzed via
Pearson correlation coefficient. Moreover, the effects of
occupants’ thermal sensation, relative humidity and air
velocity perceptions on the CO2 perception were analyzed
via cross-tabulation and chi-square independence tests. The
main results show that: (1) 53% of measurements exceed
the recommended target value of 1000 ppm by ASHRAE,
(2) there is a strong positive correlation between PMV
values and CO2 concentration, (3) CO2 perception of
occupants are influenced by thermal sensation as well as
relative humidity and air velocity perceptions.

The measurements of indoor air temperature, relative
humidity, air velocity and mean radiant temperature are
used to assess thermal comfort by calculating Predicted
Mean Vote (PMV) which is indicated by thermal comfort
standards [2, 13]. Moreover, the measurements of indoor
CO2 concentration can be used to assess indoor air quality
as the acceptability of a space in terms of human body odor
and comfort indoor air quality [1, 4]. The CO2 level of
1000 ppm is not a standard but it is accepted as a guideline
(surrogate for odors) according to ASHRAE standard 622016 [4]. In addition, World Health Organization (WHO)
also accepts this level as a permissible concentration for
indoor environments since when the CO2 concentration in
an indoor environment exceeds 1000 ppm, occupants may
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complain about headaches, nose and throat ailments,
tiredness, lack of concentration, and fatigue [12, 15].

ventilation and air conditioning (HVAC) system with
controllable thermostat and the space has mechanical and
natural ventilation. It was observed that none of the users
changed the status of the doors / windows during the tests
and the HVAC was operating at high phase. It should be
noted that the classroom were exposed to direct sunlight
and no radiant heaters or hot metals existed in the
environment during measurements.

Recent studies conducted in schools show that the indoor
CO2 concentration usually exceeds the threshold of 1000
ppm and thermal comfort conditions are not met [7, 19, 20,
25, 26]. Dias Pereira et al. [7] assessed the indoor air
quality and thermal comfort of Portuguese secondary
classrooms by field measurements and subjective surveys.
The field measurements’ results show that the concentration
of CO2 and indoor temperatures frequently exceeded the
national and international reference limits whereas the
subjective surveys’ results indicated that students adapted
these conditions. Sarbu and Pacurar [20] assessed thermal
comfort as well as CO2 concentrations in a university
classroom. The results indicate that in the absence of a
cooling system, the classroom was assessed as slightly
warm and the CO2 concentration reached a value of 2400
ppm whereas, after opening the windows manually, the
classroom was assessed as neutral in terms of thermal
comfort and the CO2 concentration decreases significantly
1500 ppm. Stazi et al. [24] used thermal comfort and indoor
air quality correlations in a school building in Italy to
develop an automatic system for window openings. The
research was carried out in two adjacent classrooms. The
results show that students usually suffer from high CO2
concentrations. However, their adaptive actions firstly,
were caused by to improve the thermal comfort while
secondly, were caused by to improve the air quality. The
findings of this study show that the perceptions of
occupants are affected by thermal comfort conditions
compared to air quality. This hypothesis is also supported
by several researchers [10, 20]. Therefore, it is important to
investigate the relationship between the CO2 perception
and thermal comfort perception of occupants.

TESTO Thermo-Anemometer Model 435-2 and its probes
were used for measuring the indoor environmental
parameters including indoor air temperature, mean radiant
temperature, relative humidity and air velocity. All
instruments were calibrated before measurements to ensure
reliability and accuracy in readings. Probes were placed as
centrally as possible in the classroom and positioned at 1.1
m. height from the ground level, which is in strict
accordance with the prescriptions of ASHRAE Standard
55-2013 [2]. Measurements were logged at intervals of 5
minutes. The indoor air temperature, mean radiant
temperature, relative humidity and air velocity values were
used to calculate the PMV values via ASHRAE thermal
comfort tool [11]. The PMV values were assessed by
checking the compliance with ASHRAE Standard 55-2013
[2] whereas CO2 concentrations were evaluated according
to ASHRAE Standard 62.1-2016 [4]. Table 1 presents the
details of the measurements and descriptive statistics of the
indoor environments parameters.
The perception of occupants with respect to thermal
sensation, relative humidity, air velocity and CO2 are
obtained via a survey, which was conducted simultaneously
with the measurements. The survey was developed based
on BS EN ISO 10551 [5] and ASHRAE Standard 55-2013
[2]. Occupants were requested to indicate their thermal
sensation on a 7-point thermal sensation scale ranging from
cold (-3) to hot (3). The relative humidity, air velocity and
CO2 perceptions were requested on 3-point scales. The
scale for relative humidity included dry (-1), neither dry nor
humid (0), humid (1) options; the scale for air velocity
included low (-1), neither low nor high (0), high (1) options
whereas the scale for CO2 concentration included bad (-1),
neither bad nor good (0), and good (1) options. The
participants were allowed to mark the discrete points.
Besides, the occupants were requested to indicate their
clothing on a checklist, which is then used for calculating
the actual clothing level. It should be noted that 0.01 clo
was added to all calculated clothing levels in order to take
into account the thermal insulation of the wooden chairs. A
total of 235 users were included in the study. All users were
in the age range of 20-25 and the majority of users (%84)
were male. Since the study was conducted during lessons,
the metabolic rate of users was quantified as 1.0 met, which
corresponds to reading and writing activities according to
the ASHRAE Standard 55-2013 [2].

This study aims at investigating whether there is a
relationship between PMV values and CO2 concentrations.
In addition, the effects of occupants’ thermal sensations,
relative humidity and air velocity perceptions on the CO2
perceptions were analyzed via statistical analyses. The
following section of the paper describes materials and
methodology. Then, findings and conclusions are presented.
2 MATERIALS AND METHODOLOGY
2.1 Data Collection

In this study, a university building, which is located in
Izmir, Turkey, was selected as a test site. Under the Köppen
climate classification, Izmir is included in the C zone and
Csa type, which is known as the Mediterranean climate.
The study was conducted for ten weekdays in November
2016 which represents heating season for Izmir.
Field measurements and subjective surveys were performed
simultaneously in the most commonly used classroom
during occupied hours. The classroom has 132 seats and has
140 m2 floor area. There are four operable windows with
dimensions of 2.7 m x 2.35m. There is central heating,
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Day

Duration

1
2

100
85

3

135

22

864

154.5

23.3

0.65

22.5

0.67

49.4

2.14

0.02

0.04

4

130

25

879

106.9

24.2

0.45

25.1

0.80

42.9

0.89

0.02

0.03

5

70

15

678

115.8

19.7

0.74

21.2

1.04

34.4

0.54

0.01

0.02

6

205

33

1142

223.3

23.3

1.52

24.3

0.26

32.1

2.89

0.01

0.03

7

95

31

1178

269.8

26.6

1.46

26.3

1.43

38.4

3.29

0.02

0.05

8

90

23

1234

157.9

24.3

0.93

23.9

0.90

40.9

1.42

0.02

0.03

9

95

23

1423

459.2

24.1

1.04

23.2

0.79

35.2

2.41

0.02

0.03

10

130

22

1604

709.2

23.9

1.28

23.1

0.85

35.0

2.91

0.01

0.02

CO2 concentration
Indoor air
#of
occupants
(ppm)
temperature (°C)
Mean
Std
Mean
Std
11
632
160.4
23.3
0.33
27
1803
416.1
25.0
1.13

Mean radiant
temperature (°C)
Mean
Std
23.0
0.31
24.7
0.89

Relative
humidity (%)
Mean
Std
29.6
2.72
60.1
3.62

Air velocity
(m/sn)
Mean
Std
0.04
0.04
0.02
0.05

Table 1. Details of the measurements and descriptive statistics of parameters.

ventilated enough before the lesson has started. In the 5th
day, none of the measured data exceeded the 1000 ppm
permissible concentration value. This result might be due
to the short measurement duration (70 minutes) and few
number of students (15) occupying the classroom. On the
other hand, although the longest measurement duration (205
minutes) as well as the most crowded (33 students) day was
the 6th day, 31% of the measured data suggested a relatively
good air quality, with CO2 concentrations below 1000 ppm.
This result indicates that the CO2 concentration might not
necessarily accelerate over the course and that other factors
(i.e. manual control of building systems) have to be
considered. The maximum indoor CO2 concentration value
of 2500 ppm was exceeded in the 2nd and 10th days. This
result might be due to insufficient ventilation before the
lessons have started.

2.2 Statistical Analysis

IBM SPSS software [22] was used to conduct statistical
analyses for understanding:
 the relationship between PMV values and CO2
concentrations and the robustness of this relationship,
 the effect of occupants’ thermal sensations on the CO2
perceptions,
 the effect of occupants’ relative humidity and air velocity
perceptions on the CO2 perceptions.
First, the Shapiro-Wilk tests were conducted to evaluate the
normality of variables. The results of these tests were used
to select the statistical methods to conduct further analyses.
Accordingly, the Pearson correlation coefficient was
calculated to analyze the robustness of the linear
relationship between the PMV values and CO2
concentrations. Furthermore, the crosstabs were created to
select the suitable chi-square independence tests, which
were performed to analyze the effects of occupants’ thermal
sensations, relative humidity and air velocity perceptions on
the CO2 perceptions.

CO2 concentration (ppm)

3000

3 FINDINGS
3.1 Correlation between PMV and CO2

The CO2 concentrations recorded with 5 minute intervals
for each day are shown in Figure 1. The results show that
53% of the measured data exceeded the permissible indoor
CO2 concentration value of 1000 ppm stated by ASHRAE
62.1 Standard [4] and WHO. Moreover, it was observed
that 3% of the measured data exceeded 2500 ppm which is
the maximum indoor CO2 concentration stated by
ASHRAE 62.1 Standard [3]. On the 2nd day, all measured
data exceeded 1000 ppm whereas 11% of them exceeded
2500 ppm. The fact that even the first measured CO2
concentration data exceeded the 1000 ppm permissible
concentration value indicates that the classroom was not

2500
2000
1500
1000
500
0

0

1

2

3

4

max

5

Days

6

7

8

9

10

permissible

Figure 1. CO2 concentrations with 5 minute intervals for each day.

Comparison of PMV indices and air quality perception
votes are given in Table 2. It is observed that the average of
measured CO2 concentration in the 5th day (677.5
ppm) is higher than the average of measured CO2
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PMV

Day

Average of measured CO2(ppm)

Average of CO2 perception votes

1

-0.89

Slightly cool

632

-0.27

Neither bad nor good

2

0.19

Neutral

1803

-0.59

Bad

3

-0.57

Slightly cool

864

-0.32

Neither bad nor good

4

-0.13

Neutral

879

-0.56

Bad

5

-1.34

Slightly cool

678

-0.07

Neither bad nor good

6

-0.48

Neutral

1142

-0.73

Bad

7

0.26

Neutral

1178

-0.58

Bad

8

-0.50

Neutral

1234

-0.50

Neither bad nor good

9

-0.32

Neutral

1423

-0.78

Bad

10

-0.34

Neutral

1604

-0.77

Bad

Table 2. Comparison of PMV indices and air quality perception votes
st

concentrations on the 1 day (631.61 ppm). However, the
average of CO2 perception votes suggested the opposite of
the real situation and the occupants indicated that the indoor
air quality was better on the 5th day (-0.07) compared to the
1st day (-0.27). This result might be due to thermal comfort
conditions during the measurements. The PMV indices
were (-0.89) and (-1.34) on the 1st and 5th days,
respectively. Therefore the 5th day was cooler and that
might have affected the perception of occupants with
respect to indoor air quality. Similar case was also observed
in the comparison of the 4th and 8th days.

p=0.752 (p>0.05) and p=0.753 (p>0.05), respectively. The
results indicate that the values are normally distributed.

PMV
CO2

Table 3. The results of the Shapiro-Wilk and Levene’s tests.

According to the result of these tests, the Pearson
correlation coefficient was selected to understand the
robustness of the linear relationship. As a result, the
Pearson correlation coefficient was calculated as 0.673 at
0.05 significance level (p=0.033; p<0.05). Therefore, it can
be said that there is a positive and strong correlation
between the PMV and CO2 concentrations since 0.673 is
higher than zero and it is between 0.6 and 0.8 [8].
Moreover, the results indicate that PMV and CO2
concentrations move in the same direction, in other words
when there is an increase in the PMV value, the CO2
concentration also increase and vice versa.

CO2 concentration (ppm)

Moreover, the PMV indices show that the classroom was
neutral for 7 days whereas it was slightly cool in 3 days (1 st,
3rd and 5th days). In the latter case, the average of measured
CO2 concentrations were relatively lower than the rest and
only 5%, 18% and 0% of the measured data in those
particular days exceeded 1000 ppm. Therefore, there is a
need to understand the relationship between PMV values
and measured CO2 concentrations. In order to select the
suitable correlation coefficient to analyse relationship, the
scatterplot was created to check whether a linear
relationship exists between the PMV values and measured
CO2 concentrations. As can be seen in Figure 2, there is a
linear relationship between these values.

3.2. Investigation
Perception

1750
1500
1250

750
-2

-1

0

1

2

the

Factors

Affecting

CO2

Table 4 shows the cross tabulation of thermal sensation vs
CO2 perception of occupants. As can be seen from the
table, the majority of the occupants (70%) indicated that
CO2 concentration of the classroom was bad.

1000

-3

of

To understand the effect of thermal sensation, relative
humidity and air velocity perception of occupants on the
CO2 perceptions, the crosstabs were created by using the
answers gathered from the surveys (Table 4, 5 and 6). The
cells of the tables report the real frequency counts and the
percentages of the number of respondents.

2000

500

Shapiro-Wilk Test
Statistic
df
p
0.957
10
0.752
0.957
10
0.753

3

PMV

Figure 2. Scatter plot of average CO2 concentrations vs PMV.

Then, the Shapiro-Wilk normality tests were conducted.
The results are shown in Table 3. The results of ShapiroWilk test for the PMV and average CO2 concentrations are
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evaluated the CO2 concentration as ‘bad’. Moreover, only
7% of occupants who felt ‘humid’ evaluated the CO2
concentration as ‘good’. On the other hand, 17% of
occupants who felt ‘dry’ and 17% of occupants who felt
‘neither dry nor humid’ evaluated the CO2 concentration as
‘good’. To understand whether relative humidity has an
effect on CO2 perceptions of occupants, the Pearson chisquare independence test was conducted.

Thermal Sensation

CO2 Perception
Neither
Bad
good nor
Good
bad
Cold

0%

0%

0%

Cool

63%

21%

16%

Slightly
cool

48%

17%

35%

Neutral

66%

24%

10%

Slightly
warm

75%

18%

7%

Warm

93%

2%

5%

Hot

83%

17%

0%

The results of the chi-square independence test show that
only there is no cell that has expected count less than 5 for
relative humidity vs CO2 perception. Since the percentage
of cells have expected count less than 5 is smaller than 20,
the Pearson chi-square independence test was used for
assessing relative humidity vs CO2 perception. In addition,
standard asymptotic calculation was selected for the
significance level. For relative humidity vs CO2 perception,
the value of statistic is obtained as 17.318 with 10 degrees
of freedom and the probability value is 0.002, which is
lower than the confidence level of 0.05. This indicates that
the effect of relative humidity perception on CO2
perception of occupants is statistically significant.

Table 4. Crosstab for thermal sensation vs CO2 perception of
occupants.

In particular, 92% of the occupants, who evaluated the
indoor thermal environment as ‘warm’, evaluated the CO2
concentration as ‘bad’ whereas 48% of the occupants who
felt ‘slightly cool’ evaluated the CO2 concentration ‘bad’.
Moreover, there are no occupants who felt ‘hot’ and
evaluated CO2 concentration as ‘good’. On the other hand,
36% of occupants who felt ‘slightly cool’ and 16% of
occupants who felt ‘cool’ evaluated CO2 concentration as
‘good’. Therefore, it can be said that thermal sensation of
occupants has an effect on CO2 perception of occupants. To
validate this hypothesis, the Pearson chi-square
independence test was conducted.

Relative humidity
perception

CO2 Perception
Neither
Bad
good nor
Good
bad

The results of the chi-square independence test show that
four cells (22.2%) have expected count less than 5 for
thermal sensation vs CO2 perception. It should be noted
that the expected count for each cell is the product of the
corresponding row and sum totals divided by the sample
size and if it is higher than %20, the exact test must be
conducted to find Pearson chi-square’s p value. However,
since the data set is too large to conduct the exact p value
computations, the Monte Carlo estimate is used. It should
be noted that the Monte Carlo simulation yields extremely
close results to the exact test results. The Monte Carlo
option with a sample size 10.000 and a confidence level of
99% is conducted, which is the default in the exact test. The
value of the Pearson chi-square statistic is obtained as
37.467 with 10 degrees of freedom and the probability
value is 0, which is lower than the confidence level of 0.01.
This indicates that the effect of thermal sensation on CO2
perception of occupants is statistically significant.

Dry

67%

16%

17%

Neither
dry nor
humid

57%

26%

17%

Humid

85%

8%

7%

Table 5. Crosstab for relative humidity perception vs CO2
perception of occupants.

Table 6 shows the cross tabulation of air velocity vs CO2
perception of occupants. As can be seen from the table,
81% of occupants who indicated that air velocity was ‘low’
evaluated CO2 perception as ‘bad’ whereas 50% of
occupants who indicated that air velocity was ‘high’
evaluated CO2 perception as ‘bad’. Moreover, 33% of
occupants who indicated that air velocity were ‘high’
evaluated CO2 perception as ‘good’ whereas only 8% of
occupants who indicated that air velocity were ‘low’
evaluated CO2 perception as ‘good’. Therefore, it can be
said that air velocity perception of occupants has an effect
on CO2 perceptions of occupants. The Pearson chi-square
independence test was conducted to check this assumption.
The results of the chi-square independence tests show that
the percentage of cells that have expected count less than 5
(22.2%) is higher than 20% for air velocity perception vs
thermal sensation and since the data set is too large to
conduct the exact p value computations, the Monte Carlo
estimate was used. The value of the Pearson chi-square
statistic is obtained as 27.08 with 10 degrees of freedom
and the probability value is 0.0001, which is lower than the

Table 5 shows the cross tabulation of relative humidity vs
CO2 perception of occupants. As can be seen from the
table, 85% of occupants who felt ‘humid’ evaluated the
CO2 concentration as ‘bad’ and 67% of occupants who felt
‘dry’ evaluated the CO2 concentration as ‘bad’. However,
57% of occupants who felt ‘neither dry nor humid’
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confidence level of 0.01. The result shows that the effect of
air velocity perception on CO2 perception of occupants is
statistically significant.

temporary
solutions such as opening windows in
classrooms during breaks and increasing the frequency of
opening in order to lower the initial CO2 concentration at
the beginning of each class could be recommended.

Relative humidity
perception

CO2 Perception
Neither
Bad
good nor
Good
bad
Dry

81%

11%

8%

Neither
dry nor
humid

52%

29%

19%

Humid

50%

17%

33%
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ABSTRACT

In this regard, decentralized ventilation has recently gained
the attention of the market and technological solutions are
commercially available for both residential and tertiary
building sectors. The air exchange is realized across the
building envelope and multiple devices are installed to
satisfy the ventilation demand of individual spaces.
Decentralized ventilation benefits from several advantages
over traditional centralized installations, such as lower
power consumption (up to 50% lower average specific fan
power [2]) and reduced technical spaces (from 30 cm [3] to
60 cm [4] lower floor-to-floor height). In addition, the
downsizing of the ductwork can lead a higher degree of
compartmentalization of the spaces with a consequent better
control over the spread of pests, noise, odors, fire and smoke
[5]. Decentralized ventilation systems are however typically
more expensive to maintain because of the high number of
installed devices [6] and complementary solutions have to be
found to ventilate the core of the building. In addition, the
noise emission and the regulation of indoor humidity may be
relevant issues.
With respect to control strategies, demand-controlled
ventilation (DCV) reduces the energy penalty due
overventilation by controlling the outdoor airflow rate intake
based on occupancy level [7]. DCV has already been studied
in literature [1,8] and is widely recognized as a viable
ventilation strategy in standards and norms, e.g. ASHRAE
62.1 [9], EN 15251 [10]. In addition, DCV is valorized as an
energy efficiency measure in different building standards,
including LEED [11] and WELL [12] certification
programs.
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INTRODUCTION

The design of modern buildings pursue energy efficiency by
improving thermal insulation and air-tightness of the
envelope. As the heat losses across the building envelope
decrease, the adoption of effective ventilation technological
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solutions and control strategies is crucial to further lower the
building energy demand while satisfying thermal and IAQ
comfort standards.

The paper focuses on the energetic and economic
profitability of demand-controlled ventilation (DCV)
strategies implemented in a decentralized ventilation
application for tertiary office buildings.DCV consents to
modulate the ventilation rate over time and meet the
ventilation demand of the zone minimizing the energypenalty of overventilation. Its cost-effectiveness is
however not always guaranteed, since it depends on
buildings use, climate, HVAC features and it should be
assessed for each application [1].Numerical simulations
are carried out for a set of representative European
climates to compare the effectiveness of three sensorbased demand-controlled ventilation strategies with a
baseline control strategy. To this end, numerical models
of the reference zone and the ventilation unit are
developed in TRNSYS and the occupancy profile is
defined with a stochastic approach to provide a more
realistic user behavior.It is found that the energy savings
(heating, cooling and fan energy consumption) achieved
with sensor-based demand-controlled ventilation are very
limited for the selected application in all scenarios.
Energy efficiency measures – such as the use of a highefficiency heat recovery unit, the exploitation of free
cooling or the installation of an high-performance
ventilation unit – can significantly limit the energy
savings achieved with DCV.

1

3

Demand-controlled ventilation can be operated based on the
input of sensors, such as CO2 tracers or passive infrared
(PIR) sensors. CO2 tracers measure the concentration of
carbon dioxide, which is considered a predictable indicator
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of human occupancy. They should be located at the normal
breathing zone height [13] and away from doorways, heat
sources, people and air inlet devices [14] or, in alternative,
in the ventilation system return ductwork [15]. Different CO2
control strategies have been studied in the last decades, from
the simple on/off and proportional control strategies to the
more sophisticated PID algorithms [16] and fuzzy logic. PIR
sensors detect infrared light radiation from objects in the
field of view (typically 6-10 m distance, up to 360° angle).
They are typically inexpensive and easily integrated into
artificial lighting, heating and alarm systems. Other options
may be the interaction with light switches or with the radio
frequency identification systems that provide access to
locked building doors.

of overventilation and thus also the maximum space
heating energy savings achievable with DCV.
• In literature, it is reported that the savings achievable with
DCV in office buildings are lower with respect to other
building typologies because the occupancy schedule is not
as unpredictable and variable.
As discussed above, DCV is an interesting solution but the
energy benefits need to be accurately quantified to
understand at which extent DCV is profitable for this
specific application. For this purpose, system simulation can
effectively assist the product design process. As seen, a
variety of sensors with different degrees of accuracy can be
used to detect the level of occupancy. In order to define the
range of profitability, three DCV strategies based on an
occupancy sensor, a people counter and a CO 2 tracer are
developed and expected energy and cost savings for a typical
office cell are evaluated in comparison to a baseline scenario.

Concerning energy-related issues, demand-controlled
ventilation is likely to reduce the energy demand (heating,
cooling or fan energy use) in nearly all buildings and
climates [8], but most authors report that the costeffectiveness of the solution largely depends on climate,
occupancy, building thermal load, energy prices and HVAC
system features [1,8,17]. The International Energy Agency
in EBC Annex 18 [18] reported that the highest energy
savings are achieved in buildings where the occupancy is
highly variable and unpredictable such as sport centers (up
to 60%), assembly halls (up to 50%) and department stores
(up to 70%). The potential energy savings are instead lower
in office buildings (20-30% for 40% average presence and
3-5% for 90% average presence). In other works, the
implementation of DCV in office spaces allowed to reduce
the gas consumption of 30% for different locations [17] or
the total annual energy load (heating and cooling) of roughly
20% [19].

2

FAÇADE CONCEPT

The façade module is a pre-fabricated unitized curtain-wall
façade module that integrates a ventilation unit designed to
provide ventilation (up to 300 m3/h fresh air) and space
heating/cooling to typical office cells (Figure 1). The
ventilation unit is hosted in the parapet of a façade module
and is connected to the exterior by two apertures realized on
the side and on the bottom of the lower infill element. The
ventilation unit is wrapped in a layer of thermal insulation
material to reduce the thermal transmittance of the façade
module.

These topics are faced within the framework of an R&D
collaboration with a building façade manufacturer (Stahlbau
Pichler Srl) and an HVAC manufacturer (Bini Clima Srl).
The project aims to develop new concepts of unitized
curtain-wall façade modules for tertiary office buildings. In
this context, a decentralized ventilation unit is conceived and
a mock-up is assembled and tested in laboratory.
At this stage of the project, the optimization of control
strategies is a key step to enhance the performance of the
ventilation unit and improve the management of the
airflows: DCV can be embedded in decentralized ventilation
units with limited efforts, as no extra investment for VAV
boxes is required.

Figure 1. View of the reference office zone

Nevertheless, the energy savings achieved with DCV in
decentralized ventilation concepts in office buildings are not
clear-cut:

A simplified layout of the ventilation unit is presented in
Figure 2. The combined electrical consumption of the two
EC fans (M1 and M2 in Figure 2) ranges between 0.09
Wh/m3 to 0.4 Wh/m3 depending on the operation mode. The
ventilation unit is equipped with a counter-flow heat
recovery unit (HRU) with an effectiveness ranging between
83% and 89% in compliance with ErP Directive
2009/125/EC that can be entirely bypassed when convenient.
A F5 class filter and a G4 class filter (F1a, F1b and F2) are
mounted respectively in the fresh and return air ducts. A twoway valve (V1) controls the water flow in the air-water heat

• Decentralized ventilation units typically operate at lower
air pressure drops and specific fan power with respect to
centralized solutions. As consequence, the maximum
electricity savings achievable with DCV are limited.
• The installation of a high-efficiency heat recovery unit in
the ventilation unit in compliance with ErP Directive
2009/125/EC [20] is expected to reduce the energy penalty
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exchanger, whereas three dampers outline the air circuits in
the ventilation unit. More specifically, damper S1 and S3
control the bypass of the HRU, whereas damper S4 regulates
the recirculation of indoor air.

Airflow diverters (Type 11e) direct the air stream to different
outlets depending on the control signal and tee pieces (Type
11g) mix two inlet streams at different temperature or
humidity. Their combination consents to arrange the aeraulic
circuits defined by the active working scheme. Leakages and
thermal bridges across the air ducts are not accounted in the
current model.
Laboratory tests are carried out on a first prototype of
ventilation unit and the thermal and electrical performances
of individual components are measured to tune the TRNSYS
model. In particular, the following tests are conducted:
• The electricity absorbed by the supply and return fans is
measured with the use of energy meters for a set of fan
speeds in all possible system configurations. A map of the
electrical consumption is then drawn for the design
working conditions of the ventilation unit and provided to
the TRNSYS model.
• The performance maps of HRU and water coil provided by
the manufacturers are counter-checked for a number of
points in heating and cooling working modes. More
specifically, it was verified that the experimental measures
of the heat transfer between the fluid streams (air-to-water
or air-to-air) correspond to the expected values. The
thermal behavior of HRU and water coil is modelled in
TRNSYS with the use of the validated performance maps
of the installed components.

Figure 2. Simplified layout of the ventilation unit
3

NUMERICAL MODELLING

A numerical model of the energy concept is developed in the
TRNSYS simulation environment [21]. Yearly simulations
are carried out by using a simulation time-step of 5 minutes.
The modelling activities can be summarized as follows:

• As the ventilation unit is integrated in the building
envelope, it is important to characterize its performance as
passive thermal “layer”. To this end, the lumped thermal
resistance of the ventilation unit is evaluated under
stationary conditions in a climatic chamber with the “hot
box” method. The thermal resistance amounts to 0.53
(m2K)/W and is accounted in the current TRNSYS model
as a resistive layer in the spandrel panel stratigraphy.

• definition of reference thermal zone and climates;
• development of a numerical model of the ventilation unit
and calibration with laboratory measurements;
• definition of stochastic occupancy profiles reproducing the
fluctuation of the time of arrivals, departures etc.;
• development and implementation of three sensor-based
DCV strategies and a baseline ventilation strategy.

3.2 Reference Thermal Zone

Because of the potentially high computational efforts, the
energy analysis of high-rise office buildings by means of
transient simulations needs adequate simplifications in the
development of a numerical model. To this end, common
praxis is to use a reference office cell for the assessment of
the energy demand of office buildings [23,24].

3.1 Ventilation Unit

The ventilation unit is conceived as a grey-box numerical
model where each component is modelled by Types from the
standard or TESS [22] TRNSYS libraries.
The supply and return fans are modelled as variable speed
fans (Type 111b) that can maintain any outlet volumetric
flow rate between zero and a rated value. As the Type cannot
directly handle pressure drop effects, the power consumption
of the fans is calculated separately using polynomials that
describe the dependence of the electrical consumption on the
volumetric flow rate for each aeraulic circuit.

The reference zone is identified as a typical office cell
(Figure 1) that is 4.5 m wide, 6 m deep and 3 m high,
resulting in 27 m2 floor surface and 81 m3 gross air volume.
The façade wall has south exposure and is composed of three
1.5 m wide façade modules, of which one integrates the
decentralized ventilation unit. Each façade module
delimiting the thermal zone has a 60% window-to-wall ratio
and consists of a non-openable window and a lower infill
element. It is assumed that internal walls, floor and ceiling
do not exchange heat with adjacent zones (adiabatic
conditions), whereas the exterior surface of the façade is
exposed to the external environment.

The HRU is modelled as an air-to-air heat exchanger by Type
760, which implements a “constant effectiveness - minimum
capacitance” calculation approach. The effectiveness of the
HRU is defined as a function of the volumetric air flow rates.
The sensible and latent heat transfer rates in the water coil
(Type 987) are defined according to a performance map
where water and air flow inlet conditions are used as
independent variables.

The thermal behavior of the office room is modelled with
Type 56. Thermal characteristics of the building envelope
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(opaque and transparent structures), internal gains,
ventilation and infiltration rates, shading factor and energy
generation and distribution efficiencies are listed in Table 1.

development. The climate datasets used in the simulations
are generated using the database Meteonorm 7. They contain
hourly values of ambient air temperature, humidity,
pressure, solar radiation, cloudiness and other
meteorological parameters for a one-year period. For
comparison purposes, Table 2 shows average climatic
parameters for the selected locations, including:

A setback strategy allows thermostat temperature variations
equal to -2 K (heating) and +1 K (cooling) during the closing
hours of the building.
Building assemblies – Glazing
W/(m2K)
W/(m2K)
W/(m2K)
W/(m2K)

• ϑamb,min and ϑamb,max are the annual minimum and maximum
dry-bulb ambient temperature;
• HDD12/20°C are the Heating Degree Days;

Building assemblies – Opaque surface
U-value

Stockholm
Stuttgart
Rome

0.26
0.33
0.57

W/(m2K)
W/(m2K)
W/(m2K)

11
1.5
0.15

L/s/pers
1/h
1/h

Parameter
Ig,h
Ib,h
ϑamb,min
ϑamb,max
HDD
CDD

Ventilation and infiltrations
Design vent. rate
Night cooling vent. rate
Infiltration rate

70
150

%
W/m2

0.08
70
7
15.9

kg/h/pers
W/pers
W/m2
W/m2

3
0.11

people
people/m2

• The measure of the CO2 concentration is accurate enough
to neglect the inaccuracy of the sensor (typically ±75 ppm
[26]);
• The indoor air volume is well-mixed;
• The outdoor CO2 concentration Cout and emission rate E
are fixed to 400 ppm and 0.31 L/min/person [8,9],
respectively.

Occupancy
Full occupancy
Crowding index
Setpoint temperatures
Heating
Cooling

Ep



C   C   1  e    Cout 
 6 10 4  1  e 

V





20 °C
26 °C



(1)

where:
C(τ) := indoor CO2 concentration at time-step τ [ppm];
Δτ := length of the time-step [h];
E := CO2 emission rate [L/min/person];

Energy generation and distribution
Avg. efficiency (gas boiler)
SEER (compression chiller )
Thermal losses in pipework

1637
1013
-1.4
33.1
1355
639

The indoor air quality is evaluated by calculating the CO2
concentration with a single-node model based on equation
(1) [1]. A number of assumptions is made:

Internal gains [26]
Persons – Latent gains
Persons – Sensible gains
Appliances
Artificial lighting

1104
524
-12.4
32.3
3220
163

Table 2. Annual climatic parameters

Solar shadings
Shading factor (when closed)
Beam radiation limit for activ.

Unit
kWh/(m2y) 953
kWh/(m2y) 478
°C
-16.3
°C
29.6
Kd
3998
Kd
92

Rome

• CDD18°C are the Cooling Degree Days.
Stuttgart

0.63
0.59
0.33
0.81
1.40
1.29
1.18

Stockholm

Stockholm
Stuttgart
Rome
Stockholm
U-value (glass)
Stuttgart
Rome
U-value (window frame)
g-value (glass)

• Ig,h and Ib,h are the annual global and beam solar irradiation
on horizontal surface;

90 %
3.5 10 %

Cout := outdoor CO2 concentration [ppm];
p := number of occupants [person];
λ := air change rate (ventilation and infiltration) [1/h];
V:= room volume [m3].

Table 1. Office zone boundary conditions

Three reference climatic conditions are selected for
simulation purposes. Stockholm (Sweden), Stuttgart
(Germany) and Rome (Italy) are chosen as they portray a
significant range of European climatic conditions and
represent relevant markets for the product under

3.3 Occupancy Profile

Occupants can actively influence the surrounding
environment with interactions such as window opening,

124

shading control, lighting control and use of electrical
appliances.

L/s/person, as prescribed for office spaces in UNI 10339 [28]
in compliance with UNI EN 15251 [10].

One of the most common ways of modelling occupancy in
buildings is by repeating one or more daily occupancy
profiles, which may be specific to the building use or to the
occupant type. In this case, the variability of the occupancy
patterns of all users is replaced with an averaged behavior,
with the underlying assumption that simulation outcomes are
not significantly affected by this simplification.

The fresh air intake is kept at the hygienic ventilation rate
(120 m3/h at full occupancy), unless the free cooling
potential is exploited. The supply ventilation rate can be
increased up to 300 m3/h recirculating indoor air to enhance
the heat transfer from the water coil to the office room.
The HRU is used to transfer heat between the fresh and
return air streams, but is by-passed when its use is not
convenient, typically summertime. The formation of ice in
the HRU during wintertime is prevented by mixing
recirculated indoor air with the fresh airflow before the inlet
of the HRU so that condensation does not occur in the return
air section of the HRU.

As the presence of occupants directly affects the ventilation
unit operations, a more realistic characterization of the room
occupancy is required. To this end, a stochastic approach is
used to model the fluctuation in time of arrivals, departures
and breaks, so that a more natural spread of occupancy
patterns is composed around the reference average daily
occupancy profile.

The control logic of the ventilation unit requires three inputs
that are (1) ambient air temperature, (2) indoor air
temperature and (3) occupancy level. The control logic is
formalized with a clear hierarchical approach, as shown in
Figure 4. Controllers elaborate feedback signals acquired by
temperature and presence sensors in Boolean format. The
operation schemes of the ventilation unit are defined as an
algebraic calculation of such Boolean variables. The control
signals are elaborated as combination of operation schemes
and modulation coefficients, which in turn can be constant
values or function of the measured variables.

In this work, the office room occupancy pattern is defined
through the stochastic approach formulated by Page et al.
[27] based on an inhomogeneous Markov chain interrupted
by periods of absence (weekends and holidays). During
regular working days, the state of presence (1-present or 0absent) at a given time-step (τ) only depends on the state of
presence at the previous time-step (τ-1). The probability of
transition (i.e. present to absent or vice versa) is time
dependent and is calculated according to a probability
presence profile and a “mobility parameter”. Average
occupancy profiles are commonly provided in energy codes
or standards for most building types. The mobility parameter
describes instead the probability of a change of state over
that of no change.

Figure 4. Structure of the control logic

Three advanced ventilation strategies (St2, St3 and St4) are
compared to a baseline strategy (St1), as described below:

Figure 3. Average occupancy profile during working days

• Fixed time schedule (St1, baseline). The ventilation unit
logic solely relies on a fixed time schedule that records the
opening hours of the building. The ventilation unit cannot
detect whether the room is occupied or not and thus
operates providing the design hygienic ventilation rate for
full occupancy (120 m3/h) during the opening hours of the
building;

In this work, the reference occupancy profile shown in
Figure 3 [25] and a constant parameter of mobility equal to
0.5 are used to generate a time series of the state of presence
for each user. The presence of multiple occupants sharing the
same zone is simulated by simply adding their presence
patterns, disregarding any possible interdependence. During
weekends and holidays (weeks number 1, 33, 34 and 52) the
office room is assumed to be empty.

• Occupancy sensor (St2). The ventilation unit detects
whether a zone is occupied or not (i.e. motion detectors,
light switch), but is unable to distinguish the occupancy
level. Consequently, the design hygienic ventilation rate

3.4 Ventilation Control Strategy

The control logic of the ventilation unit is designed to
guarantee thermal comfort and a ventilation rate of 11
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DCV allows to reduce the fresh air intake during hot days in
summertime. The fans electrical consumption is rather
constant among climates (4.5-5.5 kWh/(m2y)) and savings
up to 0.3 kWh/(m2y) can be achieved with DCV. Comparing
the three different DCV strategies, ventilation strategies St4
and St2 achieve respectively the highest and the lowest
energy savings in all locations.

for full occupancy is provided whenever the presence of
one or more users is detected;
• People counter (St3). The ventilation unit detects the
number of people in the room (e.g. thermal counters) and
the hygienic ventilation rate for the full room is scaled
proportionally to the occupancy level;
• CO2 tracer (St4). A gas tracer measures the indoor
concentration of CO2, which is considered a predictable
indicator of occupancy. The hygienic ventilation rate is
adapted to the actual ventilation demand, which is
determined comparing the CO2 concentration in the office
room to a threshold. A multistage control is implemented
and the hygienic ventilation rate is varied between 0 and
120 m3/h in a discreet number of steps according to the
stage level.
In all scenarios, a purge cycle equivalent to 2 1/h air change
rates is performed before the opening hours of the building
as recommended in UNI EN 15251 [10] to reduce any
appreciable buildup of non-occupant-related contaminants.
4

Figure 5. Fresh air intake and CO2 concentration (strategy St1)

RESULTS

Table 3 shows the simulation results for the three
representative locations and the four ventilation strategies
(St1, St2, St3 and St4). Annual space heating and cooling
energy demand and fans electrical consumption are
provided.
Location

Stockholm

Stuttgart

Rome

Strategy
St1
St2
St3
St4
St1
St2
St3
St4
St1
St2
St3
St4

Qheat
19.9
19.0
17.7
17.0
17.5
16.6
15.6
15.0
4.5
4.1
3.9
3.8

Qcool
Wel
2
[kWh/(m y)]
10.8
4.6
10.8
4.5
10.8
4.4
10.8
4.3
14.8
4.8
14.8
4.7
14.7
4.6
14.7
4.5
30.2
5.5
30.0
5.5
29.7
5.3
29.7
5.3

Figure 6. Fresh air intake and CO2 concentration (strategy St2)

Figure 7. Fresh air intake and CO2 concentration (strategy St3)

Table 3. Annual space heating (Qheat) and cooling (Qcool) energy
demand and fans electrical consumption (Wel)

As expected, space heating and cooling demand respectively
increase and decrease with latitude. The space heating
demand of the office zone ranges from 4.5 kWh/(m2y) in
Rome to 19.9 kWh/(m2y) in Stockholm, whereas the space
cooling demand ranges from 30.2 kWh/(m2y) in Rome to
10.8 kWh/(m2y) in Stockholm. The space heating energy
savings achieved with DCV are largely dependent on the
climate, with decreasing savings from colder climates (up to
2.9 kWh/(m2y) in Stockholm) to warmer climates (up to 0.7
kWh/(m2y) in Rome). Space cooling energy savings are
instead visible only in Rome (around 0.5 kWh/(m2y)), where

Figure 8. Fresh air intake and CO2 concentration (strategy St4)
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Concerning IAQ, the indoor air quality falls within class
IDA2 or better during all occupation hours in all scenarios,
according to the classification provided in EN 13779 [29].
Figures 5 to 8 show the fresh air intake and the CO 2
concentration in the office room during the same working
day for all ventilation strategies.
5

HRU is lower. Comparing the low-efficiency scenario to the
high-efficiency scenario, the space heating energy savings
achieved by St4 double in all the analyzed climates and
increase from 2.9 to 6.1 kWh/(m2y) in Stockholm, from 2.4
to 4.9 kWh/(m2y) in Stuttgart and from 0.7 to 1.6 kWh/(m2y)
in Rome. A modest reduction of fans electrical consumption
and space cooling energy demand can be observed with
respect to the data shown in Table 3. This is due to a slightly
lower average temperature in the office cell that reduces the
use of the cooling coil and of the free cooling operation
mode.

DISCUSSION

Overall, the energy savings achieved with the sensor-based
DCV strategies are modest and in general lower than the
results seen in literature. The reasons of such deviation can
be motivated by three factors.

To conclude, an economic analysis is conducted to evaluate
the profitability of DCV in the analyzed scenarios, assuming
a purchase cost of energy equal to 0.20 €/kWh for electricity
and 0.10 €/kWh for gas. Table 5 shows the energy-related
operation costs and savings for all scenarios.

Firstly, the electricity savings that can be achieved are
limited. As already mentioned, decentralized ventilation
units typically profit from modest pressure drops and low
fans power and thus the margin to reduce the electrical
consumption is limited. In addition, the ventilation unit is
sized for a design air rate of 300 m3/h that is needed to deliver
enough space heating and cooling power to the office cell.
As consequence, the electricity savings achieved adjusting
the ventilation rate in the range 0..120 m3/h are low.
Furthermore, the efficiency of the EC fans is not constant but
tend to decrease at low-very low airflows. Such an effect can
be hardly accounted with simpler models based on the use of
constant specific fan power values, but it can be appreciated
when the fans electrical consumption is tuned to the
performance of real components, as in this case.

Location
Stockholm

Stuttgart

Secondly, an intensive exploitation of free cooling during
occupancy hours is observed in all locations. When free
cooling is exploited, DCV is not fruitful as the fresh air
intake is increased over the minimum hygienic ventilation
rate to maximize the valuable cooling effect of ventilation.
This aspect is especially relevant for modern office
buildings, where the good thermal insulation reduces the
heat losses through the building envelope and the high
internal gains might cause overheating over peak hours also
during mid-seasons.

Rome

Stockholm
Stuttgart
Rome

Strategy
St1
St4
St1
St4
St1
St4

Qheat
28.3
22.3
24.0
19.1
6.5
4.9

Cost [€/y]
109.7
106.3
101.2
98.4
109.4
106.1
102.0
99.9
96.8
94.5
92.9
92.3

Saving [€/y]
3.3
8.5
11.2
3.3
7.4
9.6
2.3
3.9
4.5

Table 5. Annual energy-related operation costs and savings

The cost savings are low in scenarios, especially in Rome
where they remain under 4.5 €/y. Savings up to 9.6 €/y and
11.2 €/y are achieved in Stuttgart and Stockholm. It is also
observed that ventilation strategy St4 achieves the highest
cost savings with respect to the other strategies in all the
considered climates.

Thirdly, the use of a high-efficiency HRU has a significant
impact on the success of DCV. In order to support this thesis,
an additional set of simulations is performed assuming a
lower heat recovery efficiency equal to 50%. Table 4 shows
the energy results for ventilation strategies St1 and St4.
Location

Strategy
St1
St2
St3
St4
St1
St2
St3
St4
St1
St2
St3
St4

6

CONCLUSIONS

Based on the analyzed building and weather file, one of the
preliminary conclusion is that the implementation of a
demand-controlled ventilation (DCV) strategy in a
decentralized ventilation unit such as the one developed does
not lead to significant energy or cost savings. With respect
to the baseline scenario, the highest cost savings are
achieved with the use of a CO2 tracer (strategy St4). In this
case, the energy bill can be reduced of 4.5 €/y in Rome, 9.6
€/y in Stuttgart and 11.2 €/y in Stockholm.

Qcool
Wel
2
[kWh/(m y)]
10.6
4.4
10.7
4.2
14.6
4.5
14.6
4.3
29.9
5.2
29.5
5.1

The simulation work allowed to verify how energy
efficiency measures such as the use of high-efficiency
HRUs, the exploitation of free cooling or the installation of
ventilation units with low specific fan power are not synergic
to the use of DCV and may reduce its cost-effectiveness.

Table 4. Annual space heating (Qheat) and cooling (Qcool) energy
demand and fans electrical consumption (Wel). (HRU eff: 50%)

The annual space heating energy savings achieved by St4 are
much more significant when the sensible efficiency of the
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14. Stymne, H., Sandberg, M., Dispersion pattern of
carbon dioxide from human sources - a factor to
consider in demand controlled ventilation systems,
Demand Controlled Ventilating Systems – Case
Studies, IEA Annex 18 (1992).

Future studies could investigate the link between average
occupancy level and energy savings and define at which
conditions the implementation of DCV in the developed
decentralized ventilation unit is profitable. Moreover, a
sensitivity analysis could be carried out to understand how
design choices such as thermostat temperatures, façade
assemblies or building use affect the overall effectiveness of
DCV.

15. Reardon, J. T., Shaw, C. Y., Vaculik, F., Air change
rates and carbon dioxide concentrations in a high-rise
office buildings, ASHRAE Transactions 100 (1993),
pp. 1251-1263.
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ABSTRACT

How do people interact with buildings? A building is a system, with many components that can affect energy use and
thermal comfort. Designers and engineers using energy simulation typically assume inhabitants’ interaction to be fixed,
scheduled or rule-based, as opposed to being active. They are
constrained in their design deliberations by lack of knowledge
and models of how people use buildings. On the other hand,
inhabitants do not comprehend the effects of their interactions
with building systems and elements about comfort and energy
usage, because data on both usage and control is not visible,
and effects are time-delayed. Inhabitants experiencing discomfort have multiple options from which to choose but have
insufficient information on the effect of these options on energy usage and comfort.
Light Weight Look Ahead Options (LWLA) focuses on the
impact of personal choices on comfort and energy usage in
buildings. LWLA predicts the energy usage and comfort levels in the building due to inhabitants interaction and compares
it with the existing building conditions. LWLA is novel in its
approach as it provides the inhabitants with possible actions
and their effect on energy usage and comfort in the buildings. A user study reveals that LWLA helps the inhabitants’
to learn, negotiate, weigh choices (make decisions) towards
more sustainable interactions.
ACM Classification Keywords

H.5.2 Human-centered computing User centered design: See:
http://www.acm.org/about/class/1998/ for more information and the full list of ACM classifiers and descriptors.
1

INTRODUCTION

Building performance evaluation has become an integral part
of the design process for designers, architects, and engineers.
The availability and simplification of energy analysis tools
in parametric modeling software have increased the building performances. However, are we as designers, architects,
and engineers missing any key factors? Are the approaches
and methodology feasible for sustainable outcomes? Current simulation tools tend to focus on the physical aspects of
the building’s energy usage and, as a simplifying assumption
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confines the consideration of the inhabitant’s interaction to
fixed, scheduled or rule-based behavior. The literature identifies how inhabitants use buildings have a larger impact on
the energy consumption and is one of the reasons for the
vast difference between the predicted and actual energy usage [4][9][3]. De Wilde summarizes the root causes of the
performance gap between predicted and actual energy efficiency in buildings. He highlights the importance of how
buildings are operated after being occupied and shows the discrepancy between design assumption and actual usage by the
inhabitants in the buildings [6]. Post-occupancy evaluations
have revealed that occupancy hours/schedule [3] [10], expectations of comfort [7][5], plug loads [10], lifestyle [12][11],
available control [4][2], and behavior patterns [1][11] are
also causes for the difference.
On the other hand, people are unaware of the effects, their
interactions with building systems and elements create with
comfort and energy usage. Inhabitant adaptation in buildings is complicated! Individual actions will vary because of
comfort preferences, body type, clothing preferences, cultural
habits, knowledge on building science, awareness of sustainable practices and the contingencies of life. These parameters
are not limited; there might be more which we are not aware.
When there is more than one person, more complexity creeps
in as people vary. So how do inhabitants resolve issues of
discomfort in buildings? What drives them to take a particular action? Is action based on comfort or others present in
the house or is it the weather or is it the economic condition? The questions are murky; their answers more so. How
can such parameters be considered in energy simulation by
designers? This research probes on following issues: How
do designers consider inhabitants’ building usage? How do
people use buildings? It is complicated for designers to consider every parameter of the individuals in a household. On
the other hand, how do the inhabitants understand the design
intent of the building? Could such gaps be met by revealing
information (simulation data) to inhabitants? These thoughts
lead us to the following questions: Will inhabitants change
their choices on seeing information related to their actions in
a building? Will revealing comfort and cost information on

inhabitants’ interaction with building systems and elements
affect choice of actions? Further, by providing the all possible options of comfort and energy consumption related to
their context influence decisions?
Currently, monitoring systems allow inhabitants to observe
their energy consumption in the building and predict their usage for the following month. Though this shows the data,
it does not provide information on comfort levels, possible
options and its effect on energy usage. Recent research like
connected home [8] attempts to understand inhabitant behavior in a non-intrusive way and optimize inhabitant choices.
Sustainable connected home research [8] is closely related to
LWLA, but does not explore the possible choices of interaction with comfort and energy usage. LWLA represents the
information through quick simulation. It provides the possible options to the inhabitants for decision-making. While a
system may assume the inhabitants are comfortable, they may
not feel comfortable. Hence, to understand inhabitants’ interactions in the buildings we propose a system “Light Weight
Look Ahead Options (LWLA),” a dialogue between buildings, its inhabitants, and, by reflection, its designers. LWLA’s
basis is multiple rapid simulations of inhabitants’ interaction
with the controls and elements.
2
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KEY CONCEPTS OF LWLA

LWLA core concepts consist of four key points: Lightweight
system design; look ahead in alternatives, context and time;
interaction models to accommodate different levels of interaction for the inhabitants; and data comparison for facilitating
sustainable actions. See figure 1.

RESEARCH APPROACH

The research design consists of two parts. Firstly, we designed an system prototype aimed at aiding inhabitants to visualize their comfort levels and energy usage in the buildings.
The comfort and energy data visualizations are on the inhabitants’ interaction with the building elements (like windows,
doors, and blinds), building system (like the thermostat) and
personal variables (like clothing, activity). Secondly, we conducted a qualitative research study at the participant’s houses
to understand who they are, How do they adapt? How the
system assists them to adapt?
2.1

We propose Lightweight look ahead options (LWLA), an interactive data visualization that runs a quick simulation of
inhabitants’ interaction with building systems and elements.
LWLA predicts the energy usage and comfort levels in the
building about an inhabitants interactions and compares it
with the existing conditions.

Light weight look ahead options

Let us look at the following scenario: I feel very warm.
“When Jane returns home after exercising, she finds the room
temperature very warm.” Here, the inhabitant has various options to choose from: a) open windows, b) open windows
and lower thermostat, c) lower thermostat, d) pre-set thermostat before activity, e) go out of the building for some time,
or e) remove jacket. Each option has its effect on building
energy usage and also how inhabitants (Jane and others) perceive the effect of Jane’s interactions with the controls and
the building elements. Further, every action affects the future, not the present. Some time must elapse before the effects of an action become clear. Some effects, notably energy
use, are notoriously hidden from view. It is hardly surprising
that inhabitants do not clearly understand the effects of their
comfort-seeking actions. Yet, understanding is a prerequisite
to effective control.

Figure 1. Key concepts of Lightweight Look ahead Options

Light Weight: Energy data in a building can be extensive
and complex. Providing all the information to the inhabitants
will impose cognitive load. Hence, we propose to design a
lightweight system.
Look Ahead: Foreknowledge of the effect of the actions
taken in the building may influence current action. For example, an individual leaving windows open in winter might get
immediate comfort satisfaction. However, they are not aware
of the following things: its effect on energy usage, its effect
on comfort over time, and how it might cause discomfort for
future actions. The inhabitants may be aware or unaware of
other options to take and their effect on comfort and energy
usage. Current energy visualizations display energy usage
for the actions performed in the buildings. They do not predict the effect of future actions by the inhabitants. Hence, we
propose Look Ahead for how interactions with building elements and systems affect comfort and energy usage. LWLA
provides look ahead for three main aspects: context, possible
alternatives and time.
Look Ahead Alternatives: As described in the scenario “I feel
very warm,” inhabitants have various choices to achieve their
comfort goals, but are unaware of the available options nor
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may they understand them. Hence we propose “Look ahead
alternatives.”
Look Ahead in Context: An inhabitants comfort levels vary
relevant to their activities, clothes and body type. Hence, we
propose to predict the alternatives with respect to context.
Look Ahead in Time: The inhabitants interactions in the
building affects the future and not the present. Some time
must elapse for the actions to become clearer. Hence, we propose to predict the actions in relation to time.
3.1

System Description

We identified three types of interactions based on the literature study and typical residential use. Firstly, “I feel” is
an expression an inhabitant makes to the system like “I feel
very warm” or “I feel cold.” It depends on the feelings of
the inhabitants, where they express their discomfort in simple
terms. These feelings are dependent on two factors, existing
building conditions and personal variables of its inhabitants.
There might be other unknown factors too. The scenario “I
feel very warm” was taken from Jane’s experience. In this
particular instance, “I feel very warm” has a relation to Jane’s
preceding action. The preceding action here was “exercise.”
Exercise increases the metabolic rate of a person. This can
be the sole reason for discomfort or it could be an additive
based on the building’s energy comfort levels. Though in this
instance the scenario is related to exercise; there can be other
actions or situations that cause discomfort. Hence, “I feel
very warm” scenario can be applied to other situations and
actions too. For example, a person cooking in the kitchen can
feel very warm because of radiant heat. Appliances generate
heat. Cooking is also an activity and it increases the metabolic
rate of a person. These factors add to the existing heat levels
in the building. All these could cause discomfort for the inhabitant and time is an essential factor to be considered. How
long the person has performed an activity would also play
a role as it increases the body heat. The expressions in the
“I feel” model are the thermal sensation scale from Fanger’s
comfort model: Predicted Mean Vote (PMV), see Figure 2(a).
In the long run, when the system is implemented in buildings,
it would help in understanding the comfort scale model and
its issues.
Secondly, “If buildings could talk”’ (See Figure 2(b)) Here
a building acts as an independent agent that uses inhabitant profiles to suggest actions. For example, if the building is becoming hot, the system prompts or alerts the inhabitants to perform an action to increase comfort levels. This
method helps who would receive the information as the inhabitants are of varying ages and have different roles to play
in decision-making. Hence specific information could be
pushed or prompted to the inhabitants who play a major role
in decision-making. These methods of interactions are not
limited as we might discover other techniques during the research study. Lastly, “What if?” here the inhabitants inquire
about the actions, he or she is going to perform. For example,
opening windows or increasing the thermostat, these actions
could also be impulsive or driven by circumstances (for e.g.:
noise level is high, hence close windows). As shown in Figure 2(c), “What if?” model allows the inhabitants to explore
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Figure 2. The three interaction models: (a). “I feel” (b). “If buildings could
talk” (c). “What if?”

with the building’s systems (like thermostat, air condition),
elements (like windows, doors, blinds), activities and clothing type. This interaction allows the inhabitants to play with
the elements and controls of the building to be aware of how
it affects its energy levels.

Figure 3. Overall system design of Lightweight Look Ahead Options. The
number 3 is applicable for “I feel” and “If buildings could talk” as they generate possible alternatives. “What if?” considers two models for simulation:
existing and future

Figure 3 shows the system architecture of the LWLA prototype. It consists of three main components: (a). Interactive data visualization: The interactive data visualization is
a web interface designed with Html5, JavaScript, Jquery and

D3.js. This component consists of two-sub components inhabitants’ interaction and data visualizations. Here, the inhabitant’s choice of action is sent to the server and it updates the simulation results from the server. (b). Server: The
server is a common database, where the inhabitants’ interaction schedule and simulation results are stored. (c). Building
geometry and energy simulation: We modelled an existing
passive house taking into account the local weather conditions. The model was built in Rhino/Grasshopper and uses
Ladybug/Honeybee for energy simulations. It calculates the
comfort levels and energy usage based on the inhabitants current actions or expressions. The system has simple python
coding that process the possible options contextually. The
python programming is applicable only for “I feel” and “If
buildings could talk” model. Figure 4 shows how the files
are generated for parallel simulation.
Figure 5. Interface design for “I feel”model. The interface displays the
floor plans of the building. The comfort data are spatially located for the
main rooms like living, kitchen, bedroom, and office for easy correlation. Pie
chart is 24 hour timeline. Red represents “very warm” and blue represents
“very cold” in the comfort scale range. Possible options are shown in a dialog
box with comfort and heat comparison, pale yellow is less consumption, and
darker the green, higher the consumption

Figure 4. Conceptual model of LWLA in Grasshopper/Honeybee/Ladybug.
1- Tools used for building geometry and zoning, 2 - Vancouver weather data,
3 - Input data from server to generate possible options 4 - component for
python programming to derive values for parallel simulation based on the input conditions, 5 - Possible models for energy plus with different air schedule, 6 - Generates the corresponding files for parallel simulation, 7 - Output
to specific folder.

The drawback of the system was a delay in the feedback by
60 to 80 seconds. Running the parallel simulations took only
a few seconds as opposed to receiving and processing the information in the modelling tool. Hence, we had to reduce the
detailed scheduling of the inhabitants to single instances. We
decided to resolve the issue later because of time constraint.
4

USER STUDY

In designing LWLA, we imagined how people would use the
prototype. The purpose of the evaluation was to discover how
people might use the prototype and to discern potential future directions for development. To understand the threat of
design to validity, we collected information about the prototype’s usability, but this was not the main focus of evaluation.
Like all tools, LWLA changes the task environment in which
people act. Thus, it was important to collect information on
attitudes and actions both without and with the LWLA prototype in play. Overall, the study took the form of structured
interviews with participants, either individually or together
as couples. To gain a sense of how people actually conduct themselves, we ran these sessions in participants’ own
dwellings.
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Figure 6. Interface design for “What if?” model. The inner circle shows
the comfort data of the building with existing conditions and the outer ring
shows the data of inhabitants’ interaction with doors or windows, clothing
type and activity. This model shows only comfort comparisons.

We conducted the study with six apartment units, three
townhouses, four individual homes and a passive house. The
study had three parts: pre-questionnaire, task completion,
and post questionnaire. Data was collected through field
notes, photographs, audio and video recording. The study
took around an hour to 2.5 hours. Children were not included
in the study for the ethical reason. The inter-rater reliability
was evaluated in NVivo 11 using Kappa coefficient and
percentage agreement. The data were partially coded (for
three households) and considered two major sections of the
study: adaptations made and interaction models. We found
that adaptations made has good agreement and interaction
models has moderate agreement.

4.1

Findings

4.2

Why do inhabitants need LWLA?

The data were analyzed and categorized into four main
groups inhabitants profile, adaptations made, interaction
models and interface design. The inhabitant profiles take into
consideration the comfort preferences, energy concerns, roles
in household decisions, any cultural habits or any sustainable
actions the participants took. adaptations made is the major
part of the research study, which consists of personal actions,
adaptation using controls, control location, spatial arrangement, understanding a situation (like trade-offs or reasoning
about action), agency, design & construction and social context. interaction model considers how the system helps the
inhabitants to adapt to the environment and how each interaction model facilitates or hinders the interaction. Finally,
interface design identifies the barriers, annoyance, and trust
in the system design. The data presented here address three
questions to reduce the scope of the paper: Why do inhabitants need LWLA? How does LWLA help the inhabitants to
adapt? How can LWLA be improved? The inference comes
from the two main categories adaptations made and interaction models. In this paper, we present aspects of the findings
of particualr interest to the SimAud community.

Inhabitant comments confirm the utility of a LWLA-like system. We support this confirmation with representative participant quotes.
Inhabitants’ mental models of possible actions are limited
based on awareness, knowledge of the building, memory, and
comprehension of buildings.
Most participants mentioned that their primary interaction is
to adjust the thermostat. DM “... first of all we turn on and off
and second of all we probably, yeah DF puts on more cloth.”
Only a few participants mentioned that they would wear a
sweater. The other reason participant would increase the thermostat for is when there are extreme weather conditions, or
if they are staying at home, or if they are working at home
and feeling cold. IF “And it depends on what am doing. If
I am doing physical work and am cold in here, I am more
likely to turn the thermostat up. But I am sitting and reading, and he is working doing something and thinking if it is
not cold in here, I will tend to put more cloth.” Here the participant mentions the influence of activity on comfort issue
and the concern for the other member’s comfort. Participants
also mentioned they increase the thermostat for children or an
older person or guests. MM “My father is in his 80’s, MF’s
parents are in their early 80’s, and sometimes especially my
dad feels a little cool. We punch the heater one or 2 degrees
when he comes. That is probably the only time that we adjust
this.” The other reason participants will increase the thermostat is to avoid mold, humidity or moisture issue. DM “In the
den, if you do not turn on the heat when it is cold outside it
will create mold. It is not good to have mold in the building
that’s why we have to turn the heater on for it to be dry but
also the air in the room gets little dry, and it is uncomfortable,
and then we have to open the window.” While the heater is
increased to avoid mold the participants leave windows open
for comfortable room temperature. The interaction might be
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efficient for the inhabitants’ immediate comfort but the action
is not practical. It causes heat loss. When the participants
found the room overheated, they would either open windows
or turn on the fan to cool themselves. JM “We use the tower
(fan) because it is too warm.” FF adds to it by saying ”My son
likes to use the fan, we try to tell him that it is not necessary
because it is already cold but why does he want to use it, we
like to turn it off because there is no need.” FF stated that her
older daughter was just like that too. FF reasons that the room
is overheated during winter due to design as there is no heat
leak in their room. The building needs to breathe. Also, they
have only one control for theirs and the children bedroom.
LM was actively trying to save the bills and be sustainable by
closing the door to the bedroom while using the heat in the
living room. However, he said he stopped at a certain point
because he was not sure whether his actions had an impact.
LM “.. and because I sometimes wonder like just closing the
door, would it do any good.” LM said that they started to
leave the windows open while having the heat on in the living
room. Part of this issue could be resolved by having a programmable thermostat. However, technology can motivate or
discourage interactions. MM states “The only reason I would
not change the thermostat is this.. thermostat.. is usually I
find it unfriendly.” He continues to say it would be easier to
speak to the thermostat about the settings. MM “What I prefer to have in a thermostat ... it’s easier to say lower it for
two hours.”
Without knowledge comfort trumps energy.
During the study participants mentioned that they do not reduce the thermostat when they feel cold because it takes time
to heat the building. Also lowering the thermostat does not
give immediate effect to comfort. MM “The programmable
thermostat, we do not touch it much. We would not adjust
anything inside, and the only thing we might watch is open
windows, but it is not like it is be going to a cold day we try
out, and on a warm day we turn it down. We just let it run.”
Inhabitants adapt to their needs and comfort. LM highlights
that if the activity is going to influence his comfort, he will
not lower the thermostat but prefers to open windows. LM
“If I think the room is too hot, then I would turn down the
thermostat, but I am going to just know I am feeling hot because I am working in the kitchen, the room is cold the way
it should be, I am not going to touch the thermostat.” Here
are other things participants do to be comfortable during the
cold day. GM “Turn on the Gas fireplace, and then we crack
open the windows for fresh air.” Another participant from
the same apartment in different unit gave a similar response.
People leave the windows open with the heater on. PM “I
think it was because we were out exercising and it was really
hot cause you know if you go to bed when you are cold you
become warm and when we go to bed hot it’s hot all night.
So we open a window. Yeah.” PM lives in a passive house
with HRV installed in his house. Each participant had their
reasons to perform their action and was not aware of its effect
on the energy usage.
Agency, knowledge and time latency affect adaptation.

Agency must align with effect for a control system to have
an impact. For example, if an inhabitant has no access to mechanical system controls, (s)he will resort to actions that yield
comfort but may increase energy consumption. In a centrally
heated apartment, the inhabitants have less control to operate
for comfort. A couple mentioned that their building was too
hot, and they had no control to change the settings. Both EM
and EF say in unison “But you have no control.” Instead, they
adapted by wearing light clothes and walking barefoot in the
apartment. EF “here you have to wear slippers or socks, but
in my previous apartment it was so warm that we walk on the
warm floors.” No control leads to unwanted energy use. Also,
we found having too many or few controls affects the interaction and decision making of the participants. Adjusting all the
controls individually is a problem, LM “I find that annoying.”
In an individual house that is sublet, the owner has more control over the thermostat setting than the tenants. A participant
mentioned they were cold during winter and could not adjust the thermostat setting—so they were very uncomfortable.
The participant also highlighted that the kitchen was cold as
well. The owner preferred a different setting. Lack of agency
disrupts life. People living in apartments have different levels
of involvement in energy usage awareness. Some apartments
do not come with electricity included in their rents. So the
occupants pay the rent without being aware of their consumption. EF “So we really don’t know how much we are using.”
Not knowing the energy usage can demotivate participants
sustainable practices. KF explains her frustration of not having access to metering data. KF “We never get to see the meter for electricity. We do not know what our usage is. And we
do not know how the strata divide its electricity bills among
its residents.” People do not understand time latency. A few
participants mentioned that raising the thermostat does not
have an immediate effect on the room temperature. Hence,
they hesitate to lower the thermostat and made adaptations to
themselves like wearing (or removing) a sweater or covering
themselves with a blanket. Participants often look for immediate comfort relief rather than a long-term influence on their
actions and comfort. The time latency is dependent on the
presence of inhabitants in the building.
Others
Aesthetics and the view from the building influences sustainable action. KF lives on the mountain with a beautiful view
and finds the window as the best and worst feature. Her apartment height is approximately 16 feet high and is fully glazed
in the living room. KF “Yeah. Mostly in the winter, I think
because this unit has very high ceilings and it becomes very
difficult to keep it warm and expensive.” KF faces issues during winter as well as summer. KF does not have thermal
blinds, in her case even if they use partially closed blinds it
could make a difference. Their apartment building has an irresistible mountain view. It is a reason why KF finds it as
the best feature. KF “Honestly it is the windows. It solves
the problem because it is also the most fun.” KF is saying
that the problem of the cold room pacifies with the beautiful view. As a designer, one could contemplate on how to
incorporate the two things together. Lack of information on
energy usage hinders the participant’s awareness and moti-
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vation to take sustainable action. Inhabitants activity affects
their interaction as well. Video games affect healthy habits.
FF highlights an important factor that needs to be considered
in the design. “Especially for JJ (her son) I have to remind
him to turn on the light because he is playing video games.
He is in a room that does not have a big window, and it is
dark in there.” FF says how she has to remind her son to turn
the lights on as his concentration is only on the video games.
Saving energy is one aspect, but living healthy is important
too. As discussed in this section various factors influence the
interaction in buildings and suggest the need for a system to
show how actions affect energy use. LWLA covers only certain factors from the study. The study itself was to identify
the problem and the needs for interface design, which will be
considered for future design.
4.3

How does LWLA help the inhabitants to adapt?

In the three proposed models, “I feel” was highly preferred
as it relates to the inhabitants’ sense of comfort and provides
them with comparisons of possible options with cost (See figure 7). “What if?” model was the least preferred, as they
were not interested in making individual inquiries! But a few
participants mentioned that they would explore it for learning
and play. In, “If buildings could talk” participants found that
it would be annoying to receive constant notifications. On the
other hand, participants said it would be useful to set their
comfort and energy threshold with costs.

Figure 7. System dialogue in order of preference, Out of 21 responses 11
chose “I feel”. Two Participants chose “I feel” and “If buildings could talk”
as first preferences

Figure 8 summarises the reasons for participants choice of a
particular model. There was one participant who was profoundly influenced by advanced technologies. The participant mentioned that they would use these two model (“I
feel” and “If buildings could talk”) on a daily basis. She
also mentions that she would use the “What if?” model, for
fun, play, and for making informed decisions like replacing
existing blinds with thermal blinds. She concluded by saying “What if?” model could be more useful for retrofitting
with life cycle cost. For the “What if?” model, three participants mentioned they would like to initiate/explore or learn
about the buildings. These participants liked to plan everything. One participant felt she is the best judge of the economic constraints in their household hence preferred “What
if?” model over other models. Figure 8 shows the participants quoted and reasons for preferring different model over
other models.
Here’s how the participants compared the different models:

ploration. Users wanted to learn about the building but mentioned once they learn about the building they would have no
use for the model. Users suggested that it would be more
helpful for the “What if?” model to provide details in energy
efficient products they could install in the buildings with cost
comparisons. Most users found that “If buildings could talk”
design can be annoying with the alerts, but they mentioned it
would be nice to have notifications based on their preferences.
LWLA considers straightforward information like increasing
thermostat and lowering thermostat. These actions combine
interactions with doors, windows, activity, and clothing for
providing alternatives. Pre-questionnaire showed that even
though participants were aware of options like lowering thermostat, wearing a sweater, they choose actions that give immediate comfort relief. But participants noticed the difference in energy usage during the study. DM “So let me see
what I am doing, I am using a lot of energy here, ok so my
choices are not really efficient.” Alternatives helped them to
weigh choices. Pre-questionnaire also concluded that participants interact more with thermostat (increasing) during cold
weather than wearing sweaters. However, during the task
completion when the participants saw the difference in energy usage they choose to lower thermostat or lower thermostat and wear sweater.
4.4

How can LWLA be improved?

LWLA can be further improved by incorporating the following data:

Figure 8. Model comparison of the three interaction models

Information of their action and energy usage over a period.
For example, if they choose to open windows while having
the heater on, how much it will cost them over a year. Likewise, if they perform an action that saves energy and continues the habit how much energy they will save.

“I think the “I feel” will be easier for children; I would say
that the selections are faster and quicker but then if you are
teaching for learning purposes, that one (“If buildings could
talk”) would be good for children.”

Integrate other comfort issues like noise, smoke, visual comfort, lighting and heat from appliances to LWLA. Since the
model uses simulation at the backend, it was reduced to thermal comfort.

“I think “I feel” is the best because the whole point of doors,
windows, insulations, sweaters and thermostats it’s about us
feeling comfortable. So, if I am not comfortable, that’s really
what matters. Yeah so between the other two, I don’t know. I
think “If buildings could talk” is the last for me because if it’s
getting cold in here, I already know that”

The interaction models can be incorporated together. During the “What if?” task completion, after the inhabitants explored the options they were aware, they did not know what
to do next. In this case system could help them with suggestions.

“First I want to plan everything (“What if?”), the second if I
don’t want to think about that, it can remind me when I need
to do something (“If buildings could talk”).”
The reason “I feel” was highly preferred by the participants
is because it acknowledges their feelings and comfort levels
in building. The interaction was simple and easier as they had
to expresses only their discomfort. Participants were able to
consult and collaborate on making the choices, as they were
able to compare the different options related to comfort and
energy consumption. Few participants have expressed their
issues in seeing too many options, and they wanted it to be
categorized based on either energy, comfort or user preferences. The “What if?” model, was used for planning or ex-
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Incorporate multiple occupant comparisons. Participants
needed to see collective information of other inhabitants comfort needs to make decisions. QF “So my view on this would
be, suppose if I had a family and we all had this right. Say
7 of us, so A is hot, B is cool and I am in the middle. Would
be interesting if the last person in could take it and see that
information. I think you need to see what other people want.”
Participants need to know what to do when there is a big gap
in comfort needs, for example seniors versus children. One
participant highlights the need for inhabitants with health issues as they might have different comfort requirements.
Providing motivating factors or immediate feedback with
gratification will help in participant’s selection of actions .
QF recalls about her experience in energy decisions, “I lived

in a building in England for a while, and there you had to put
money in the heater if you want it to run. So in my bedroom,
If you wanted to be heated then you put money, and it was fascinating because you have to decide whether you wanted the
money or the heat every minute. We were all poor students, so
we had to look at our money and decide whether we wanted
the money or we wanted to warm up” She mentions “so that
is a very immediate feedback right?” She also continues to
express the need for knowing who is spending that energy.
QF “It would be easy for my daughter to turn the temperature because she does not care. However, your mother knows
you are turning it up, and you are the one that’s spending the
10 dollars and not your mother, then it comes to the place
where she might think do I value the 10 dollars” She emphasizes the need for the children to learn about energy usage and
cost. Providing a numerical value will help in the process of
saving energy.
Participants would like to have controlled automation and intelligence in the designed system. GM states that “It would be
cool if building learnt your preferences.” Though inhabitants
preferred the system to learn about their preferences they said
they would like to be in control.
Incorporate voice assistant in the system. When the model
was being presented to the participants they were excited
about the fact that they can simply say “I feel warm.” But
they were a little disappointed that they had to select a widget to express how they feel. In initial design we had thought
about voice recognition but did not incorporate it, to reduce
the scope of the project. During “I feel”task FF mentioned
“Yeah you can check the options and say you can turn the
thermostat off.”
The study serves as a base for proving the need for alternatives and providing the information to inhabitants influences
decision-making. The other parameters could be added in the
future study. In the long run, the data could be collected for
defining occupant parameters in energy modeling tool.
5

CONCLUSION

LWLA was designed to understand whether revealing information of the inhabitant’s action with building elements and
systems, and its effect on comfort, and energy usage over
time might bridge the gap between design intent and usage.
LWLA’s intent was to understand the effect of information on
sustainability motivated actions. LWLA addresses this issue
by providing information on comfort and its effect on energy
usage, and other possible actions inhabitants can take based
on the context. The information is provided spatially or located on building plans for easy understanding.
LWLA intent is to facilitate the following: low energy interaction and actions, to encourage personal adaptations, influence inhabitants’ choices by providing alternatives to context,
and to encourage them to learn about the influence of actions
on energy usage and comfort over time. Moreover, in the long
run, we aim to understand inhabitants’ actions on comfort and
energy usage as assumptions in energy modeling.
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Energy consumption reduction in buildings poses great
challenges to modern societies in which maintaining
thermal and visual comfort is occupants’ primary desire in
indoor environments. In order to determine satisfaction
levels of occupants, surveys are widely used to obtain
feedback with respect to thermal and visual perceptions.
However, low participation to the surveys might cause
misleading results, and, thus, result in defining wrong
strategies to maintain occupant comfort in buildings.
Therefore, factors that affect participation to the surveys
have to be analyzed so that the surveys can be distributed to
the most responsive profile. This study aims at investigating
the relationship between factors related to participant
profile (gender, age group, energy awareness level and the
number of energy activities attended) and survey
participation ratio. A survey was conducted in an office
building in France between December 19, 2016 and
September 25, 2017. A total of 93 occupants participated in
the study. The relationship between participation ratio and
the occupant related factors were analyzed via KruskalWallis tests. The results show that the energy awareness
level has a statistically significant effect on the survey
participation ratio whereas gender and age group have not a
significant effect on the survey participation ratio.
Therefore, this result is a proof that the energy awareness
levels of occupants have to be increased in order to reach
higher participation ratios.

Today, building systems rely on the standards to define
occupant comfort ranges [12]. In particular, ISO 7730 [9]
and ASHRAE 55 [1] standards are widely used to define
ranges for thermal comfort whereas ISO 16817 [8] is used
for visual comfort. However; these standards do not reflect
the preference of users, and, thus, do not ensure user
satisfaction [3, 4, 6, 13, 14, 16]. Subsequently, occupants
interact with building systems to ensure their comfort
levels, which in turn lead to increased energy consumption
in real situations. Therefore, occupants’ satisfaction and
preferences need to be considered as a complementary
source of information in building management systems. In
order to determine satisfaction, and, thus, comfort levels of
occupants, surveys are widely used to provide feedback
with respect to thermal and visual perceptions. However,
low participation to the surveys might cause misleading
results, and, thus, wrong strategies to maintain comfort in
buildings. Therefore, factors that affect participation to the
surveys have to be analyzed so that the surveys can be
distributed to the most responsive profile.

Author Keywords

Survey participation; gender; age group; energy awareness.
INTRODUCTION

Recently, maintaining satisfactory indoor environments for
users are essential to both facility managers and building
owners since it effects the interaction of users with building
systems, which in turn could increase the energy
consumption significantly. It should be noted that each
individual has his/her own requirements to feel comfortable
and that certain physical needs have to be met in indoor
environments. When these criteria are met, then the
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occupant can be described as comfortable [11]. In addition,
a number of scientific studies have clearly shown that the
performance capacity, job satisfaction, job enjoyment and
health are directly affected by the comfort offered by the
physical work environment [5]. In particular, thermal and
visual comforts form an important part of the physical
environment. Many studies have shown that the perception
of thermal comfort has a great impact on the satisfaction
with the workplace [7, 10, 15, 16]. In addition, visual
comfort is crucial for user satisfaction since light has a
positive influence on health and well-being due to a higher
level of lighting.

ABSTRACT

1

3

This study aims at investigating the relationship between
factors related to participant profile (gender, age group,
energy awareness level and the number of energy activities
attended) and survey participation ratio. The following
sections present the materials and methodology, and then
provide results and discussion.
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2

MATERIALS AND METHODOLOGY

This study considers the general research question of survey
response ratios along four factors related to participant
profile: gender, age group, energy awareness level and the
number of energy activities attended. It should be noted that
other sociodemographic parameters (i.e. income, education
level) could not be included in this study due to ethical
concerns.
2.1 Test Building

The study was conducted in ‘Challenger’ site, an office
building with 68 000 m2 and the headquarters of Bouygues
Construction located in Guyancourt, to the West of Paris,
France. Regarding the climatic conditions, summers are
warm and mild with no dry season. It receives
approximately equal rainfall every month during the year
and the average temperature of all months is lower than
22°C. The hottest month is July, when the maximum
temperature is about 24°C whereas the coldest month is
January, when the minimum temperature is 1°C in average.

Figure 1. Survey distribution zone on the second floor.
2.2 Survey

The energy sources used by the building are ground-source,
photovoltaic, thermal solar, electricity and a thermal
generator (security). Photovoltaic panels (dual PV-T solar
panels on roofs) produce part of the electricity necessary for
the operation of the buildings. The energies naturally
present in the ground (ground-source) and air (air-source)
are primary energy sources for the heating and air
conditioning of the buildings. Lighting system of the
buildings consist of fluorescent lamp tube and LED.

An online questionnaire was designed and distributed
repeatedly via email to building occupants in order to assess
the thermal and visual comfort conditions provided by the
building to its occupants as well as to extract information
about participant profiles including gender, age group,
energy awareness level and energy related activities.
Responses of the survey provide an indication as to the
performance of the lighting, heating, ventilation, and air
conditioning systems while providing direction for making
improvements to building systems in an attempt to provide
a continual comfortable environment for building
occupants.

Regarding the organization of the spaces, there are small
rooms, open space offices and meeting rooms. On the other
hand, the type of occupation in buildings is non-permanent.
The buildings involve different types of users: Employees,
energy managers, facility managers and visitors. The
building is generally occupied between 8:00 am and 7:00
pm during the weekdays.

2.3 Participants

The survey was distributed to 2 groups of occupants. The
first group consisting of 33 occupants were involved in the
study between December 19, 2016 and September 25, 2017
whereas the second group consisting of 60 occupants were
involved between July 07, 2017 and September 25, 2017.
The questionnaire was distributed 20 times once every two
weeks. Therefore, the frequency of distribution was the
same for both periods. A total of 93 occupants participated
in the study. It should be noted that the aim of including
two different groups is to have a large sample size, and,
thus, no comparison is provided between two groups within
this study. A similar analysis can be conducted at a larger
scale (i.e. municipality); however, it was not possible to
recruit people at this scale. The statistical significance
between females and males as well as 5 age groups (18-24;
25-34; 35-44, 45-54 and 55-64) were assessed. The
majority of participants (31%) were in the age range of 4554 and the percentage of the female subjects was 67%.
Figure 2 shows the distribution of participants with respect
to gender and age group.

The survey is conducted on the second floor of the building
(Figure 1) with a total area of 1919 m 2. 93 employees were
occupying the zone at the time when the questionnaire was
sent.
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Figure 2. Distribution of participants with respect to (a) gender
(b) age group.
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Figure 3. Distribution of participants with respect to (a) energy
awareness level (b) the number of energy activities.
2.4 Data Analysis

The majority of participants (41%) evaluated their
energy efficiency awareness as ‘medium’ whereas only
3% of participants evaluated their energy efficiency
awareness as ‘very high’. Moreover, only 3% of
participants specified that they participated to 5
energy activities such as conferences, symposiums etc.
The majority of participants (52%) specified that they
didn’t participate in any energy related activities. It
should be noted that since there is no permanent
occupancy in these kinds of buildings and due to privacy
issues, the participation of the same people was not
scrutinized in the tests. Figure 3 shows the distribution
of participants with respect to energy awareness level and
the number of energy activities they attended.

Data analyses were conducted to investigate the possible
effects and the magnitude of participant profile on survey
participation ratio by using SPSS (version 22.0 for
Windows) software. In particular, the analyses were carried
out to understand if there is a significant effect of gender,
age group, energy awareness level and the number of
energy activities on survey participation ratio. In order to
determine the applicable significance test, normality tests
were conducted to the data based on the survey
participation ratio. After the analyses of normality tests,
non-parametric Kruskal-Wallis test was selected to
understand whether survey participation ratio, differed
based on participant profile. It should be noted that the
probability values for calculated H values (test statistics)
were estimated by chi-square distribution in Kruskal-Wallis
test. The significance of the data analysis was determined as
95% (p ≤ 0.05). Finally, the Mann-Whitney U tests were
conducted to investigate the data groups which cause the
statistical significance.
3

RESULTS

The results of Shapiro-Wilk normality tests are given in
Table 1. The results of normality tests show that the survey
participation ratios are not normally distributed for gender
and energy awareness level since all p-values are smaller
than significance level (0.05). It should be noted that if one
of the subgroups in a parameter is not normally distributed,
then Kruskal-Wallis test needs to be selected for further
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analyses as in the case of age group (55-64) and the number
of energy activities (3 and 5 activities). Therefore, nonparametric Kruskal-Wallis test is selected for significance
for all factors.
Variable

Gender

Female
Male
18-24
25-34
34-44
45-54
55-64
Very low
Low
Medium
High
Very high
0
1
2
3
5

Age
Group

Energy
awareness
level
The
number
of energy
activities

Test
statistics
0.736
0.707
0.600
0.753
0.679
0.854
0.853
0.474
0.832
0.711
0.787
0.750
0.729
0.776
0.704
0.789
0.750

p-value
0.000
0.000
0.029
0.000
0.000
0.000
0.121
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.007
0.195
0.637

Very
low
Energy awareness
level

Factor

Energy awareness level

Very low

Low

Medium High

Very
high

X

Low

0.014

X

Medium

0.339

0.022

X

High

0.186

0.386

0.470

X

Very High

0.111

0.003

0.030

0.007

X

Table 3. Results of Mann-Whitney U tests for the
survey participation ratio of energy awareness level
4

CONCLUSION

In this study, a survey related to thermal and visual comfort
was conducted in an office building between December 19,
2016 and September 25, 2017. A total of 93 occupants
were involved in the study. Statistical analyses including
Shapiro-Wilk normality tests, Kruskal-Wallis tests and
Mann Whitney U tests were conducted to investigate the
relationship between factors related to participant profile
(gender, age group, energy awareness level and the number
of energy activities attended) and survey participation ratio.
The results show that the energy awareness levels of
participant have a statistically significant effect on the
survey participation ratio whereas gender, age group and
the number of energy related activities do have not a
significant effect on the survey participation ratio. In
particular, the effect of the participants whose energy
awareness level is ‘very high’ is dominant on the survey
participation ratio. This result could be interpreted as the
participants whose energy awareness levels are “very high”
could be willing to contribute to these kinds of studies. In
order to increase the participation ratios of other
participants, information about the survey and its relation to
energy consumption could be designed in a way that energy
awareness levels of participants could be increased.
Providing information about the impact that their responses
would have on the energy efficiency as well as presenting
figures on the relevant surveys and their outcomes might be
solutions to increase the participation ratio. In addition, the
motivation of occupants could be increased by giving
feedback on the responses. Occupants’ participation ratios
and how their responses are used for energy efficiency
purposes might also affect their energy awareness levels,
and, thus, their participation ratios in the next distribution.

Table 1. Normality test results for survey participation rate.

The results of Kruskal-Wallis tests are shown in Table 2.
The results show that the survey participation ratio differed
only based on energy awareness level of participants
(p=0.007<0.05). In other words, the energy awareness
levels of participant have a statistically significant effect on
the survey participation ratio whereas gender, age group
and the number of energy related activities do have not a
significant effect on the survey participation ratio.
The results of Mann-Whitney U tests are presented in Table
3. It should be noted that the bolded values indicate the
statistical significance, which in other words indicate
whether there is a statistical difference between two
variables or not. The results show that 3 of the MannWhitney U tests’ values of “very high” energy awareness
level are smaller than the confidence level of 0.05. This
result indicates that the effect of the participants whose
energy awareness level is ‘very high’ is dominant on the
survey participation ratio with respect to other energy
awareness levels. The effects of the “high” energy
awareness level are not notable on the participation since it
has p-values higher than the confidence level of 0.05.

Test Statistics
Chi-square
df
p
0.030
1
0.473
Not significant
Gender
8.080
4
0.262
Not significant
Age group
12.997
4
Energy awareness level
0.007
Significant
1.874
4
0.163
Not Significant
The number of energy related activities
Table 2. Kruskal-Wallis tests results for the survey participation ratio
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The limitation of this study is the sampling frame, which is
considered in an office building. The building is occupied
by professionals with at least a bachelor degree, and, thus, it
might be significantly different from the general population
of other buildings (i.e. residential). In addition, the
availability of socio-demographic records of all members of
the sampling frame is limited to aggregate information
about gender, age group, energy awareness level and energy
related activities. Future studies can focus on investigating
the significance of other socio-demographic as well as
socio-economic factors such as educational background, job
position and annual income. In addition, similar studies can
be conducted in other types of buildings including
residential and industrial buildings.

indoor environmental quality in schools and its
association with health and performance. Building and
Environment 93 (2015), 35–40.
8. International Organization for Standardization (ISO),
ISO 16817:2012: Building environment design – Indoor
environment – Design process for visual environment,
(2012), Switzerland.
9. International Organization for Standardization (ISO),
ISO 7730:2005(E): Ergonomics of the Thermal
Environment Assessment of the Influence of the
Thermal Environment Using Subjective Judgment
Scales, (2005), Switzerland.
10. Lee, M.C., Mui, K.W., Wong, L.T., Chan, W.Y., Lee,
E.W.M. Cheung C.T. Student learning performance and
indoor environmental quality (IEQ) and air conditioned
university teaching rooms. Building and Environment
49 (2012), 238–244.

ACKNOWLEDGMENTS

This research is based upon work supported by the
European Commission under Grant No. 680708. Any
opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do
not necessarily reflect the views of the European
Commission.

11. Maier, T., Krzaczek, M., Tejchman, J. Comparison of
physical performances of the ventilation systems in lowenergy residential houses. Energy and Buildings 41, 3
(2009), 337-353.

REFERENCES

12. Makki, A.A., Stewart, R.A., Beal, C.D. Panuwatwanich,
K. Novel bottom-up urban water demand forecasting
model: Revealing the determinants, drivers and
predictors of residential indoor end-use consumption.
Resources, Conservation and Recycling 95 (2015), 1537.

1. American Society of Heating, Refrigerating and Airconditioning Engineers, Inc. (ASHRAE), Standard 552013, Thermal Environmental Conditions for Human
Occupancy, (2013), Atlanta, GA, USA.
2. Bian, Y., Luo, T. Investigation of visual comfort metrics
from subjective responses in China: A study in offices
with daylight. Building and Environment 123 (2017),
661-671.

13. Pereira, L. D., Raimondo, D., Corgnati, S. P., da Silva,
M. G. Assessment of indoor air quality and thermal
comfort in Portuguese secondary classrooms:
Methodology and results. Building and Environment 81
(2014), 69–80.

3. Calis, G., Kuru, M. Assessing user termal sensation in
the Aegean región against standarts. Sustainable Cities
and Society 29 (2017), 77-85.

14. Ricciardia, P., Buratt, C. Environmental quality of
university classrooms: Subjective and objective
evaluation of the thermal, acoustic, and lighting comfort
conditions. Building and Environment 127 (2018), 2336.

4. Corgnati, S. P., Filippi, M., & Viazzo, S. Perception of
the thermal environment in high school and university
classrooms: Subjective preferences and thermal comfort.
Building and Environmen 42 (2007), 951–959.
5. Gallup. Engagement at work: Its effect on performance
continues in tough economic times. Gallup Q12 MetaAnalysis Report (2012).

15. Toyinbo, O., Shaughnessy, R., Turunen, M., Putus, T.,
Metsamuuronen, J., Kurnitski, J., HaverinenShaughnessy, U. Building characteristics, indoor
environmental quality, and mathematical achievement in
Finish elementary schools. Building and Environment
104 (2016), 114–121.

6. Giarma, C. , Tsikaloudaki, K., Aravantinos, D.
Daylighting and Visual Comfort in Buildings’
Environmental Performance Assessment Tools: A
Critical Review. International Conference on
Sustainable Synergies from Buildings to the Urban
Scale, SBE16, Procedia Environmental Sciences 38
(2017), 522 – 529.

16. Yun, G. Y. Influences of perceived control on thermal
comfort and energy use in buildings. Energy and
Buildings 158 (2018), 822–830.

7. Haverinen-Shaughnessy, U., Shaughnessy, R.J., Cole,
E.C., Toyinbo O., Moschandreas D.J. An assessment of

143

144

Reducing Domestic Energy Consumption Using
Behavioural Economics, Evaluation of Three Systems
Alejandro GUZMAN BOTERO1, Cristina NAN2
1

2

University of Edinburgh
Edinburgh, United Kingdom
aleguzmanb@gmail.com

University of Edinburgh
Edinburgh, United Kingdom
cristina.nan@ed.ac.uk
trying to define the chain of correlation or causality which
defines their success or failure.

ABSTRACT

Domestic energy use represents almost a quarter of the
global carbon emissions. While the development of clean
energies and implementation of better public policies are
critical, reducing energy consumption in households
represents a significant step towards a sustainable future.
Improving domestic energy consumption behavioural
patterns offers, among others, an important way to achieve
such reduction. This paper presents a research on the
different biases that shape people’s behaviour, decision
making, habits, and motivation. Then, three cases of
existing products that address domestic energy consumption
are studied and analyzed using a set of parameters based on
the previous research.

Studies show that the transition to clean energy will not
occur soon enough; although there are bigger contributors,
domestic energy use represents 24% to carbon emissions [1,
2]. Behavioural modification in households can be
implemented in several ways, from policy making to
architecture, appliances, and many other tools. This paper
will focus on the virtual and information based systems.
The three case studies presented cover a range of options in
which users are being persuaded to modify their behaviour
towards more efficient energy use habits.
According to Steg &Vlek [3], there are two categories for
energy conservation in household behaviours: efficiency
and curtailment. These two categories are important for
energy conservation, but the reasons for the people to
engage or not in these activities have their origin in
different behavioural biases and heuristics. Since Dutch
mathematician Daniel Bernoulli presented his New theory
on the measurement of risk, in 1738, every person was
presumed capable to analyze any situation in a rational and
coherent way, leading humanity to a wealthy, healthy and
prosperous future [4]. However, the real outcome is nothing
but far from that. Not only has it been proven by countless
studies from psychologists, economists and neuroscientists
such as Kahneman, Tversky, Gilbert, Sharot, Ariely,
Swartz, amongst others, but just taking a look at most of the
aspects of human life shows how people consistently fail to
address different situations, and it is clear that somehow,
having the right information available makes little to no
difference.

Author Keywords

Human Behaviour, behavioural economics, domestic
energy consumption, motivation and behavioural change.
ACM Classification Keywords

Applied computing~Interactive learning
environments; Applied computing~Psychology
Applied computing~Economics
1

INTRODUCTION

Under the certainty of climate change, the world needs to
make the transition towards clean and zero carbon energies
as fast as possible. However, the sum of a consumption
based lifestyle in developed countries and the growing
access to more services by different emerging nations are
increasing the world’s energy demand. The intention of this
paper is to study the different ways in which human
behaviour can play an important role in energy
conservation, and how can it be used to improve domestic
consumption patterns. My research will focus on the field
of behavioural economics and social psychology, aiming to
find the reasons behind unsustainable consumption habits
and possible ways to revert them. Based on the parameters
resulting from the research, a series of existing examples
that use this approach will be analyzed and evaluated,

Behavioural economics offer a different angle towards the
creation of sustainable consumption patterns and are a way
to complement the other efforts in the common goal of
decreasing carbon emissions.
2

LITERATURE REVIEW

Although irrational thinking has countless approaches and
several definitions could be made, this paper will focus on
10 main aspects that could sum up most of the biases that
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affect sustainable behaviour. These 10 aspects will be the
parameters to evaluate the cases studied.

environment for the future. In other words, it requires
people to postpone gratification and assign a higher value to
the future outcomes. A lot has been said in this subject, as it
represents a challenge in several aspects of human life:
money, health, relationships, and of course, the
environment. As far as studies have gone, delaying
gratification is a rare ability, even when the future reward is
clearly more desirable compared to the present reward [14].
The tendency of assigning a higher value to any object in
the present compared to the value of that same object in the
future is called the temporal value asymmetry [15].

2.1 Future Perception Altering Biases

There are three main heuristics that play a distancing role in
human psychology as it alters the perception of the
probability of certain events to happen: Availability,
Representativeness and Optimism bias. This means that
numbers, statistics, movies, and any other effort made to
alert the general public about the energy use and
environmental problems has little to no effect [5]. In
people’s minds climate change is something that will
happen in the future, and it will happen somewhere else.
Studies in the United States [6], and the UK [7], show that
for the average citizen climate change does not represent an
imminent threat. Kahneman & Tversky defined the
availability heuristic in terms of the frequency in which an
event occurs and therefore can be easily retrieved by the
brain [8]. Global warming is not something that happens
frequently or can be easily remembered. Furthermore,
domestic energy use can be hardly related to its
environmental consequences, especially when users are
required to imagine what for them are improbable scenarios
in a distant future.

It is important to assign the correct value to one’s future
wellbeing. After several financial crashes and unpredictable
economic events, it should be expected that people are
adjusting their habits to overcome future incidents, or just
enjoy a pleasant retirement. Unfortunately, this is not the
case. Since the early 1980’s to the late 2000’s, savings rates
in the United States went from over 10% to almost zero,
[16]. Behavioural economics have offered alternative
solutions overcome this situation. An innovating system
called Save More Tomorrow was first implemented in 1998
and presented by Thaler & Shlomo [17]. With this system,
employees joining a retirement plan were offered an option
of incremental savings depending on future salary
increments. Using behavioural economics principles, the
future gratification was attached to a future event (salary
raise), so no sacrifices were needed to be done by the
employee in the present. The results of the program are
significant increments in savings programs, going from
3.5% up to 13.6% in a few years.

The representativeness heuristic alters people’s ability to
make predictions and interpret reality. Sometimes, referring
to representative aspects in a subject can lead to wrong
conclusions or ignoring prior probability [9]. This is what
stereotypes are based on, as people create assumptions
founded on representative characteristics. There are
occasions in which stereotypes help the brain make
decisions as they create shortcuts to information groups
[10]. However, these assumptions are not always right, and
frequently have a negative impact on people’s decisions.
Human brains are very good at recognizing patterns, but
sometimes they are assigned inexistent values. Random
events can quickly be interpreted as emerging patterns that
will also affect future events.

Anchoring and relativity also influence people’s perception
of any given situation. Every number, every new situation
related to climate change is compared to a previous or
future condition to better explain its magnitude. Terms such
as “compared to pre industrial levels” or “since the ice age”
are frequently found in different sources. Researchers have
consistently found on his experiments that relative
comparisons are very useful and have a great influence on
how people perceive reality, even when it should not [18].
Furthermore, apart from the magnitude component, there is
an additional obstacle in making the relation between
apparently different concepts [19]. In this case, energy use
and carbon emissions are two concepts that are not easily
related; for the majority of users it is hard to see the link
between using the air conditioning in a determined
temperature and the amount of gases emitted to the
atmosphere, depending on the source of the energy used to
do it.

Optimism itself has no negative outcomes embedded;
however, when it comes to evaluate the environmental and
energetic situation of the world, it can be
counterproductive. Humans overestimate positive future
outcomes and underestimate negative outcomes, and it is in
this sense that optimism bias affects our collective
judgment and creates a tranquilizing effect that prevents us
from taking any action [11]. The optimism bias is deeply
rooted in human brain, and it has been studied for a long
time, and is easy to identify in human behaviour [12, 13].
This doesn’t mean that optimism should be removed from
people, in fact, absence of optimism is one of the main
characteristics of depression; however, the awareness of
this distorting agent is helpful for adjusting predictions
about the future.

The status quo bias is present in almost all aspects of
human life. Extensive literature has been written on it, and
the reasons behind it go from the rational decision making,
to the cognitive misperceptions and psychological
commitment [20]. The possible explanations for this
behaviour go from regret avoidance, reaffirmation of past
choices (which saves us the cost of new analysis), loss

2.2 Decision Making Altering Biases

Behavioural modification towards energy consumption can
be explained as a series of present sacrifices to protect the
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creatures and this plays an important role in their behaviour.
Social psychologists have studied different aspects of this
behavioural influence, frequently moving between two
main types: Descriptive and Injunctive norms [30].
Descriptive norms are those that play an informative role,
as they merely describe what most of the people do in a
certain context. Injunctive norms involve a qualitative
appreciation as they are based on the approved or
disapproved behaviours in that context. These two types of
social norms have been analysed and their influence in
people has been observed in several studies [31, 32, 33, 34].

aversion involved in the valuation of cost of risk versus
expected benefit, and cognitive dissonance amongst others.
There are many real applications for this bias, such as the
use of defaults by choice architects as a method to increase
the odds of a desired outcome. A good example of choice
architecture is the organ donation enrolment case, in which
default options in the different forms significantly affected
the overall rates [21].
In energy consumption the best example is the light sensors,
as the light’s default option is to be off unless somebody
needs it. Programmable thermostats are another case in
which the appropriate setting of defaults can help reduce
the energy waste caused by the consumer’s lack of initiative
when controlling indoor temperatures. However, when
these technologies are not available, users can be nudged to
pay attention to their surroundings, break the inertia, and
take action, despite the normal tendency to leave things the
way they are.

It is important to emphasize on the studies conducted by
Schultz et al., (2007) in San Marcos, CA, where a group of
houses were provided feedback on their energy
consumption habits. In the first group of houses the
researchers used descriptive norms messaging, merely
informing the subjects about their performance compared to
their neighbours. This resulted in behavioural changes, the
houses that were above the consumption average reduced
their consumption, however, those who were below the
consumption average increased their energy use and got
closer to the rest of the houses. In the second feedback
cycle, the second group of houses was also given injunctive
norm messaging. Apart from their performance compared
to others, they received a smiley face if the performance
was good or a sad face if it was bad. The result was that the
injunctive norm messaging corrected the backfiring still
occurring in the other group, and those who performed well
maintained their good habits with the qualitative feedback.
Despite the differences between single or combined norm
messaging, they both proved to be effective in modifying
the behavioural patterns in the households.

Loss aversion is the asymmetric distortion of the absolute
value of a possessed good. Behavioural economists put it in
very simple terms: The negative emotions related to loosing
£20 are higher than the positive emotions related to win £20
[22]. Furthermore, the irrational behaviour observed when a
person assigns a higher price to an object he is selling than
the price he would be willing to pay for that same object; he
called that phenomenon the endowment effect [23].
Assuming humans make all decisions following a rational
structure, it would be easy to deduce that happiness would
increase proportionally to the options available for every
choice. However, it has already been stated that people are
far from being rational decision makers, and several
authors, some of which are mentioned in the following
paragraphs, agree that choice would be one of the
components that has a counterintuitive effect on people’s
wellbeing. Barry Schwartz describes the three main
problems caused by choice increment as: increased
complexity of the situation, increased standard acceptable
outcome, transference of outcome responsibility to the
decision maker. Furthermore, studies found that depending
on the personality of the individual and his predisposition to
have great expectations, increasing choices also raises the
depression, perfectionism and regret levels [24, 25]. The
authors affirm, that “there is ample evidence that regret
aversion is a potent force in decision making—perhaps
even more potent than the loss aversion”.

2.4 Motivation & Behavioural Change

Understanding motivation is important for behavioural
change. Psychologist and Professor Edward Deci, one of
the first academics to explore in depth motivation,
presented two main types of motivation: Intrinsic and
Extrinsic. The author refers to intrinsic motivation as the
inherent need of the humans to learn, explore and challenge
themselves; in terms of an activity, it is the motivation of
performing a task just for the joy of it. This is the most
powerful type of motivation. The other mayor type is the
extrinsic motivation, and it involves the motivation driven
from components external to the activity such as rewards
[35]. When presenting their Self Determination Theory,
Ryan and Deci established three different main states in
which a person can be towards any behaviour: amotivation,
passive compliance and active personal commitment. The
behavioural modification process should be a path for the
users to move from the first state to the last one. This
process, however, takes a lot of steps in which users can go
from an apathy state to develop compliance, egoinvolvement, personal importance, internal congruence, and
finally find themselves enjoying an activity for its internal
and inherent satisfaction [36].

A parallel conditioner for decision making involving choice
called Impact Bias has been referenced in many studies [26,
27, 28, 29]. Impact bias is the tendency to overestimate the
hedonic impact of future events. Almost all the time, the
happiness or sadness resulting from a future event will have
less duration and intensity than predicted.
2.3 Social Norms

Independent of what behavioural biases individuals have or
experience when making choices, humans are social
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3.1 Case studies

When it comes to efficient domestic energy use, it is hard to
imagine a good action that can be inheritably enjoyable.
Opposite to other type of activities, for example, video
games, the objective of this project is to develop a platform
that will alter behavioural patterns, but will also generate a
long term behavioural change. The path described before
should be followed to create and grow the internal
congruence and internal regulations of the users. External
motivators can be very useful to create new habit patterns
and incentivise desirable behaviours; however, care must be
taken when relying solely on task extrinsic rewards, as they
can reduce the interest and therefore undermine the intrinsic
motivation [37]. A final component of this motivation
section is the flow concept and the importance of the
balance between skill and challenge to maintain
engagement [38]. The sole repetition of tasks, whether they
are driven by external rewards or even intrinsic motivation,
is not enough to engage users and produce long term
results. It is important to define a user journey, even if it is
for a limited period of time, to create a coherent path for the
users in which they can explore, learn, and develop new
skills towards a sense of mastery. However, additional
efforts should be made so the achievement of the mastery
does not result in a self satisfying and passive sense of
accomplishment.
3

Opower

Opower is a utility consumption monitoring tool, working
on the user’s end, to improve energy consumption
behaviours. It provides contextual feedback, high bill early
alerts, consumption detailed bills and tips to improve
performance.
Opower is a successful reference when it comes to drive
energy efficiency behaviours. Relying mostly on social
norms, they quickly became an ally for utility companies to
provide a better and more efficient service to their
customers. Its initial behavioural strategy was to include in
the monthly bill the user’s energy consumption compared to
similar and surrounding households (see Figure 1).
Furthermore, with the bill breakdown, efficiency
recommendations, and alert systems, the new relationship
between utility companies and consumers shifted into a
more pleasant and energy efficient one, providing economic
benefits for both parties.

MATERIAL AND METHODS

The 3 systems to be studied are: Opower, JouleBug and
Smart meters. Each one of these systems uses different
techniques to achieve behaviour modification. Furthermore,
each system reaches different populations and varies in its
technological complexity.

Figure 2. Opower generic services description

To obtain a measurable analysis of the different cases
studied, a qualitative system was designed to assess the
effectiveness of each system based on how they approach
the behavioural biases presented in the literature review.
The process involved 50 questions (5 per bias), and each
question would assign 1 point if affirmative and 0 points if
negative. As a result, each one of the parameters ended up
with a mark from 1 to 5; being 5 the highest possible score
(see Table 1).
Opower

JouleBug

Smat Meters

Availability

4

4

4

Representativeness

4

4

4

Optimism

3

4

3

Loss Aversion

4

2

4

Choices

3

1

3

Anchoring

4

4

3

Self Control

4

2

4

Status Quo

4

2

4

Social Norms

5

4

2

Motivation

3

3

2

JouleBug

JouleBug is a mobile app designed to drive environmentally
oriented behaviour. The app is a bottom up, task oriented
platform in which a series of sustainable activities are
presented to the user; these activities go from “Not flushing
the toilet”, or “Walk to the office”, to “Buy an energy
efficient washing machine”. The tasks are divided in
several categories such as energy, water, habits, food, etc.
All these tasks are presented in a playful context as the app
has some of the most popular components found in mobile
games: Points, Badges and Leader boards.
Achieving environmental behaviour from the bottom up is a
big challenge. JouleBug presents a coherent proposal and
sets a lot of tools oriented to affect people’s behaviour (see
Figure 2). From the perspective of the behavioural
economics, some of the aspects mentioned in this paper can
be identified. There are several educational components,
both in each task description and in the videos included in
the tasks; this helps people understand the implications of
performing sustainable actions, addressing some of the
issues presented in the availability and representativeness
biases. However, there are other biases such as choices that
in this particular case work against the app.

Table 1. Assessment of the presence of each bias in the cases
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were found to be the only parameters to have a consistent
positive result. The nature of each system determined its
dominating elements. For example, Opower and Joulebug
were conceived to work in a social context, and many of
their components rely on descriptive and injunctive social
norms. On a different perspective, Smart meters rely on loss
aversion and external motivators (mostly economic), to
break the Status quo and modify behaviour on an individual
approach.

Figure 2. JouleBug app components
Smart Meters

Smart meters have been created as a technological
improvement in how energy consumption is measured and
how users receive information about their usage. Form the
behavioural economics perspective smart meters are a
powerful tool. As seen on the Opower case study, they help
overcome the representativeness bias by making visible the
energy consumption implied in different activities that
could have not been perceived as high consuming.
Although the feedback provided by the smart meters is not
as sophisticated, it helps users discover by themselves some
of the energy threats in their households. This could result
in an even more effective way than direct education as it
gives a bigger sense of autonomy to the users. A person
who is using a smart meter will immediately see what
happens when the heater is on, or the difference between
using the oven and other type of cooking, making users
learn through self discovery (see Figure 3).

Figure 3. Smart Meter basic features
3.2 Case Studies Conclusions

Modifying behavioural patterns is a very difficult task. It is
equally challenging to develop a standardized system to
evaluate psychological characteristics of the different tools
that could try to modify human behaviour. With the
evaluation system presented in this paper, it is possible to
generate a visual output that allows identify the strengths or
the areas of opportunity for each case (see Figure 4). When
analyzing the results of the three cases, it can be observed
that there are certain biases frequently addressed. Since
they are frequently approached through educative and
descriptive methods, availability and representativeness

Figure 4. Graphic visualization of the use of the parametric
behavioural evaluation system

The parametric evaluations also allowed identify certain
flaws in some of the cases. For example, amongst others,
choices were found to be a major problem for JouleBug;
using this type of assessment would allow its design team to
create specific strategies to solve this particular situation
and guide future iterations of the product.
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Furthermore, this type of analysis would allow to anticipate
possible flaws if performed before the launch of a product.
Therefore, not only would it be useful to assess existing
systems, but also as a design tool to contribute as an
additional layer in the planning stage of a project.

that could grow as responsible energy consumption
becomes part of our society. Therefore, the understanding
of the unconscious behavioural biases can lead to the
formulation of more effective strategies in the future.
Improvements on renewable energies and other
technologies breakthroughs will possibly have a much
higher impact. However, recent events in the political
scene, such as the withdrawal of the United States from the
Paris agreement, are a proof of the importance of the
bottom up solutions. Policy makers can make decisions in
different directions, and some of them will have a negative
impact on the environment; but those top down measures
have also a limited reach, and it is then when individuals
and communities have the power to make decisions and
adopt new ways of fighting the environmental problem.
Current behavioural patterns have been constructed over the
years by several factors including marketing, consumption
habits and social transformation.

When looking at the actual results of these three systems,
several aspects should be taken into account. In the case of
a mobile app, ease of access represents an advantage, as it
gives the tool practically unlimited potential, at least in
terms of users number and potential market. However, this
particular app does not allow measuring the real tangible
results of the behavioural changes it might produce. In the
case of Opower and Smart meters, it is easier to obtain
measurable results due to their more complex technology
and the fact that they are interconnected to the user’s
appliances and service providers. Reported efficiency on
these two systems oscillates between 3% and 5% of energy
reduction. Opower claims that since its foundation in 2007,
they have produced savings of 11 TWh, and saved users
over 1.1 billion dollars in energy costs.

It will always be hard for people to compromise their
present wellbeing in exchange for a better environment for
future generations. In addition to that, it is hard for any
person to behave in the best way all the time. However, it is
the sum of those individual and collective efforts what will
bring the goal of sustainable energy use a little bit closer.

Although the results of the systems are important and a
valuable contribution to the planet, different studies
performed in the US, show that there is no definitive
answer on the potential energy consumption reductions that
could be achieved though behavioural change. From one
point of view, several variables such as construction time
and current efficiency affect the accomplishable
improvements that could be made in a household. Through
the implementation of curtailment and efficiency actions,
the average potential reductions oscillate between 15% –
18% [39]. On a different perspective there is a group of
research studies that include a component called
behavioural plasticity in the equation of improvement
potential [40]. According to the team, behavioural plasticity
is the probability that exists for an action to be adopted by
the users. By incorporating this concept in the equation, this
particular study calculates the potential improvements in
approximately 12%.
4
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environmental quality [3, 4]. Therefore, occupant behavior
modeling in buildings is of tremendous importance to save
energy use and provide better service at the same time [5].

ABSTRACT

Studies have shown the influence of building occupants on
building energy use. However, current building energy
simulation tools lack dynamic and realistic occupant
information inputs in modeling. The development of a robust
occupant behavior model that can generate occupant
schedules for use in building energy simulation algorithms
will have the potential to improve accuracy of energy
estimation. One such approach is the use of Agent-based
Modeling (ABM) which has been successfully applied to
model interactions between occupants and building systems.
Yet, most of the models were developed with simulated data
rather than actual data inputs from indoor environment. This
paper proposes a framework for tracking indoor
environmental data and occupant-building system
interactions to model occupant behaviors in educational
buildings using ABM. The data collection approach
combines both smart sensor node deployments and paperbased surveys for future validation of the framework. A pilot
study is conducted to explore the effectiveness of the
framework. The results show the feasibility of integrating
ABM for occupant behavior modeling to obtain improved
energy use estimates.

Building energy modeling (BEM) aids in the estimation of
energy use of a building. BEM facilitates energy efficient
building management and control. Currently, most building
energy models are able to simulate the building envelope,
building systems, and many other miscellaneous factors.
However, these models lack the capability of capturing the
dynamic impact brought by building occupants (users) to
building performance. These research gaps can be broadly
classified as follows:
Research Gap #1: Representation of Realistic Behavior.

I.6.1 SIMULATION AND MODELING (e.g. Model
Development).

The gap in the human-behavior aspect not only hinders the
comprehensiveness of the building energy model, but also
leads to inaccuracy in final estimation results. Although
occupant behavior is difficult to model due to the stochastic
nature and variability of humans, it is necessary to explore
the generic pattern of their behaviors and integrate the
information with building energy model. In the context of
built environment and building energy efficiency, especially
in office buildings, the major driving factor that changes
occupants’ behaviors is their physical comfort in contrast to
other criterion such as economic concerns [6]. In other
words, the environmental conditions where an occupant
resides will result in adaptive behaviors, while energy use
may, thus, be wasted. Hence, a valid occupant behavior
model needs to have the potential to simulate realistic
building users’ reaction to different built environment.

1

Research Gap #2: Lack of Validation.

Author Keywords

Occupant behavior; building energy simulation; sensors;
Agent-based modeling.
ACM Classification Keywords

INTRODUCTION

Over the past decades, researchers have devoted their efforts
on occupant behavior modeling in buildings. One of the
approaches is the use of Agent-based Modeling (ABM),
which could be used for behavior predictions at the
individual level. Particularly in occupant behavior study,
ABM has the capabilities to deal with uncertainties of the
real world. Also, all aspects of an agent in ABM could be
modeled so that the agent could act and think like humans

Buildings consume a large portion of the total energy
generated in the world. According to United States Energy
Information Administration, more than 48% of the energy
consumption is attributed to building industry, including
construction and operation phases [1, 2]. Studies have shown
that building occupants interact with their surrounding
environment in certain ways to maintain their comfort level,
which in turn influences both energy use and indoor
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[7]. Nevertheless, almost all the studies that applied ABM
stayed on simulation data only without any validation
involved. Since one of the primary goals of modeling
occupant behavior is to decrease the discrepancy between
actual and simulated energy use, this issue cannot be ignored.

modeled window use behavior with assumed parameters, and
further studied the temperature and heating/cooling demand
fluctuations. The model has the advantage as it attempts to
capture detailed internal mechanisms of human thought, but
none of the actual data or building properties were used for
validation. Hong et al. [13] developed a system with an
occupant behavior Functional Mock-up Unit (obFMU) that
enables co-simulation with building model programs
implementing Functional Mock-up Interface (FMI). This
research emphasized the implementation of linking different
simulation software and did not examine the occupant
influences on energy use results. Langevin et al. [3] proposed
a model which represented an office occupant as a simulated
agent that acts adaptively based on Perceptual Control
Theory (PCT), where agent’s thermal sensation and
acceptability range are modeled probabilistically, and the
behavior occurs when the corresponding thermal sensation is
out of the acceptable range. However, the model solely
considered thermal comfort and related behaviors for
occupants.

To address the research gaps stated above, this paper
discusses a framework of an ABM-based occupant behavior
model. This framework aims to add another dimension to the
current building energy model for improving energy
simulation performance. The ABM is developed based on
the assumption that occupant’s behaviors is mainly related to
the built environment. In addition, the agent in the model has
personal attributes such as physiology levels and
psychological recognitions, which also influence the
decision-making process at each time step. The ABM is
implemented using a Performance Moderator Functions
testbed (PMFserv), a widely tested simulation environment
particularly in social science research [8].
For comprehensive modeling, the implementation of ABM
requires a complementary data sensing and collecting
process. Sensors have been applied to the built environment
and building energy research due to their affordable, highresolution, and non-intrusive characteristics. The main
applications of sensors include monitoring building energy
use, occupant presence/behaviors, and environmental
parameters [9]. For this study, the data collection consists of
both a sensor installation and a paper-based survey. A
building energy model based on EnergyPlus™ was built to
represent an actual educational building located on the
University of Florida campus. The proposed framework is
integrated with the BEM as a pilot experiment to test its
feasibility and effect.
2

It could be summarized that ABM is well suited for modeling
building occupant behaviors. However, it is also clear that
limitations still exist as the application of ABM in building
energy and built environment areas is still at the infant stage
[7]. There is no collective agreement on how to develop the
best model for occupant behavior, and research using [18]
realistic data for validation purposes and analysis of the
impact of occupant behavior is limited.
A preliminary study by the authors utilized a small set of
indoor environmental data, i.e., temperature, relative
humidity and lighting illumination [14]. While temperature
and humidity data triggered the heater operation, the light
illumination data activated the window and blinds operation
in the ABM. This preliminary study was conducted to show
the viability of PMFserv-based ABM as a tool for occupant
behavior modeling. However, the indoor environment is
much more elaborate and goes beyond these variables. Also,
several modeling assumptions were simplified that must be
tuned. In this paper, we discuss the updated model which is
a marked improvement over the previous study as listed in
Table 1.

PREVIOUS STUDIES

ABM has been proposed by many researchers as a novel
application to the built environment, specifically, for
building energy domain. Alfakara and Croxford [10]
presented an ABM built in Repast and connected the model
with Thermal Analysis Simulation software (TAS) to
simulate occupant behaviors in residential buildings. This
model calculated the probability of a person operating a
window or air conditioner based on the internal temperature.
However, in residential buildings, these simplified rules may
not be enough to represent human behaviors. Putra et al. [11]
built a model that replicated the interactions among
occupant/tenant representative/building manager/building
systems. The model showed the importance of
heterogeneous occupant perceptions and behaviors in
understanding responses to load shedding events. The
stimulus of behavioral changes is the energy load shedding
instead of environmental conditions, which is an interesting
idea, but yet has not been proven to be valid under the
circumstance. Lee and Malkawi [12] introduced a complex
ABM for occupant behavior simulation which is based on
Fanger’s Predicted Mean Vote (PMV) model that behavior
is controlled by three types of beliefs. The researchers

To elaborate, carbon dioxide concentration data is available
due to the addition of the sensor to the embedded sensor
board. This data activates the agent’s air quality perception
for behavior decisions. In the updated model, more detailed
and organized perception rules are defined with customized
code, so that the flexibility and comprehensiveness of the
ABM are improved. Last, but not least, the behavior options
in the model match the reality for future validation purposes.
Moreover, in the previous study, the ABM sets a value for
the influence on built environment caused by any behaviors.
For example, the opening of the window allows air
infiltration, therefore, the infiltration value will increase in
the model if window opening behavior is the output at a
certain time step. However, in the new study, since the
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coupling of ABM and EnergyPlus™ is currently under
progress, the action influence is removed. The intent of this
removal is to enable EnergyPlus™ to provide the simulation
influences based on the operational change of the system.
See Section 6 for the co-simulation platform under
development. Besides the improvement of the ABM, we
expand the simulation scale in the case study, which is
presented in detail in Section 5.
Corresponding
parameters

Previous
Model / Study
[28]

Updated Model /
Study (this
paper)

Temperature

Yes

Yes

Humidity

Yes

Yes

Illumination

Yes

Yes

Carbon dioxide

No

Yes

Perception
Type

Thermal and
visual (air
quality is
modeled but not
used)

Thermal, visual,
and air quality (all
of these are used
in the ABM)

Perception
Rules

Simplified
binary rule

Custom rules

Behavior
impact on
indoor
environment

Simple
assumptions
(e.g. turning on
heater will
increase
temperature by
5 degrees)

Eliminated
(impact will be
simulated and
provided via
EnergyPlus™
based on system
operation, i.e.,
open/close)

study occupant behaviors in commercial buildings (office) in
response to varied environment.
3.1 ABM in the Built Environment

Agent-based modeling is defined as “modeling agents
individually to account for effects of the diversity of among
agents in their behaviors, in the pursuit of understanding the
whole system”, which has broad applications to various
fields such as engineering, economics, biology, and social
sciences [15]. Broadly speaking, an ABM consists of three
core elements: a set of agents, and their attributes and
preferences; A topology which governs the rules and
relationships of agents and objects; An environment, where
agents interact or communicate.
Based on the context and purpose of the ABM, the
simulation scenario is identified in correspondence to the
three elements above. First, the agents in the model are all
building occupants, more specifically representing the
Department faculty. Each office has only one certain
occupant (agent). Second, the place and relevant objects in
the simulation are confirmed. The location where agent stays
is an office (educational building), where the offices are all
single-occupant enclosed rooms. The ambient environment
is the direct stimulus that influences the agent’s decisions.
Moreover, the scenario could be extended to more rooms or
thermal zones, i.e., agents can represent other building
occupants beyond faculty (e.g., student, staff, visitors).
Lastly, as we set the built environment states and building
system states, if the environment states are out of the
acceptable range of the agent, we expect that the agent will
have the possibility to adjust the state of building systems to
reach their individual comfort level. This rule is an
explanation of the organizational part “Plot/Play” according
to a scenario frame proposed by Silverman et al. [16].

Table 1. Updated model characteristics.
3

To simplify the development of the model, other building
properties such as room size, location or orientation, etc. are
excluded in the ABM. Researchers have demonstrated the
feasibility and validity of the settings [17, 18].

AGENT-BASED MODEL OF BUILDING OCCUPANT

The selected ABM tool namely PMFserv is specifically built
for human behavior modeling, and this research is the first
use of the tool in a built environment application. PMFserv
is a platform originally built for social science and systems
engineering. Silverman et al. [19] have built the PMFserv
framework and its derivatives centered on a multi-resolution
Agent-based approach. While some of these models are
specialized in conflict scenarios, the agents themselves are
generic in representing human behavior under different
contexts.

3.2 Modeling Principles and Decision-making Algorithm

The conceptual idea of the ABM, along with its purpose is
implemented using PMFserv. Since the tool has been tested
in other research areas, we adopted the internal algorithms
and modeling architecture within the platform, as a trial in
the built environment domain. Detailed settings of the model
is described as follows, with respect to the main components
in the platform.
There are five parts to be considered. First, the agent, as in
occupant in this case, is created. The agent has several
properties including emotion, stress, and physiology status.
The values of these properties could be updated to represent
different types of occupants in terms of their energetic level,
due to age or gender differences. In this study, the stress level
is set to the 50 percent as an average “faculty” state and
physiology is set to a vigorous value since we consider the
simulation starts at the beginning of each day.

PMFserv modeling software were developed over the past
ten years at the University of Pennsylvania as an architecture
to synthesize many best-of-breed models and best practice
theories of human behavior modeling. This environment also
facilitates the codification of alternative theories of factional
interaction and the evaluation of policy alternatives. More
information on PMFserv can be found in [8, 19]. In this
paper, the purpose of modeling with this unique tool is to
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Then, a “Goals, Standards, and Preferences” (GSP) tree is
defined, which serves as the cognition awareness
presentation of the agent. The component will affect the
decision-making process, which is also part of an agent’s
properties. In a GSP tree, some typical items include safety,
economic, and health concerns, etc. These items represent
the inner mindset and value systems of the agent. The
execution of each behavior activates selected items in the
tree, and the values attached to these items will be used to
calculate the utility of the behavior (this will be described
more in the section). We maintain the default architecture
and keep the weight values for each item equal, since we tend
to focus more on the built environment conditions associated
with perceptual types (described later), which is the
“engineering” side of the model.

parameters defined in “Object” will be linked to the three
perceptions accordingly. On the other hand, corresponding
perception rules need to be formulated. In this study, we used
a straightforward rule that regulated the comfortable range of
each perceptual type for the agent and assume that whenever
the perceived built environment parameters are out of the
range, agent will have some corresponding perceptions.
Figure 2 shows an example of the custom rules for window
blind operations.

As discussed previously, the model is under the assumption
that the occupant will react to uncomfortable ambient
conditions. Therefore, an object named “Built Environment”
is created with its state. To elaborate, relevant environmental
parameters as well as building system status are created as
input of the model. The major parameters include
temperature, humidity, CO2, illumination, and other
supporting variables. System status for door, window, and
blinds are included, which will be associated with actions
later. An example of the settings is shown in Figure 1. The
“Object” component is what the agent could perceive and
interact with directly in the model and is the focus of the
study.

Figure 2. Perception rule for window blind.

The final part of the model is the behavior options, referred
as “Actions” in the platform. The action options are set to be
as close as possible to the reality in the study, which
comprises operations of window, door, and blinds. This part
could be modified to fit the actual situation in each office.
The model executes the simulation process on a time-step
basis. At each time step, the model outputs the most
dominant behavior that the agent gives priority to. The
decision-making algorithm works as follows.
As discussed above, agent behaviors are determined by two
aspects. On one hand, the agents in this framework are
cognitively deep and equipped with values (represented by
GSP tree). On the other hand, the surrounding environment
(represented by Object) provides contexts, which make
physical perceptions available for consideration. Thus, the
agent makes decisions based on a minimum of two sets of
factors, (i.e. Decision Utility as a function of) namely, 1)
Values: the factors that an agent employs to evaluate the
decision. 2) Contexts: the factors that are associated with
decision choices.
With a given set of values, an agent evaluates the perceived
state of the environment and the behavior options provided
and appraises which of its weighted importance values are
satisfied or violated. This in turn activates emotional
arousals, which are finally summed up as utility for behavior
decisions. At each step, the decision of the highest utility
calculated is considered as the behavior that will be taken by
the agent (occupant).

Figure 1. Example of parameters in “Built Environment” object.

The next component of the model is perceptual types. This
indicates the agent’s perception towards the ambient
conditions. According to previous research [20] in the built
environment area, there are three primary types of
perception, namely thermal comfort, visual comfort, and
indoor air quality comfort. Hence, the environmental
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The decision utility calculation is illustrated in Figure 3.
Values and Contexts are instantiated by agent’s cognition
and perception, respectively. In the simulation process, the
latter part dominates the output via updating input
environmental variables at each time step. Specifically,
thermal, visual, and air quality perceptions are associated
with indoor (and indirectly, outdoor when the window is
open) temperature and humidity, illumination, and indoor
concentration of CO2, respectively. Meanwhile, the status of
the building system at this step is also updated given the
agent’s interactions.

the sensor node. Particularly, the ABM requires some
outdoor environmental parameter information also, which
can be acquired from the local weather website [21] on an
hourly basis.

Figure 4. Customized sensor node.

For behavioral data, we adopted different approaches
depending on the behavior type. For example, for
window/door status, a commercial sensor network with a hub
and two magnetic sensors that are attached to the door and
window is used. The devices are connected to the local
Internet for inter-communication. For other behaviors, a
survey sheet with behavior options and corresponding time
intervals is used. The monitored occupant only needs to
make a check mark at the correct place when he/she conducts
the behavior.

Figure 3. Decision-making process of agent.
4

DATA SENSING AND COLLECTION

Since ABM is a simulation-based modeling approach,
verification and validation is necessary to enhance the
robustness of the model. For this reason, it is meaningful to
collect data in all aspects including indoor/outdoor
environmental parameters, occupant behavior record, and
actual building energy use. The information could be used by
feeding real-world ambient conditions data into the ABM
and compare the output to the actual behavior data. By
conducting this process, we could evaluate the performance
of the ABM and tune the settings and rules of the ABM
accordingly. Moreover, we could examine the BEM output
differences among default settings, scenarios of inputting
simulated behaviors, and inputting actual behaviors. Finally,
it is possible to explore if the framework reduces the gap
between modeled and measured energy use. It should be
noticed that unlike data-driven modeling approaches, the
data collection scale coverage could be smaller for ABM, as
the model is not developed based on large volume of data.

It is believed that the data sensing and collection module is
an auxiliary part for developing an ABM and cannot be
ignored [22]. The combination is considered as a more
reliable framework for improving building energy
estimation.
5

CASE STUDY

This paper discusses a pilot test of the proposed ABM and
do not include verification/validation yet, though relevant
data has been collected. The aim of this case study is to
integrate the ABM with BEM to quantify the influences
incurred by occupant behaviors. At this time, the cosimulation platform is currently under development. The
integration of ABM and BEM is manual, i.e., the operation
schedules (window / door status, etc.) are manually input as
schedules in EnergyPlus™ model and individual behaviors
are not implemented yet.

In the initial phase of data collection, we focused on
environmental data sensing and behavioral data record. The
first part is measured by a customized embedded sensor
node. The sensor node consists of a smart single-board
microcontroller computer with built-in Wi-Fi function, three
separate sensors that record indoor temperature/humidity,
illumination (lux), and concentration of CO2 respectively,
and some peripherals. A script is written and uploaded to the
sensor node to configure the microcontroller and log the data.
The time stamp of data collection is set to 5 minutes, which
could be modified as needed. All the data are stored in a
Micro-SD card that is plugged into the smart sensor board.
More sensors could be added to the sensor node if necessary,
such as a sound sensor. In addition, online data transmission
is available through Bluetooth or Internet if the use of the
embedded device is expanded. Figure 4 shows a sample of

5.1 Building Energy Model

To test the performance of the proposed framework, a BEM
based on an existing educational building situated in the
University of Florida campus, Florida, USA; the model is
built with EnergyPlus™ routines. This building has three
stories with approximately 4,500 m2 of total gross floor area.
Most of the full time occupants of the building with offices
on the third floor can control (open / close) windows, doors
and blinds in their private office, but do not have access to
air conditioning adjustment or other personal devices such as
heaters at this time. There is one corridor of rooms on the
third floor which are all single occupied offices, and these
rooms are the simulation testbed. The total simulation period
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in one test case is four weeks (624 hours) in the month of
November, considered to be typical for the winter season.
The weather file is downloaded from [23], a typical hot
climate zone.

the simulation for a random day is shown in Table 2. It could
be seen that the same behavior can occur consecutively, due
to the fact that the occupant still felt uncomfortable although
he/she has undertaken the behavior before. This is permitted
in the model. There are 20 days of raw output lists in the case
study, with each being transformed to the daily schedule later
for EnergyPlus™.

5.2 Occupant Behavior Simulation Scenario

The setup of the occupant behavior model is discussed in the
previous section. A scenario is created to start the simulation.
It is assumed that during the simulation period, these
occupants stay in his/her office regularly without long-term
absence during weekdays. Additionally, there is no overtime
working hours at nights or weekends. For the sake of
simulation integration with EnergyPlus™ at the same pace,
the ABM is executed at the time step of one hour. This should
be divided into shorter time segment in the future research.
Indoor/outdoor environmental input data is updated at each
time step, which results in eight to nine behavior outputs
every day for each occupant. The raw outputs are then
translated into behavior schedules as input for BEM in
EnergyPlus™. Due to the restrictions of the BEM, which is
modeled at the thermal zone level instead of room level, the
occupant behavior schedules are applied to the zone in which
the office is situated.

Step

Target

Action

1

Blinds

Open

2

Blinds

Close

3

Window

Open

4

Window

Open

5

Window

Close

6

Window

Close

7

Window

Open

8

Door

Close

Table 2. Example of raw outputs for one day of one agent (eight
time steps).

5.3 Integration of ABM and BEM

The proposed occupant behavior model provides additional
information for the building energy model. Therefore, in
contrast to the default control mode of EnergyPlus™, the
ABM can generate more accurate schedules as input for
EnergyPlus™.

The transformation process works as follows. At the
beginning of each day, it is assumed that all the building
objects in the model are closed. Therefore, from the output
of ABM, when the behavior is reacting on an object, the
schedule value is updated to “1” at this time step, and other
objects remain the status of previous time step. Here, the
value “1” correspond to the status of “open” while “0” is to
“close” for all three objects in the model. The values could
be set to percentage for additional research purposes but it is
out of the scope of this paper. The schedule of a sample week
for one occupant is shown in Figure 5. On each day, there is
a slight difference for the same object, and the behavior
patterns also vary respectively.

The integration at the current research stage is basically a
one-direction information transmission process within the
simulation period. At the beginning of the simulation,
environment data collected by sensor node is entered as input
for the ABM, so that the agent can perceive the built
environment and evaluate the level of comfort. The agent,
then, decides on which action to take according to the utility
ranking. The decision outcome is stored in a list and
transformed to an updated schedule for BEM, where
corresponding parameter settings are adjusted to reflect the
behavioral changes [24]. Following this mechanism, at each
hourly time step, the environmental data and building system
status are updated to run the ABM. The process is executed
for all rooms separately. At the end of the simulation, all the
updated schedules are fed into EnergyPlus™ to simulate the
energy use for the target building.

1

The entire process is conducted manually, therefore the
simulation period duration is limited. As research progresses,
a dynamic connection between the two models will be
established to enable automatic information exchange
through a bridging program (co-simulation) so that the
simulation could have a shorter time step, and run for a
longer period, i.e. a year.

0

1 4 7 1013161922 1 4 7 1013161922 1 4 7 1013161922 1 4 7 1013161922 1 4 7 1013161922

Window

Blind

Door

Figure 5. Sample schedule for a week (only showing one occupant).

The 4-week behavior schedules from the last step are used in
the BEM to simulate energy use for the given season. A
baseline model which keeps all the original settings starts a
simulation first. Then, the ABM schedules for window,

5.4 Results and Discussion

For each weekday, the ABM runs simulation eight times to
output hourly behaviors of one occupant. The raw output of
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blinds and door are applied to the targeted thermal zones for
another attempt for the same period. Results are shown in
Figure 6, where the site energy use for the whole building
increased by a small amount. However, the absolute
difference is obvious, considering the experiment area is five
thermal zones only (54 thermal zones in total for the
building). Moreover, the difference could be even more
significant for a one-year simulation period. Ideally, the
ABM-based BEM tends to obtain a result that is closer to the
measured energy use. This will be studied in the future as
part of the validation progress.

Energy Use [kWh]

33000

combination of variables, e.g., open window when both air
quality and temperature perceptions are within a certain
range.
Second, the simulation integration is limited by manual
operation. This part could be improved by applying the
concept of automatic simulation that enables information
exchange between the two simulation engines. In other
words, at each time step, the output of ABM (behavior
schedules) should be imported in the BEM to calculate the
new environmental conditions caused by the behaviors. Then
the new values will return to the ABM as input for the next
time step. This loop continues until the simulation ends. In
this way, not only could the dataflow reach a more detailed
time interval, but also make the simulation period adjustable,
which realizes the goal of adding another dimension to the
current BEM. This so-called co-simulation approach is
currently under development and the present framework has
made solid modifications in preparation for this next step.

32,879

32900
32800
32700
32600

32,597

It can be concluded from the final results that occupants'
behaviors are indeed causing building energy use variation,
and default settings of current BEM underestimates this
impact. More experiments for different building models
should be conducted to gain a deeper understanding of how
occupants behave in buildings and the impact to building
energy use, after improvement of the integration.

Finally, the ABM has not been fully validated yet. This
includes two parts, ABM validation and BEM validation.
Both model-to-model and system measurements comparison
will be conducted, which not only validate the ABM itself,
but also provide an overview of the performance of different
types of models so far. As stated before, the survey behavior
data and measured energy use data is collected or will be
collected in the future, to be treated as ground truth data for
simulation results. It should be noted that black-box
validation rather than white-box approach will be used,
because it is not necessary to challenge the internal
architecture and algorithms of the two simulation engines.
Furthermore, once the ABM is validated, and found suitable
for the built environment, more behaviors could be added to
enhance the framework.

6

7

32500
32400

Baseline

ABM Schedule

Total Site Energy [kWh]
Figure 6. Energy use comparison for four weeks in November.

LIMITATIONS AND FUTURE WORK

CONCLUSION

This paper introduced a framework that combines an
occupant behavior model, data sensing, and data collection
approaches for the purpose of gaining insights of how
building users interact with buildings. The proposed model
is developed based on a first-of-its-kind use of PMFserv in
the built environment that mimics the physical perception
and mental cognition of humans, as well as an actual case
study scenario in an office building. This paper also
discussed the configuration of smart environmental sensor
node which measures ambient conditions for ABM
adjustment and validation. The simulation experiment
studied three common office behaviors in response to indoor
environmental change and their influence on building energy
use. Results showed a dynamic variation of occupant
behaviors within office context and the quantitative energy
use differences between default and ABM settings. We
expect the presented framework to help promote functions
and accuracy of building simulation programs, design
behavior interventions, and develop energy management
solutions in a more holistic way.

The simulation results of the two models (ABM and BEM)
demonstrated that the framework is able to capture the
behavioral impact on building energy use. The pilot study
lays the foundation to next stages of the framework
development. We believe the framework could be used by
different stakeholders including building designers, building
owners, and building management staff to evaluate
behavioral changing methods or plan energy use policies
based on potential building users. However, limitations must
be addressed to improve the practicality of the framework.
The following aspects will be studied in the future.
First of all, the ABM modeling logic need to be optimized.
As stated previously, once the surrounding environment is
out of the agent’s comfortable range, the corresponding
perception type is initiated for final utility ranking.
Therefore, a more comprehensive model is needed to adjust
rules between environmental conditions and comfort range
that could best reflect reality. This could be done by
modifying the perceptions as a continuous variable instead
of a boolean variable. Actions can be initiated from a
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Observed Behaviours in Simulated Close-range
Pedestrian Dynamics
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the preservation of personal space (~0.8m-1m) is a fear
response. Particularly, it’s a mechanism for subconsciously
affording us a buffer of time to react to negative outcomes,
especially near strangers. The specific distance varies across
cultures and social settings, but the biological origin explains
the near universal range of (~0.8-1m).

ABSTRACT

Crowd simulation can be a useful tool for predicting,
analyzing, and planning mass-gathering events. The analysis
of simulated crowds aims to extract observations to assess
occupant interactions and potential crowd flow issues. This
paper presents a continuous-space definition of Centroidal
Particle Dynamics (CPD) crowd models, then proceeds to
present behaviours observed in the simulated crowds. These
include organized micro-grouping (flocking), uncooperative
behaviors like passage blocking and collisions due to
distracted pedestrians. It also briefly explores how spatial
design choices could positively impact pedestrian flow. The
observations might be of interest to designers of urban and
architectural spaces who are looking to improve pedestrian
or occupant experience, particularly in high-density crowd
scenarios. The presented CPD method is additionally
implemented to run on mobile (Android) devices, allowing
on-the-field crowd simulation for event planning.
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Once the local (centroidal) force is computed, it is integrated
with other relevant forces to the pedestrian (e.g. global path,
friction, maintaining proximity to nearby family members).
Such forces can be given weights, which can be treated as
the parameters of the overall pedestrian simulation. As we
will see throughout the experiments in Sections 3-5,
modifying these parameters will result in different emergent
behaviours. Lastly, the acceleration 𝒂𝒂𝒂𝒂𝑡𝑡𝑡𝑡 experienced by the
pedestrian (due to the net force) at time 𝑡𝑡𝑡𝑡 is finally integrated
using a time solver. We opt for a Verlet (Symplectic) solver
as a happy medium between an explicit solver’s
computational speed, and an implicit solver’s energy
conservation. The integration of pedestrian position 𝒑𝒑𝒑𝒑 over
timestep 𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡 is given by:

ACM Classification Keywords

I.6.5 [SIMULATION AND MODELING]: Model
Development; I.3.7 [COMPUTER GRAPHICS]:
Animation.
1

INTRODUCTION

We simulate close-range crowd behaviour using a personal
space preserving method, known as the Centroidal Particle
Dynamics (CPD) method [1]. As a variant of the social forces
model [2], the CPD method models close-range interactions
of pedestrians by explicitly asking them to maintain and
regain their personal space in their vicinity. In high-density
crowd scenarios, the concept of personal space preservation
seems to produce believable results. This intangible concept
of “personal space” has biological origins, namely the
Amygdala, the fear center of the brain [3]. That is to say that
SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

CROWD INTERACTION MODEL

An overview of the CPD method is shown in Figure 1. We
start by using the entity (pedestrian) positions to construct a
Personal Space Map (PSM). This map is a global operation
that explicitly maps out the current personal space (PS) of
each entity in the scene. Each pedestrian can then examine
the local area in their immediate surrounding (~0.8m-1m) to
calculate how much of their personal space was violated and
the appropriate response. This is done by computing the new
geometric center (or centroid) of the currently available
personal space. A vector pointing the pedestrian to this new
centroid is called the Centroidal Force. In essence, this force,
if followed, will allow the pedestrian to regain the most
amount of personal space.

𝒑𝒑𝒑𝒑𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡 = 2𝒑𝒑𝒑𝒑𝑡𝑡𝑡𝑡 − 𝒑𝒑𝒑𝒑𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡 + 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿2 𝒂𝒂𝒂𝒂𝑡𝑡𝑡𝑡
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Figure 1. Overview of pedestrian update cycle per time frame (𝜹𝜹𝜹𝜹𝜹𝜹𝜹𝜹).

pedestrian needs to avoid. Additionally, scene geometry can
be projected onto 𝐺𝐺𝐺𝐺 as if viewed orthogonally from the top.
Most scene geometry is already in 2D form (e.g. architectural
floor plans), but any 3D geometry (e.g. columns or vehicles)
would need to be explicitly projected onto the PSM for
ground-level collision avoidance. To project 3D meshes onto
𝐺𝐺𝐺𝐺, the following transform can be applied per vertex:

Symplectic solvers are popular in video games and in realtime physics engines. We point the interested reader to [4]
and [5] for more on this optimization topic.
2.1 PSM Construction

The PSM is defined as a tessellation or partitioning of a 2D
plane 𝐺𝐺𝐺𝐺 (i.e. the ground) on which scene obstacles exist
(walls, gates, barriers, parked vehicles, etc.) and pedestrians
traverse. After the PSM construction is done, every point 𝑔𝑔𝑔𝑔
in plane 𝐺𝐺𝐺𝐺, will belong to one and only one entity (e.g.
pedestrian_13, obstacle, or unoccupied space). Let 𝑇𝑇𝑇𝑇 denote
the many-to-one mapping that tessellates plane 𝐺𝐺𝐺𝐺.

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗𝐺𝐺𝐺𝐺 (𝑣𝑣𝑣𝑣) = 𝑣𝑣𝑣𝑣 − (𝑛𝑛𝑛𝑛⃗𝐺𝐺𝐺𝐺 ⋅ 𝑣𝑣𝑣𝑣) × 𝑣𝑣𝑣𝑣
Where 𝑛𝑛𝑛𝑛⃗𝐺𝐺𝐺𝐺 is the plane’s unit normal vector, and 𝑣𝑣𝑣𝑣 =
(𝑣𝑣𝑣𝑣𝑥𝑥𝑥𝑥 , 𝑣𝑣𝑣𝑣𝑦𝑦𝑦𝑦 , 𝑣𝑣𝑣𝑣𝑧𝑧𝑧𝑧 ) is a vertex position that has a height 𝑣𝑣𝑣𝑣𝑦𝑦𝑦𝑦 between
0m (ground) and 3m (reasonable max human height), and
does not explicitly belong to a ceiling element. Then, for
every point 𝑔𝑔𝑔𝑔 ∈ 𝐺𝐺𝐺𝐺 that falls within the polygons formed by
𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗𝐺𝐺𝐺𝐺 (𝑣𝑣𝑣𝑣), we set 𝑔𝑔𝑔𝑔 ∈ 𝐵𝐵𝐵𝐵. Hence, the set B contains all the
boundary points in space 𝐺𝐺𝐺𝐺 that were defined explicitly by
the modeler along with all the 3d scene obstacle projections.
When tessellating 𝐺𝐺𝐺𝐺, we -currently- don’t explicitly
differentiate between different obstacles, and hence assign
them the same value obstacle (or numerically -1):

To start, all points 𝑔𝑔𝑔𝑔 ∈ 𝐺𝐺𝐺𝐺 are considered unoccupied (or
numerically 0) to represent all the empty space available for
any pedestrian to traverse:
𝑇𝑇𝑇𝑇 (𝑔𝑔𝑔𝑔) = 0,

for all 𝑔𝑔𝑔𝑔 ∈ 𝐺𝐺𝐺𝐺.

CPD pedestrians will be accounted for by performing a
constrained Voronoi tessellation with pedestrian positions as
the Voronoi sites, and the personal space (PS) radius as the
constraint. Let’s assume that each pedestrian is assigned a
unique identifier from 1 to 𝑛𝑛𝑛𝑛. If we denote 𝑑𝑑𝑑𝑑(𝑎𝑎𝑎𝑎, 𝑏𝑏𝑏𝑏) as the
Euclidean distance between any two points 𝑎𝑎𝑎𝑎 and 𝑏𝑏𝑏𝑏 on plane
𝐺𝐺𝐺𝐺, then the tessellation now becomes:
𝑖𝑖𝑖𝑖,
𝑇𝑇𝑇𝑇 (𝑔𝑔𝑔𝑔) = �
0,

⎧ 𝑖𝑖𝑖𝑖,
�
𝑇𝑇𝑇𝑇 (𝑔𝑔𝑔𝑔) = ⎨−1,
�
⎩ 0,

(𝑑𝑑𝑑𝑑(𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) < 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ) ∧ (𝑑𝑑𝑑𝑑(𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) < 𝑑𝑑𝑑𝑑�𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑗𝑗𝑗𝑗 �) ∧ 𝑔𝑔𝑔𝑔 ∉ 𝐵𝐵𝐵𝐵
,
for all 𝑔𝑔𝑔𝑔 ∈ 𝐵𝐵𝐵𝐵
otherwise

The entire PSM tessellation process is memoryless and gets
reconstructed every time step in the same fashion. In doing
so, the PSM can account for dynamic obstacles in the scene,
such as revolving doors.

(𝑑𝑑𝑑𝑑(𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) < 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 ) ∧ (𝑑𝑑𝑑𝑑(𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) < 𝑑𝑑𝑑𝑑�𝑔𝑔𝑔𝑔, 𝑝𝑝𝑝𝑝𝑗𝑗𝑗𝑗 �) ∀ 𝑖𝑖𝑖𝑖 ≠ 𝑗𝑗𝑗𝑗
,
otherwise

where 𝑖𝑖𝑖𝑖, 𝑗𝑗𝑗𝑗 ∈ {1, . . . , 𝑛𝑛𝑛𝑛}; 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 is the position of pedestrian 𝑖𝑖𝑖𝑖,
and 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 is the radius of pedestrian 𝑖𝑖𝑖𝑖’s personal space (PS).

The projection step allows us to accommodate basic inclines,
but more work needs to be done to extend the PSM to allow
for uneven terrain, stairs, and multi-story evacuation.

Finally, scene obstacles can be explicitly defined by the
modeler, for example set 𝐵𝐵𝐵𝐵 ⊂ 𝐺𝐺𝐺𝐺 which denotes areas that the
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2.2 Global Pathfinding

3

In addition to the local avoidance maneuvers that pedestrians
perform to maintain their personal space, they typically also
have a global target location that they’re trying to get to.

OBSERVED BEHAVIOURS IN SIMULATED CROWDS

We’re primarily concerned with simulating densely crowded
scenarios where crowd planning/management is important.
These can range from socially festive events such as sports
and concerts, to politically-oriented and religious events. If
crowd density is not properly managed, these otherwise
peaceful gatherings could result in unintended crowd crushes
or stampedes with tragic results [10]. Our hope is to “make
contributions to the growing body of literature regarding
crowd dynamics”, one of the central recommendations in
[10] to support safer mass gatherings. The method and tools
presented here could further facilitate the inclusion of
architecture and urban design(ers) as solution vectors for this
critical issue rather than leaning heavily on law enforcement
and on-site crowd control measures. A “prevention (through
good design) is better than cure” kind of approach.

Classic path-finding methods can be deployed here to find
the optimal path the pedestrian needs to travel to reach its
target. If the scene obstacles are defined over a graph, then a
method like A* path finding [6] would work well in our realtime environment, as it efficiently computes such global
paths per entity and can be updated every reasonable interval
(say 5 seconds) throughout the simulation. But for large scale
simulations involving thousands of pedestrians with
relatively few possible global targets within the scene (e.g.
only dozens of shops within an event, as shown in Figure 2),
a single global floor map per target is more computationally
efficient. The map is essentially a 2D gradient field that
points an entity to the direction it needs to follow to reach the
global target. See [7], [8] for example implementations of
this floor field.

Section 3 will attempt to provide preliminary validation for
the presented CPD method through cursory comparison
against real-data. Later sections will extrapolate this
knowledge to derive results and insights from a few purely
simulated scenarios.

2.3 Net Force

Regardless of the method used, the global path force vector
is part of the net force calculation experienced by each
pedestrian (Figure 1). The net force calculation will be:

3.1 Bidirectional Flow

When explicit lanes and barriers are not specified, a
bidirectional stream of pedestrians sharing the same space
will eventually form lanes on their own. These organicallyemergent lanes reduce friction between the opposing
streams. Figure 3 shows a video footage capture from a
bidirectional experiment [11], and alongside it is the CPD
simulation. The red-coded people are headed west, while the
black-coded ones are headed east. Similarly, the red-coded
simulated pedestrians are headed west, while the blue-coded
ones are headed east. The simulation displays similar density
changes across simulation time (low to high to low again).
Of note is the “fan-out” effect seen towards the end of the
stream, where entities finally have the space to regain their
personal space, and immediately spread out. This effect is
also seen in the simulation (bottom right corner in Figure 3).

𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 = 𝛼𝛼𝛼𝛼 𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 + 𝛽𝛽𝛽𝛽 𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓(𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) + 𝛾𝛾𝛾𝛾 𝑢𝑢𝑢𝑢𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 ,
where 𝑔𝑔𝑔𝑔𝑓𝑓𝑓𝑓(𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 ) is the global path vector given pedestrian 𝑖𝑖𝑖𝑖’s
current position in the scene; and 𝛼𝛼𝛼𝛼, 𝛽𝛽𝛽𝛽, and 𝛾𝛾𝛾𝛾 are scalar
weights to parametrize the overall behaviour of the entity.
For instance, an aggressive pedestrian might have low 𝛼𝛼𝛼𝛼 and
high 𝛽𝛽𝛽𝛽 values, hence emphasizing their own global path with
little regard for local PS violations (indicated by the
centroidal force 𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 ). The force 𝑢𝑢𝑢𝑢𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 is the entity’s resistance
to non-optimal pathing, as presented in [9]. These parameters
allow the pedestrian’s behaviour to be tuned and calibrated
according to input data (e.g. cultural variances). At this
current stage, we empirically arrived at a default set of
parameter values: 𝛼𝛼𝛼𝛼 = 0.9; 𝛽𝛽𝛽𝛽 = 0.25; and 𝛾𝛾𝛾𝛾 = 0.1.

Figure 3. Our simulated crowd (right) compared to a real
bidirectional scenario. Time progresses from top to bottom.

Figure 2. Crowded event with dense, predominantly bidirectional,
pedestrian traffic (Oktoberfest, Munich. Intrepix/shutterstock.com)
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4

UNCOOPERATIVE BEHAVIOUR

The ideal pedestrian would pay attention all the time to their
surroundings. By pre-emptively and carefully retaining their
personal space, they should be able to avoid most collisions
and disruptions to their intended motion. We see such
efficiencies in busy crossings, such as Shibuya, Japan, where
hundreds of pedestrians with competing trajectories are able
to cross smoothly.
However, we also simulated a few behaviours that would be
deemed uncooperative to the collective pedestrian motion,
effectively disrupting it. Again, there is a lack of controlled
experiments that capture motion data from such scenarios, so
we rely on the strength of CPD illustrated so far.

Figure 4. Trace of all pedestrian trajectories from the real
bidirectional footage in Figure 3.

Figure 4, obtained from [12], is a trace of the trajectory of
bidirectional flow of the reference footage shown in Figure
3. The emergent lane formation is clearly apparent from this
trace. The corridor in the footage was 3.6m wide. Largersized experiments are difficult to construct and coordinate
(e.g. this narrow corridor experiment required over 300
volunteers). So, one can imagine that data capture of a bigger
bidirectional flow scenario (like in Figure 2) under controlled
lab conditions would be difficult.

4.1 Passage Blocking

Unlike clearly visible and static obstacles in the scene (e.g.
wall, vegetation, park benches, etc.), static subgroups in the
crowd can be more difficult detect in a dense scenario until
very close to that group. Figure 6 shows a bidirectional
scenario in a 3.5m hallway. We assign a few pedestrians to
stand still, effectively blocking passage. As expected the
time it takes the other pedestrians to cross is increased. When
a much wider 40m corridor was simulated, as shown in
Figure 7 (think a busy path on a campus, or access to
cafeteria area), an interesting observation arose. As expected,
the are surrounding the uncooperative bunch (bright green)
experienced congestion. However, later in the simulation, we
observed multiple pockets of congestion forming away from
the initial bundle. These secondary masses of congestion
result from the diverted traffic concentrating on the new
limited space. The insight here is that even if the width of
passage is much wider than the uncooperating group, a high
pedestrian flow rate will cause pockets of congestion to
inevitably form across the width of the corridor.

Simulation can become a useful tool here. We extrapolated
the CPD bidirectional scenario by simulating a much wider
20m virtual corridor. The trace shown in Figure 5 illustrates
how the model was able to maintain lane formation patterns,
comparable to the pattern observed in reality (Figure 4), thus
facilitating the study (and crowd planning) for larger events
such as the busy bidirectional street shown in Figure 2.

Figure 6. In narrow hallways, a few pedestrians standing still (e.g.
chatting, etc.) could cause significant congestion. Left: entities
standing still (yellow); Right: same simulation time instance with
no entities blocking the hallway.

Figure 5. Trace of the emergent lane formation by virtual
pedestrians simulated in a wide corridor.
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Figure 7. A north-south bound (red-blue) bidirectional flow. Left: entities disrupting the flow by standing still (shown in green)
lead to pockets of congestion across the entire corridor within a few of minutes. Right: an unimpeded corridor captured at the
same simulation time as the left scenario; here, lane formation across the full width (~40m) resulted in a more spread-out
distribution of density, while having already let more people pass through at that point in simulation time.
4.2 Distracted Pedestrians

Distracted pedestrians can cause injury to themselves and
others. Large events, as depicted in Figure 2, are tricky to
navigate as it is and the possibility for slight collision
(shoulder rubbing) is not hard to imagine. So, we wanted to
simulate how distracted pedestrians might make navigating
such events even harder. The most common cause or
manifestation of this distracted behaviour is pedestrians
texting/browsing on their phone. Our models were setup for
distracted pedestrians as follows:

Figure 9. An example of 30% distracted pedestrians in northsouth bidirectional flow. Red indicates detected instance of high
likelihood of collision. Orange indicates all distracted pedestrians.

• Distraction period: 5 seconds every 15 seconds (~third
of their time distracted on their phone).

inversely proportional to corridor width; not due to increased
bidirectional flow density, but rather due to the lack of
additional space for undistracted pedestrians to perform their
avoidance maneuvers. Collisions counts were much less
pronounced in unidirectional flow, where the biggest effect
was instead the slowdown of surrounding entity motion. This
can be explained by the fact that relative velocities between
the entities are on-average less than the relative velocities in
bidirectional flow, which gives fully-aware entities a larger
amount of time to react and manoeuvre around the distracted
crowd when needed.

• Speed slows down to 40% [13]; and the PS weight map
is culled to match the reduced visibility ahead of the
distracted entity, as shown in Figure 8.

Avg. collision count
per 100 entities per 10 seconds

Figure 9 illustrates the scene setup while Figure 10 charts a
sample of collision counts recorded. In the absence of any
distracted pedestrians, only a handful of instances of high
collision likelihood have been observed. The count increases
exponentially as the ratio of distracted entities increases
within the dense crowd. These collisions count were also

Figure 8. The personal space (PS) weight map for a pedestrian
distracted on their phone (left) is culled from the front due to lack
of visibility, in contrast to a normally walking CPD kernel from [9].
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Figure 10. Collision counts recorded from scenario in Figure 9.
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5

ORGANIZED GROUPING

Up to this point, we’ve assumed that entities are entirely
individualistic with little to no relation between them; and
we saw how phenomenon like lane formation which appear
to be organized are in fact just emergent global behaviours
due to each entity pursuing entirely individualistic pedestrian
dynamics. In this section, we examine scenarios that involve
intentional organization. For example, pedestrians travelling
in groups (e.g. tourists in a tour group, or a family staying
close together at a crowded festival). In those cases, the
entities require additional social forces to be accounted for
when computing each entity’s net force. But we note that
personal space (centroidal) forces don’t change just because
people have organized into groups; every entity still wants to
maintain a reasonable personal space within its surrounding.

Figure 11. The ten grouped entities (green-coded) are
explicitly grouped to stay together using the Boids flocking
rules as they traverse across the scene (task (a)). The rest of
the crowd is in north-south bidirectional motion.

seems easier, overtaking people ahead of you in a very dense
crowd is quite difficult; hence the reduction in disparity
between tasks (a) and (b).
5.2 Competitive Pathing

The difficulty in pursuing such experiments is the lack of real
data on micro-grouping configurations, especially from
controlled experiments, to help us calibrate and further
validate the simulated results. Such large-scale crowd data
capture projects are in demand.

In this section, we demonstrate an experiment that illustrates
the potential for architectural/urban design to address densecrowd issues.
The scenario is an artificial setup, where entities are initially
arranged equally around a ring. Each entity’s target is to
arrive at the opposite side of the ring. There are no other
global paths and no organized grouping. This artificial setup
is designed to test an algorithm’s ability to handle the least
optimal configuration: all pedestrians are headed into each
other, and all are competing for the center of the ring to reach
the other side in the shortest path possible. Such scenarios
are not too far off from reality. Indeed, major crossing such
as Shibuya Crossing in Japan can display such a massively
competitive pedestrian scenario.

5.1 Disruptive Flocking

In this scenario, a crowd of 990 entities is in bidirectional
flow through a 40m corridor. Ten special entities are then
grouped by implementing Boids flocking rules [14] of
separation, cohesion, and alignment. These forces are fed to
the special entities’ net force calculation (from Figure 1).
The special group underwent two simulation tasks:
a)

Starting from the sideline, the group is asked to
move across the bidirectional stream to reach the
opposite end together. (as shown in Figure 11).

Figure 12 shows the results of the crowd motion at various
time instances. Recall that the default parameter values were:
𝛼𝛼𝛼𝛼 = 0.9; 𝛽𝛽𝛽𝛽 = 0.25; and 𝛾𝛾𝛾𝛾 = 0.1. We created 3 variations of
the crowd, as shown in Figure 12:

b) Starting from the north, the group is asked to move
along the bidirectional stream to reach the south.
The average time it took the group to complete task a) is
83.75 seconds. Task b) took 68 seconds. This confirms the
intuitive notion that going across the established flow of a
dense crowd will be slower, as the group has to either wait
for openings to cross or force their way to disrupt the
bidirectional flow. While opposing flow enjoyed lane
formation as an emergent optimization strategy, microgroups flocking across the corridor did not display any
particular flow-optimizing behaviour, further explaining the
delay in performing task (a).

a) High aggression: 𝛼𝛼𝛼𝛼 = 0.7; 𝛽𝛽𝛽𝛽 = 0.3; 𝛾𝛾𝛾𝛾 = 0.4. Here, the
entities display higher-than-default drive towards the
final destination (𝛽𝛽𝛽𝛽) and lesser regard for the personal
space violations (𝛼𝛼𝛼𝛼). Additionally, the entities are highly
resistant (𝛾𝛾𝛾𝛾) to paths that deviate from the optimal route
(i.e. straight through the center of the ring). Hence, we
see heavy congestion and a pattern where the red entities
pierce through the blue entities to get to the other side.
All entities share the same parameters; the colors only
there to help visualize the overall effect.

The disparity between tasks (a) and (b) did not noticeably
change for larger micro-groups of more than ten individuals,
however, as the groups got smaller, nearing individualistic
behaviour, the disparity between the two tasks was
significantly reduced, and almost imperceptible in groups of
two. The immediately observable explanation is that smaller
groups can seize on smaller “openings” available to cross
amidst the dense crowd. Additionally, task (b) is limited by
the emergent bidirectional flow rate, which at high enough
densities effectively equalizes movement speed for large
portions of the crowd. In other words, even through task (b)

• Avg. density experienced by all entities: 0.3 ped/ft2
• Peak density: 0.8 pedestrians/ft2
b) Low aggression: 𝛼𝛼𝛼𝛼 = 0.8; 𝛽𝛽𝛽𝛽 = 0.2; 𝛾𝛾𝛾𝛾 = 0.1. Here, the
entities display higher regard for personal space
violations than the aggressive entities in (a). They’re
also more receptive to deviating from the optimal path.
• Avg. density experienced by all entities: 0.3 ped/ft2
• Peak density: 0.7 pedestrians/ft2
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Figure 12. Concentric crowd motion under different parameter values: a) aggressive crowd; b) low aggression crowd;
and c) round architectural artifact at the center of the ring with a low aggression crowd.

c) A round obstacle is inserted at the center of the ring, with
the entities maintaining their low aggression parameters.

OpenGL). Figure 13 shows a demo app running CPD crowds
on a Nexus 6P.

• Avg. density experienced by all entities: 0.3 ped/ft2

Videos of all experiments presented in this paper are made
available at: http://cell-devs.sce.carleton.ca/publications/

• Peak density: 0.5 pedestrians/ft

2

6

As if guided by this new obstacle, a cyclone pattern quickly
forms and facilitates the crowd’s motion. It might be counterintuitive to think that an obstacle would ease traffic, but this
is an example where architectural design can experiment
with ways to help guide flow without explicitly designating
single-way lanes. This scenario could easily be a high-traffic
zone in a busy mall, and the obstacle could be a seating area.
One can imagine that this experiment could be automated
through an optimization or artificial neural network (ANN)
algorithm to find the optimal obstacle shape(s) for each
setting.

CONCLUSION

Crowd simulation can be a powerful tool when planning for
large-scale gatherings (e.g. concerts, sports events) and when

We’re additionally exploring the ability to run the simulation
on mobile platforms. The idea is to empower contingency
and event planners with simulation on-the-field. The CPD
algorithm has been ported to run on Android (Java +

Figure 13. Demo of CPD running on Android; providing onsite scenario testing for event planners. It uses low-poly 3D
character sprites, color-coded to indicate pedestrian density.

171

REFERENCES

designing highly-trafficked pathways (e.g. in public transit
stations). This paper presented details of the Centroidal
Particle Dynamics (CPD) method in continuous form, and
discussed behaviours observed in simulated crowds.

[1] O. Hesham and G. Wainer, “Centroidal Particles for
Interactive Crowd Simulation,” Proceedings of the
Summer Computer Simulation Conference. Society for
Computer Simulation International, p. 7:1-7:8, 2016.

We saw how periodically distracted pedestrians (e.g. on their
phone) cause a non-linear increase in the frequency of
accidental collision among dense crowds in bidirectional
flow corridors. These experiments might be further extended
to study specific pedestrian crosswalks, where cell-phone
distractions increase the risk of severe injury with vehicles
nearby. Indeed, there is an ongoing debate in several cities
across Canada to consider banning the use of cell phones
while crossing the street. Data-driven experiments on virtual
crowds could contribute to such a discussion.

[2] D. Helbing, I. Farkas, and T. Vicsek, “Simulating
dynamical features of escape panic,” Nature, vol. 407,
no. 6803, pp. 487–490, May 2000.
[3] D. P. Kennedy, J. Gläscher, J. M. Tyszka, and R.
Adolphs, “Personal Space Regulation by the Human
Amygdala,” Nat. Neurosci., vol. 12, no. 10, pp. 1226–
1227, 2010.
[4] G. Van Den Bergen and D. Gregorius, Game Physics
Pearls. 2010.

Experiments on passage blocking by individuals in
bidirectional flow have demonstrated how congestion can
propagate across the width of a corridor, as the crowd slowly
reacts to the reduced space available to self-organize into
bidirectional lanes. This is an interesting phenomenon that
warrants further detailed studies into the relationship
between corridor width and congestion potential due to
uncooperative individuals. The takeaway here is that
increasing the width alone might not be a sufficient solution
to reduce congestion propagation issues. Perhaps future
experiments with more nuanced spatial design strategies
could point to better solutions for congestion dissipation.

[5] K. Erleben, Physics-based animation. 2005.
[6] W. Zeng and R. L. Church, “Finding shortest paths on
real road networks: the case for A*” Int. J. Geogr. Inf.
Sci., vol. 23, no. 4, pp. 531–543, Apr. 2009.
[7] A. Treuille, S. Cooper, and Z. Popović, “Continuum
Crowds,” ACM Trans. Graph., vol. 25, no. 3, pp.
1160–1168, 2006.
[8] S. Bandini, M. Mondini, and G. Vizzari, “Modelling
negative interactions among pedestrians in high
density situations,” Transp. Res. Part C Emerg.
Technol., vol. 40, pp. 251–270, 2014.

Further validation efforts are warranted, especially when
discussing the use of simulation for safety and contingency
planning. As demonstrated in this paper, CPD is quite
capable of reproducing the subtle details of emergent
phenomenon in dense crowd scenarios (e.g. “fanning out” in
Figure 3), and extrapolating pedestrian motion data collected
from lab experiments to simulate much wider areas with
higher crowd counts. However, there is still room for more
rigorous validation against statistical crowd motion data.
We’ve highlighted how controlled lab experiments are rare
for larger crowd counts (thousands of entities and more), and
how footage analysis is often reduced to macroscopic or
aggregated statistical measures. So, we look forward to
improvements in computer vision techniques that can trace
the microscopic motion paths for individuals in a dense
crowd, or at least capture detailed statistical measures related
to their microscopic behaviour.

[9] O. Hesham and G. Wainer, “Context-sensitive
Personal Space for Dense Crowd Simulation,” in
Proceedings of the Symposium for Architecture and
Urban Design, 2017, pp. 173–180.
[10] S. A. Turris, A. Lund, and R. R. Bowles, “An analysis
of mass casualty incidents in the setting of mass
gatherings and special events,” Disaster Med. Public
Health Prep., vol. 8, no. 2, pp. 143–149, 2014.
[11] J. Zhang, W. Klingsch, A. Schadschneider, and A.
Seyfried, “Ordering in bidirectional pedestrian flows
and its influence on the fundamental diagram,” J. Stat.
Mech., vol. 2012, no. 2, p. P02002, 2012.
[12] J. Zhang and A. Seyfried, “Empirical Characteristics
of Different Types of Pedestrian Streams,” Procedia
Eng., vol. 62, pp. 655–662, 2013.

In the end, virtual crowds are only a tool. Simulation is meant
to complement, not replace, existing wisdom, experience,
field studies, and analytical computations. This additional
tool facilitates design iteration and visualization; and might
help highlight previously unforeseen problem areas that
warrant further investigation, if necessary.

[13] L. L. Thompson, F. P. Rivara, R. C. Ayyagari, and B.
E. Ebel, “Impact of social and technological
distraction on pedestrian crossing behaviour: An
observational study,” Inj. Prev., vol. 19, no. 4, pp.
232–237, 2013.

ACKNOWLEDGMENTS

[14] C. W. Reynolds, “Steering behaviors for autonomous
characters,” Game Developers Conference, vol. 1999.
pp. 763–782, 1999.

This research was partially funded by the Natural Sciences
and Engineering Research Council of Canada (NSERC). We
thank the anonymous reviewers for their insightful feedback.

172

Organic Architectural Spatial Design Driven by
Agent-Based Crowd Simulation
Mahdiar Ghaffarian1, Roxane Fallah1, and Christian Jacob1
1

University of Calgary
Calgary, Canada
ghaffarm@ucalgary.ca

1

University of Calgary
Calgary, Canada
Roxane.fallah@gmail.ca

1

University of Calgary
Calgary, Canada
cjacob@ucalgary.ca

a 3D spatial design product as the output of the system. A
form that is generated by human movement and creates a
space that accommodates the same human behavior.

ABSTRACT

This paper seeks the development of a tool for generation of
architectural space through an organic form finding process
by using agent-based behavior systems.
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A combination of architectural design, computation and
biology is explored in this research, where the design is
informed by dynamic data, and emerging behaviors are
envisioned as biological phenomena. This computational
design algorithm has two major aspects; the agent-based
crowd simulation, that produces the dynamic simulation
system and explores ways to control the output in a
meaningful way. And form generation, that translates the
movement data from simulation into high resolution, soft and
dynamic geometry that could be envisioned as architectural
form.
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INTRODUCTION AND BACKGROUND

Since the 1990s, the “speculative qualities of digital
architecture have exposed spatial design to the qualities of
growing or breeding, rather than planning. However, such
qualities still deploy the tension between discrete spaces and
continual curving” [14]. Registration of computational
algorithms explores transition of spatial design from a static,
preplanned rigid form to an organic design and geometry.
This research explores a design methodology that uses crowd
simulation for production of the organic human circulation
patterns, where the negative space can be used as functional
programable space.

The goal is to employ crowd simulation to produce the
natural circulation patterns and use the negative space as
functional program space. In order to do so, the system will
receive a functional program as input data, that will be
translated into the agent-based world components, then the
agent-based crowd simulation program will generate the
circulation patterns. In the next step, the crowd simulation
movement pattern will be translated into architectural form
through a generative design process, where the final result is

Figure 1. “Snow Field Effect” diagram, analysis of human behavior as an agent-based system.
SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)
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“An agent-based system as a bottom-up approach generates
behavioral characteristic that arise during the process of
interaction between agents and their contextual
environment” [1]. In this system “the micro-level interactions between lower-level elements generate macro-level
emergent behaviors, required by the system to be able to
fulfill an effective self-organization to overcome resulted
complexity” [5].

This design is generated based on a flexible adaptable
programed space and circulation flow patterns of occupants.
Based on how the results of this process is used in design,
this approach is potentially significantly more efficient in a
lot of different design aspects, such as travel distances,
comfort levels, occupancy volume, etc. The goal of this
design tool could be defined as finding ways to achieve a
“crowd-simulation-based spatial design”. The purpose is to
suggest a procedure to translate existing architectural forms,
through understanding the functional program pattern behind
them, and proposing an organic form that could replace the
existing form with higher efficiency, in a lot of different
aspects.

1.1 Paper Overview – Goals and Ideas

Architectural space and its design process, as well as the
geometrical result of this process which is the architectural
form, is the main subject of this paper. Architectural spaces
are usually designed as straight lines and angles that have
been placed on a plan at the design stage and built in the same
form during construction phase. The reason behind this
phenomenon is our ability limitations in what we could
easily draw or build in a more classic approach to
architecture. In this paper we explore a different approach to
spatial design and form finding in architecture, that responds
to the concept of natural human body behavior, swarm
intelligence, agent-based crowd simulation and generation of
organic morphology.

1.2 Inspiration
Observing the natural swarms and agent-based behaviors in
nature has inspired a lot of different simulations and
research-based design projects. Agent-based systems and
Swarm behavior have the potential for generation of
structures in numerous ways [19]. As an example, there are
larger structures formed out of single agents; like simulated
molecules in Artificial Chemistries [19, 6]. In wasps’ nests,
the agents deposit building blocks as a construction
technique [19, 12], or in ant colonies, the agents hollow out
material to form tunnels and chambers as their habitat [19,
10]. Swarms are believed to be capable of creating
productive structures based on various meaningful evidences
in nature [11], which can be a proof of concept that swarm
configurations or structures built by agent-based systems can
produce desirable designs [18]. In this paper also, the
exploration is based on a multi-agent natural phenomenon,
similar to the ones mentioned above, which suggests that
human crowd simulation could be considered to have
environmental effects on its surrounding and could be used
as a tool for driving design and form finding processes.

This paper’s goal is to introduce an algorithm for designing
organic forms that could define architectural space with
respect to the form of human body movement. In this Multi
Agent System (MAS) performance of every agent that
inhabit in a space and its individual and collective group
behavior has been studied. “intelligent group behavior and
solution to complex problems can be obtained as the result
of interactions between agents characterized by a simple
internal model” [7]. In this agent-based system every
individual is considered as an autonomous agent and a
decision maker, and then the solution, global system
behavior, emerges as an effect of agents' individual local
behavior [8].

Figure 2. Design Concept Diagram
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Figure 3. Design Strategy and Framework

“Snow field effect” is a term used in this paper to describe a
phenomenon that takes place in nature and urban
environments (figure 1). The phenomenon happens when
snow covers a large surface and creates a neutral field. Then
the traces of people’s natural movement through this field
will create an organic circulation path that may or may not
relate to the existing designed path ways hidden under the
field of snow. This observation suggests that the design of an
architectural or urban space, where the circulations plays a
dominant role, could be inspired by the same effect. This
means, if natural circulation patterns are modeled and used
as rulers of the designed space, by using an accurate
simulation, the architecture could be an optimized solution
for the defined program, similar to the natural examples.

normal architectural scenarios, such as daily activities.
Similarly in other research and simulation technique
developments in the field of studying agent-based human
behavior in architectural space and existing conditions,
human behavior has been studied in order to inform
emergency situations and evacuation, such as the related
research done in Monash University, Australia [16], and
Stanford, US [13], or other papers that has looked into
techniques of modeling and studying human behavior as
agent-based systems with a focus on the model not the
application, such as studies done in Georgia State University,
US [15], and University College London, UK [17]. In
researches that specific behaviors such as evacuation has
been explored, the emerging behavior of the agents and their
individual decision-making process in reaction to changing
elements of the environment has been studied. And in more
general studies of the normal conditions, the holistic
behavior of the system that originates from the performing
of pre-calculated activity schedules has been analyzed as the
main subject [3]. Lastly, the other type is where instead of
qualities of the application, the computational simulation
model is the subject and the focus is more on innovations in
computer coding.

1.3 Background Research and Related Work

In the contemporary practice of architecture, considerations
of human behavior during the design phase, are often based
on “partial, or even speculative information” [3]. In recent
years use of computing in architecture and development of
computational design techniques, has led to a new
perspective about the generation of space by means of
interaction. There are several valid reasons, that makes
simulating people’s behavior in a building a challenging
task, reasons such as; complexity of human behavior and
complexity of the continually changing unpredictable
environment they operate in [4]. In order to avoid this issue,
the functionality of agents has been reduced to their simple
floating movement pattern in space, in order to focus more
on the process than the product. Otherwise, using a pure
agent-based approach, that defines every person as an
autonomous individual agent, would result in a very complex
system. Therefore, when agent’s behaviors start to move
towards becoming a realistic representation of human spatial
interactions, the system would become unmanageable [4].

In this literature review, it has been identified that there is a
large emphasis on analysis of the pre-designed buildings and
detailed modeling of the behavior. This has appeared to
cause a lack of attention to spatial qualities and considering
architecture as the main focus. Additionally, none of the
explored precedents has considered this crowd simulation
technique purely as a tool for designing the space. Therefore,
in this research the main focus has been around using this
multi-agent system to address the architectural qualities of
the space through a generative organic form finding
approach.
2

In the majority of similar application that has been studied
for this research, in the area of modeling human activities
and movement behavior in space, multi-agent systems have
been used with the capacity of having individual agents that
interact among themselves and with their surrounding
environment [20]. In similar papers different types of
situations has been studied, from analyzing emergency
scenarios such as; egress behaviors and evacuation [2] to

METHODOLOGY

2.1 Strategy and Framework

The design concept, as illustrated in the diagrams in figure 2,
is to lay the functional program on the given site or floor
plate. Then run the simulation on this field in respect to the
program layout, the result of this simulation will be passages
of movement with higher or lower population of traffic that
will form curves of circulation tracks.
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Figure 4. Grasshopper Script Structure.

developer of the plug-in; “Quelea is a rule-based design
library packaged into Grasshopper components as a free addon to the 3D modeling environment, Rhinoceros” [9].
Through the combination of simple rules, this tool allows the
user to create complex simulations, analyze the structure, and
generate forms. “Quelea provides an intuitive interface to
experiment with particle systems, agents/boids, Braitenberg
vehicles, and everything in-between and beyond” [9]. Quelea
provides the grasshopper user with a set of tools and widgets
for creating agent based system, emitters, environment,
setting and analysis. Where all these tools have a wide range
of factors that could define and tune different settings and
properties of each section.

These circulation tracks could be recalculated for different
elevations and result in generation of a form that represents
the occupied space for circulation. The negative space or the
left-over spaces could be then considered as an optimum
volume that could be freely used for accommodating the
functional program.
Design Strategy and the frame work for this algorithm has
been defined as follows; the system will receive a functional
program that could be in a form of a hand sketch bubble
diagram as input data, this data will be translated into the
agent-based world components, then the agent-based crowd
simulation program will run to generate the circulation
patterns. Next step is the translation of crowd simulation
movement pattern into architectural form through a
generative design process, where the final result will be a 3D
spatial design product as the output of the system (figure 3).

2.3 The Algorithm – The Script

As illustrated in figure 4 diagram, the script has 4 major
sections; agent-based system setup, agent-based system
engine, agent-based system setting, and lastly the data
storage unit with the 3D form generation machine. The first
three sections perform the crowd simulation and the stored
data will be translated into 3D geometry in the fourth section.

2.2 Multi-Agent System Tool

In this simulation, among different approaches and plug-ins
tested in the process, “Quelea” was used as an agent-based
modeling plug-in for grasshopper. As defined by the
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Section 1, agent-based crowd simulation: the system setup,
has three parts that controls the properties of the agents,
emitters and environments. Each of these parts has tools to
control properties of the number of agents, life span, velocity
of the particles, location of the emitters, and form of the
environment.
Section 2, agent-based crowd simulation: the system engine,
is the motor that runs the whole agent-based simulation and
produces data that locates the agents in their new coordinate
at each step.
Section 3, agent-based crowd simulation: the system setting,
provides a large number of variables that control the
behavior of the agents through external forces,
environmental settings and directly agent movement
characteristics. Forces, such as attraction forces, surface flow
forces and custom forces can be defined and affect the
movement of the agents accordingly. Environmental settings
can provide items such as constrains, arrive points, avoiding
obstacles, seeking destinations, following paths and border
containing effects. And lastly the agent settings provide tools
for controlling the following items; wandering effects,
separation, alignment, avoid collision, cohesion, and view
clearance.

Figure 5. Sample illustration of simulation and environment created
by the script

After data storage, curve groups of each time module go
through a process that will create a common surface which
could accommodate all the agents. This shape is generated in
the following sequence: moving the curve up sequentially by
a factor of the z axis, getting control points of the curves and
simplifying the point cloud, generating a 2D proximity
geometry out of it, offsetting the lines and producing a
perimeter line around the union collection of geometry,
deleting the small areas in order to reduce the noise and
simplifying the curves accordingly. The process has been
illustrated in the figure 6 diagram.

Section 4, data storage and form generation: data storage
plays an important role in this script system. the result of the
crowd simulation needs to be stored in a well classified
fashion that reflects the trails’ geometry in every time
module. The storage system has been designed in a way that
is easily accessible for the form generation section, in a way
that the curves of each time module could be called out and
then processed through the form creation piece. This piece is
a part of the bigger geometry generation section.

Then the last piece, the sequence of surfaces that reflects the
movement pattern of each time, figure 7, will be stacked
vertically to form the 3D volume of the circulation space. As
architecture program lives in the areas around the circulation
space, in this case, the actual architectural form will be
defined as the negative solid space around the circulation
void.

Figure 6. Form Generation Process Diagram – Circulation Pattern
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Figure 7. Sequence of Surfaces Produced Through Time – Circulation Pattern
3

DESIGN, RESULT AND DISCUSSION

framework section. The final generated form that looks like
a natural field that has been washed out under the effect of
an external force such as water movement, and reminds the
viewer of the Grand Canyon in Arizona, is in a way the result
of a repeating movement pattern by the agent-based
movement simulation system. As each layer has removed the
circulation area, the result is all the left-over space that could
be used for all the other purposes.

An iteration of the design product, that was produced through
this system was tested as a 3D model. This model was
generated in a rectangular surface, with 3 sphere obstacles,
arrive point and seeking points, as well as one attraction point
(figure 5). In this system, characteristics of the agents are
designed to behave similar to human movements based on
section 1.3 explorations. This behavior has been achieved
through agent settings such as agent’s wander rate,
separation, cohesion and alignment force, collision and view
blocking avoidance, etc.

This question could be raised that whether this space is truly
a more suitable geometry for human movement or not. And
the answer would be: as this result is a product of the
designed system based on a given data, proportionally, it
could be argued that the result is truly efficient and suitable
to human movement, to the same degree that the crowd
simulation and form generation is similar to the real accurate
human behaviour.
The other argument is about the fact that this geometry has
captured layers of time in its form, and not the human body
form, which may be truly away from an accurate result for
dynamic smooth human movement. This argument is
discussable in a systematic technical perspective, that maybe
a few changes in the approach and the use of generated data
could result in different forms that suits different purposes.

Figure 8. Generated Circulation Geometry

The third discussion, could be around the fact that the 3D
form is a result of one directional extrusion of a 2D plane,
which is not an organic smooth form and reads well only if
seen from one direction. However, the answer to this issue or
the correct observation would be understanding the fact that
these vertically extruded layers are representing the
resolution of the form, similar to the 3D printer resolution
limitations, this issue could be softened by using different
geometry creation methods such as lofting. But for this
particular exploration, in order to keep the accuracy of the
generated movement pattern an accurate 2D shape with
vertical extrusion and stacking was preferred to a smooth 3D
form.

Figure 9. Generated Circulation Geometry

As shown in the renderings, the geometry has stacked layer
of movement patterns that has created a 3D form to be used
as a void mass for creation of the architectural space based
on the defined program mentioned in the design strategy and
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Figure 10. Void and Solid - 3D form Generation
4

CONCLUSION

This research was after generating a soft organic
architectural form that would reflect human movement
behaviour through a crowd simulation and accordingly form
generation process. The form was generated in different
steps through a computational design process and was
presented as a potential architectural form. While, a few
different spatial and architectural qualities of the space
generation could be argued to be a true response to human
movement pattern, this process has been explored as an
experiment in exploring this phenomenon only as a product
of circulation patterns.

In this design process, human behaviour in architectural
space is explored in relation to spatial-architectural
components and other occupants, in a way that separation,
attraction, flocking, pauses and other similar effects on the
agents are mapped on the plan. Based on the result of that
exploration the movement around certain elements in the
space will define the volume that is needed for the circulation
and the negative space will dictate the form that could be
potentially developed for enclosed objects in response to an
initial input of architectural program.

Figure 11. Architectural Form Product from Various Angles
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Future of this research is envisioned to be potentially carried
forward in a few different directions. The efficiency analysis
and evaluation of the generated circulation pattern and
program space is the first step after this experiment. Two
directly related steps could be a closer look to the humanized
agent behavior setting in the system and the technique used
for the form generation which could arguably benefit from a
softer higher resolution approach. Other step is the study of
architectural evaluation and exploration of the potential for
accommodating the functional program. Lastly two new
approached that could be hugely beneficial to development
of this idea, one is the exploration of using game engines for
form generation, human behavior data collection or the post
design evaluation form, and the other future step is
regenerating this process and enhancing it by using
evolutionary computational
techniques
for
form
reproduction.
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ABSTRACT

As data continues to influence every field, including creative
ones such as architecture and design, the importance in the
type of data increases. Through generative algorithms, or
more recently machine learning, the mathematical formulas
are designed to reduce, minimize, or optimize certain parameters. These parameters should have a method for evaluation
in order to check the generated or created design option. It is
this method of evaluating the design that is a critical underlying component that must be researched before implementing
mass customized designs from computer algorithms. This paper discuses the use of human factors as an evaluation criteria,
with the important assumption: the designed space is meant
to be for people. A broad review of various human factors
that have been quantified in literature is presented. Additionally, methods for parsing a building design when geometry is
not organized, as in the case of BIM, are detailed. Examples
of human factors related to designed spaces of various people
are given, along with specifics in how the presented evaluation methods can be applied to improving space for people,
including some with disabilities.
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INTRODUCTION

A fundamental question must be asked when designing a
space: is the space for people? In that regard, the simulation
and evaluation of the space must include aspects of the to-be
occupants, rather than solely on form generation for aesthetics. Whether it is a house, industrial kitchen, or grocery store,
the building houses the space for people to perform tasks. By
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focusing on task based evaluation, designers can improve living and working conditions for the occupant through spatial
and geometrical design. In this paper a wide ranging literature
review introduces highly relevant and some very recent papers in biomechanics to the architectural discourse. The paper
then introduces a new method of interpreting unknown geometry within CAD into a complete accessible building graph.
This is then used as the underlying mechanism in which various human factors can be evaluated for within nearly any 3D
design program.

1.1

Human Evaluation

While often human factors in architecture are considered thermal comfort levels, lighting levels, and maximal auditory
levels [14], the individual factors are less often considered.
Within academia, human factors such as the visual cone [16]
and line of sight [7] have been demonstrated as a means to
improve the design of spaces. Simulation of people throughout the built environment has also been of interest [24, 3],
although validation of these models, and how people move in
general, is much harder to come by [1].
In implementation, both auditory and thermal levels are calculated without human intervention or information on a human, and rather, are values calculated with and by the building [22, 31]. In comparison, ergonomics programs such as
Jack [2] provide industrial operations engineers the ability
to fine tune the layout and space planning of a manufacturing plant based on human task and performance. Similarly,
in [27] a task based narration of agents in space is demonstrated, however the evaluation of these tasks is not quantified.
The integration of human task based work being a metric for
design in CAD can be seen as early as the 1980’s [19]. This
work furthered into the development of Body-Motion Envelopes, spaces required for achieving specific tasks, through
the video recording of multiple subjects attempting the
task [20]. This type of analysis has largely remained outside of architecture and design. One argument is that a space
can be transformed to facilitate a wide variety of tasks. However, there are numerous instances in which particular human
factors may never change, such as a disability, or a space in

which the purpose is unlikely to change, such as an airport,
or the interaction will always remain, such as a staircase.

culate walking paths within design, but rarely are the graphs
refined enough to consider issues such as shelf management.

As the academic fields continue to improve understandings
of how the human body moves, the knowledge found has a
great impact on the way buildings are designed, particularly
as the way architects have understood the human has directly
translated to the types of designs made [29]. In the case of
staircases, the dimensions of the stairs are defined by building codes. Through human subject studies of stair climbing,
researchers are able to understand the impact of various stair
dimensions on human movement, and as such, correlate stair
dimensions to the risk of falls and injuries [25]. Trials studying the impact of cross-slope ground on human gait have
demonstrated a change in joint kinematics affecting energy
expenditure [10]. In uneven or irregular surfaces an increase
in hip and knee flexion has been seen [9]. In these examples biomechanical data has shown the built-environment has
a direct and measurable impact on the well-being of building
occupants at a physiological level.

Another aspect of occupant interaction with the built environment is reachability, especially in relation to kitchen design where a large percentage of house work is done [34].
Interestingly, research has shown that various counter heights
facilitate a reduced energy expenditure and increased comfort
when designed per task [18], yet varying counter heights are
rarely seen. Similarly to issues of counter heights, in general poor kitchen design can cause stress on cardiovascular,
muscles, and the respiratory system [18]. Most relevant to
the research presented in this paper, research has shown cabinets or objects should be placed within what is referred to as
the critical reach boundary in which arm-only movement is
required [6].

1.2

Motivation

Although it is impossible to predict how building occupants
will interact with a space, research in areas such as Biomechanics, Sociology, and Neuroscience offer critical information as to the range of possibilities. For example, research
has shown that specific decibel levels can be correlated to
specific actions of a child with Autism Spectrum Disorder
(ASD) [17]. Disabilities regarding gait have significant negative effects on life satisfaction, and are primary causes of
depression in these patients [4]. Likewise, it is dangerous for
architecture to assume medical devices are at a point of enabling building occupants with disabilities to successfully,and
healthfully, navigate a space, with research showing close to
85 percent of doctors dealt with patients who could not properly operate power wheelchairs because they lack the motor
skills or strength to do so [13]. With that being said, it is
also not always in the patients best interest to resort to power
wheelchairs, as their use can lead to decreased movement
and exercise, which ultimately can cause more health issues.
Therefore, conditions such as Cerebellar Ataxia (ACA), in
which people are susceptible to an increased risk of falls due
to a lower than average local stability of the trunk [5], have
profound impacts on the lives of people and their interactions
with the built environment. To assist in evaluating space for
people with this condition, a fall score is presented in 2.
Importantly, it is not only cognitive or physical disabilities
in the common understanding that can be evaluated, but also
diseases or injuries that occur purely due to aging or daily
life. Even when considering perfectly able-bodied people, research has shown traditional methods for designing spaces,
for example the idea of keeping customers in a retail store
for longer periods of time, have actually had negative consequences on the store from decreased consumer pleasure [12].
When considered in context to the rapid increase of online
sales for Amazon, it is no surprise that additional factors such
as accessibility, maneuverability, and shelf management [30]
were found to be key indicators for occupant happiness. Further discussed in 1.3, past work has developed graphs to cal-
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1.3

Spatial Analysis

A key challenge in evaluating a design is in the interpretation
of the building geometry into a graph based system whereby
search algorithms and point locations can be used for localized building information. In [15], a voxel based system is
demonstrated, with the advantage of having uniform grid objects for performance analysis. However, like most of the
research involving building analysis by graphs, the geometry of the building is assumed. This assumption is logical
when considering buildings designed using BIM. In [21], a
universal circulation network is introduced whereby the concave and convex points of the geometries are connected to
define a building graph. To evaluate which nodes are able to
be connected an intersection function is applied to each connection. While using the same approach for the graph, [11]
changes to a grid based system for alternative performance
metrics. Likewise, an even grid placement was demonstrated
in [23] with the use of geometry-to-edge intersections to cull
the edges of the graph, similar to the visibility intersections
in [21]. On a more human scale, isovists and visibility graphs
approach the problem from a starting point valid for a building occupant and continue to generate relevant information
outwards [32, 33].
Another aspect to spatial analysis, and a key component of
why evaluations are vital, is within the classification and generation of space, most recently with machine learning. Bridging these two parts, [26] demonstrates a method for using 3D
isovists to parse a scene geometry, similar to machine vision,
and then uses machine learning for classifying it. In both the
evaluation and generation side, [8] aids in rapid generation of
space plans, by automatically evaluating with custom metrics
such as number of patient beds with external window, minimum distance to nurse station, maximum number of patient
bedrooms etc. useful for healthcare planners and developers.
It is this latter part, the metrics in which the space is evaluated by, that has the potential to create meaningful changes
to people in a design when human factors are placed as the
priority.
During the design process a fully known building or geometry
may be difficult, especially when not using BIM. Additionally, the placement of an even grid along the entire building
scene and working backwards by culling edges can present

inefficiencies as much of the space may not be accessible
at all. Furthermore, while the UCN is able to connect all
nodes for the shortest path [21], the resolution of the grid in
places that do not have geometry is minimal, making additional types of analysis (such as field of view from the room
center) difficult, if not impossible. Instead, this paper demonstrates a method for generating a building graph network consisting only of accessible locations for a building occupant
through an iterative raytracing approach to grow the network.
Similar to [32], a valid start node is selected by the user. The
graph is then created by iteratively checking neighbours of
each node and comparing the height at which the neighbours
exist. Further described in 2, this approach allows for a floor
surface to be made of any number of geometries while considering objects that may interfere with walkable paths.
1.4

Summary

This paper presents methods for evaluating space, particularly
within CAD programs, based on tasks performed and relevant
factors within that space. Various aspects of humans that can
be, but have traditionally not been, integrated into the design
process for evaluation were presented in the literature review
of Section 1.1. Algorithms for building a complete graph network representing the movable spaces are presented in Section 2.1, along with methods for calculating reach volumes
( 2.3) and scoring areas based on the dangers of a fall ( 2.2).
In Section 3, the software-specific implementation details of
the algorithms are shown alongside the values associated with
the designs in various configurations.
2

Assuming a starting location that is physically possible to be
at, such as the door entrance, hallway or center of a room, an
expanding search of continuous ground can be analyzed. The
paths that a person can take are based on the edge values E
within the space (Eq 1) between nodes, denoted by r.
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(1)

(2)

N = {i|i ∈ (j, k)|(j, k) ∈ E}

While N is dictated by the possible edge connections, it is
useful on its own as it defines all valid walkable surfaces, and
acts as a base for future calculations when defining regions of
a space that are impacted by other factors, such as the proximity to objects.
To further illustrate the method of creation for N , Figure 1
(a) shows the parent node as valid, with 3 children invalid. In
Figure 1 (b), the relationship between what is considered a
walkable surface and none walkable surface is demonstrated
by the varying height of the surface being analyzed in comparison to the parent node.
Ray
Valid
12’

Parent

Void

a

Invalid

20’
Valid

Graph Creation

√
2)

This set E is created from the calculated node set N :

METHODOLOGY

When evaluating a building, in particular in the case of a
human moving throughout a space, the evaluation needs to
breakdown the model to find what areas and which ways are
possible to walk on. In the case of BIM, this is easily identifiable as this information is built alongside the geometry.
However, in many types of design software, the polygonal
or nurbs based models are created and modified by the user
without additional information embedded. For this case, a
building in which the geometry exists as un-ordered and unclassified objects within a scene requires a graph creation system able to iteratively create the graph with relatively little
information on the geometry. In implementation, this acts
quite similarly to autonomous robots using LIDAR to build a
scene graph as it moves along in space. This graph can then
be used for path finding and search algorithms, as well as an
equally spaced node graph used for performance metrics. In
this section, the method in which this graph can be created is
introduced. Likewise, methods for evaluating space based on
human tasks and metrics, such as reachability and dangers of
falling, are demonstrated by taking advantage of the ability to
fine tune the graph with known locations an occupant is able
to be at.
2.1

E = {(i, j)|(ri − rj  = 1 ∨ ri − rj  =
∧ (ri − rj ) · ẑ = 0}

Floor

b

Figure 1. (a) A parent node in black is surrounded by 8 possible children,
three (denoted by an x, are considered invalid by the criteria shown in (b)
whereby the difference in height from the parent node to the child demonstrates an impossible edge connection.

Once a valid starting location is defined, the algorithm continues to parse the scene and build the complete accessible
building graph(Algorithm 2.1). The function for building the
graph stores all valid nodes and edges found. At each iteration of a parent node, the set of edge weights is defined for the
parent to the children. Each edge is one directional, meaning
a child node does not automatically connect to the parent. In
this implementation, the edge weight is defined a s t he distance between the two nodes, although future work could expand on this.
Algorithm 2.1:

BUILD G RAPH (parent, nodes, edges)

comment: Build from parent and list of valid nodes, edges
children ← GET N ODES(parent)
nodes ← children
edges ← SET E DGE W EIGHT(parent, children, edges)
for node
 in children
comment: Recursive Call to buildGraph
do
BUILD G RAPH (node, nodes, edges)

Within the node creation function, the algorithm checks if a
child is valid or not(Algorithm 2.2). For each node, all 8 possible child nodes are found by combinations of (i, j) of either
−1,0, or 1. Note that these values represent directions, and
can be multiplied by a factor to change the spacing. Shown
as the function isWalkable, the API of the CAD program is
used to send a ray in the −z direction and check against the
geometry in the scene for intersections. The closest intersection is used as the comparison to the parent nodes location to
define if this node is walkable.
Algorithm 2.2:

In this case the objects being queried must have some information associated with them. As shown in Figure 3, the minimal amount of information required is the explicit knowledge
that a particular item is the object of interest. In practice,
the geometry can be used to find a centroid which defines the
general objects location.
Closest Point
2.5‘

Points In Graph

GET N ODES (parent, nodes)

comment: Check if parent has children not in nodes

1‘
‘

3.5

Figure 3. Visual description of how nodes are associated to objects. An
obstacle prevents nodes from being created next to an object of interest. The
centroid of an object is found. The distance of all nodes to the particular
centroid are calculated. This process can then be repeated for each object of
interest.

for i ←
 −1 to 1
for j 
← −1 to 1




loc ← (parent.x + i, parent.y + j)


f loor ← IS WALKABLE(loc)
do
 do if f loor





then nodes ← loc
return (nodes)

2.2

Path Finding

As the nodes represent a walkable surface, and are built from
a known valid location, the spacing of the nodes can be used
as a quick method for determining if a particular path is possible. After creating the edge set E, Djikstra’s search algorithm
can be run to find the shortest path between two points. If the
spacing of the nodes is such that it accounts for a wheelchair,
or a comfortable buffer zone, the node creation will in effect
create paths that can only exist with those criteria (Figure 2).

Fall Score

Another use of N from Section 2.1 is in defining areas that
may be considered dangerous for falling. As mentioned in
Section 1.1, a variety of people ranging in physical ability
are victim to frequent falling. In order to identify areas of
most concern, an algorithm can be used to find intersections
of nearby objects. In the simple case, the level of danger an
object poses can be viewed as a function of the distance a
person could fall before hitting this object. Therefore the assumption this method takes is the height of a person projected
as a hemisphere around each node.
From each node the number of offsets L within the range of
the height R of a person can be sampled by (Eq 4) given W
number of samples.
L=

a

b

c

Figure 2. (a) A node graph is calculated along an unknown surface. Areas
in which geometry (walkable obstacles) covered the surface are shown to not
have any nodes. (b) A high resolution graph is shown to find a path between
the floor edge and obstacle whereas a larger graph spacing (c) shows a not
was node created and the search path finds a different (and longer) route.

Locating Items

Once the node set is defined, correlating a node to a particular object in the scene can provide opportunities for a granular evaluation. As shown in 2.3, evaluating kitchen cabinets
for reachability can be done by first associating nodes of the
graph to particular cabinets. This association is done by first
defining a particular object with a location C , and then finding the closest node to it (Eq 3).
iC = min(N )
where i ≤ j ⇐⇒ f (ri ) ≤ f (rj )

‘

1.5

Center Of Object
Object
Obstacle

(3)

f (ri ) =ri − C

184

R
W −1

(4)

For example, assuming an occupant height of 180cm, 6 samples would be offset at 36cm increments. At each height increment the corresponding radius of intersections, a, can be
found by the equation for a spherical cap, where b is the layer
number of the current height increment (Eq 5).
O =L∗b
h=R−O

a = h(2R − h)

(5)

Using this calculated hemisphere, a function assigns values to
each node in the graph based on the number of intersections
with surrounding geometry. While not seen by the designer,
Figure 4 shows the underlying method within an example design. Likewise, Figure 5 breaks down the process for determining the point to score at each intersection.
These layer to geometry intersections are used as a way to
evaluate the impact of a fall at a nodes location. As head
trauma would be the most severe, the motivation for this scoring system is based on the impact in which a fall would cause

a maximum value can still be given, comparing multiple designs through the visualization becomes more difficult given
the wide ranging values. If implemented as an optimizing
feature for space planning, the number and types of geometry
being created could be controlled for, giving a more consistent comparison metric.
a

2.3

b

Figure 4. (a) A visualization of just two nodes in a space being scored
whereby a hemisphere is drawn around the nodes and (b) a closeup of one
node in which one layer is shown intersecting with geometry, visualized by
points at the intersections.

on the head. In this way, intersections lowest to the ground
and furthest away from the center have the highest score, relating to the fact a fall to that position would carry the highest
momentum. Comparatively, an intersection close to the center (ie, node location) and high on the list of layers would be
more similar to a bump on the head at relatively low speed.
Height
Safe

L5

Hit

= 10 T × 21 T × 32 T

The reach volume requires measurements of the target arm
from shoulder to elbow (d1 ), elbow to wrist (d2 ), and wrist
to hand (d3 ). Unlike the reach envelope, the reach volume
accounts for the extra locations that elbow rotation allows for
across the chest. Similarly, the used reach volume percentage
takes into account the depth a cabinet could be towards a an
occupant (Figure 6).
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Reach Volume

For calculating the natural reach locations from a given location, a simple forward kinematics calculation can be used.
While this does not take into account the complex movements, muscle, and tendon restraints, it does provide a generalized start for analyzing maximal reach volumes. Each joint
of the arm; Shoulder, Elbow, and Wrist, are defined as homogenous transformations multiplied sequentially to determine the calculated wrist position 30 T as seen in Eq 7.

T

d

1

ld

1

Object
Fall Radius

Fall Radius

b
c
Figure 5. (a) The height of a person is used to define the radius of a sphere,
which is split into a hemisphere above the ground. Given a desired number
of samples, slices, or layers, (referenced as l) are checked against objects
in the scene (b). When a slice intersects a geometry (c), points along the
intersection are checked for the closest proximity to the center of that slice.

The score Si for each node i ∈ N is defined by equation 6.

Si =

L

 h
l=0 g∈G

O

+ (ri + Olẑ) − pg 



(6)

Where ri is the location of node i and pg is the closest intersection point of a geometry to the center of the layer. These
are summed over two components, G and L, where G is all
geometry in the scene that intersects with the layers and L is
the number of layers to sample.
This function is applied to all nodes and is visualized to the
user by a normalized color bar (seen in 3.3) as the number of
objects in the scene will impact the maximum scores. While
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Obstacle

T0

Figure 6. The world frame T0 is transformed to the shoulder frame T1 . The
reach envelope is shown by the dashed line, while the reach volume is shown
by the dots. As the obstacle prevents the person from reaching the back of
the cabinet, the ratio of valid nodes to invalid nodes shows the unused space
of that persons reach.

Each joint is defined by a sequential multiplication of translations representing the limb segment length (ie. distance from
shoulder to elbow joint) and the axis of rotation possible on
that joint.
i
jT

= tx,y,z × Rx × Ry × Rz

(8)

The calculated hand position P checked against used space is
taken from the final frame 30 T 4th column as (Px , Py , Pz ).
3
0T

=



R P
0 1



(9)

The rotation matrices are iterated over a range of joint angles
to build the set of all reachable locations, however spacing between angles can be increased to reduce computational time.
The initial transformation 10 T for the shoulder frame is determined by the direction of the closest node rC to the object
 and the predefined shoulder height sh .
centroid R

d = rC − R
θ = atan2(d · ŷ, d · x̂)

1
0T

(10)

= t(rC + sh ẑ) × Rz (θ)

The final used reach volume score is the percentage of valid
nodes:
|V |
× 100
|V | + |I|

(11)

where V is the set of valid nodes and I is the set of invalid
nodes.
3

CASE STUDIES

In this section, a few example cases for using the algorithms
described in Section 2 are demonstrated. The methods are
implemented in Rhino 3D software using the Python API.
3.1

a

Path Accessibility

b

c

Figure 8. (a) The to view of a reach volume with fewer samples on the elbow
iteration. A 110◦ angle can be seen in an outer volume, with the inner volume
extending further, representing the elbow rotation after the shoulder has been
fully rotated. (b) A perspective view of (a) from the standpoint a designer
would be using the visualization. (c) A reach volume defined at a higher
resolution while also showing the height of the cabinets in conflict with the
occupant height.

rather than assuming the human conforms to a differently
shaped cabinet. In the simple form, this method provides a
visualization to the designer of the reach volume a person
would have in relation to the cabinets, which may help in instant recognition of significant design issues (Figure 8.
Alterna-tively, scores themselves can be returned for a given
analysis. The designs in Figure 8 were created to demonstrate
a variety of cabinet forms that provide different usage rates of
the reach volume. Figure 9(a) compared to Figure 9(b)
demonstrates a 18% difference in used reach volume by
cutting space for a person into the counter tops.

a

b

c

d

a
b
Figure 7. (a) A kitchen layout with a cutout and spacing between the island
and sink, allowing for enough space to accomadate a wheelchair with the
search path drawn as a line. (b) An island too close to the counter top, preventing nodes from being created in that space and a search path wrapping
around the island.

Although each node could be checked for intersections of a
wheelchair radius [28] or buffer zone [21], the use of a sparse
grid defined b y t he s ize n eeded f or a w heelchair p rovides a
quick method for checking the accessibility of a space. Figure 7 shows a case study of two designs with different kitchen
island sizes and placement. Given a clearance for wheelchair
accessibility, the nodes are drawn only in locations that a
wheelchair would be able to access.
3.2 Reach

A common problem in kitchen layout designs is an underutilization of space due to the lack of reachability. While one
approach to this analysis is to look at the volume of cabinet
space used, this work uses the volume of reach used. In this
way, the focus is on the redesign of the cabinet to the human,
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Figure 9. (a) A typical counter and cabinet arrangement with a score of 12%.
(b) A cutout space in the counter tops allowing for a person to move closer to
the cabinet scoring 30%. (c) Shows a slightly more unconventional method
with cylindrical cabinets, with a score of 59%. (d) A much more radical
redesign of a cabinet, although utilizing 84% of a person’s reach volume.

3.3

Falling

This case study uses a kitchen layout to represent the most
dangerous areas to fall in various designs. The results of
this implementation are given in both a visualization and numerically output. In the visualization, values within each
case study are normalized to a color bar (Figure 10), while
the numeric values can be used to directly compare
variations (Figure 11). This visualization provides a
designer with the

tions, past work has considered how much of a cabinet an
occupant could reach, while this looks at the utilization of the
occupants reach. Future work could incorporate both of these
metrics, as well as finer detailed information such as approach
angle for grasping. In the case of path search, a great deal
of research has been done with walking distances, however,
evaluating energy expenditure requires human subject intervention. Ideally, understanding the path travelled, given the
same distance, requires different energy for carrying heavy
bags of groceries from the super market than an envelope at
the post office. Finally, the goal of this work is to demonstrate
both the method for a complete accessible building graph and
evaluation methods of human factors beyond those that relate
to thermal or auditory comfort that can be integrated into the
automated design workflows being researched presently.
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ABSTRACT

Current approaches and tools for simulating human behavior
in built environments generate complex, voluminous spatiotemporal datasets describing the mutual interactions between
human agents and virtual spaces over time. Despite the immense potential of these tools and the data they generate to
inform architectural design decisions, a potential barrier that
may hinder their integration in architectural design processes
is the difficulty to analyze and interpret the simulated behavior output in a meaningful way. To address this challenge,
the paper presents the preliminary development and implementation of an analysis dashboard model used to analyze
and dynamically visualize spatio-temporal behavioral data to
support informed design decisions. To elucidate the potential contribution of the proposed dashboard model, we implement it to support a comparative analysis of the same simulated narrative in two systematically varied medical wards.
Despite the fact that the spatial variation between both medical wards is rather nuanced, initial results showcase the dashboard’s ability to quantify and spatially visualize the subtle,
yet meaningful performance differences between both layouts
over time and space. Finally, the dashboard’s limitations as
well as future research directions are briefly discussed.
Author Keywords

Human Behavior Simulation; Spatio Temporal Analysis;
Dynamic Spatial Visualization; Decision Support System
1

INTRODUCTION

Buildings are one-of-a-kind artifacts, whose large size and
high cost of construction does not permit prototyping [9]. In
architectural design, it is thus of cardinal importance to analyze buildings performance prior to their construction and
occupancy.
Simulation methods have been developed to test various
building performances, such as structural stability, acoustics,
cost, daylight, and energy consumption. They allow abstracting a complex real-world system into a model, and experiment iteratively on it to test the relationship among variables
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interacting in complex and often unpredictable ways [14].
This is particularly useful for architectural and planning problems, which are considered ’wicked’ problems that have no
’optimal’ solutions, only ’satisficing’ ones [11].
Research from Kalay and Schaumann et al demonstrated the
viability of simulating a different aspect of building performance, namely how people use built environments. This is a
critical issue since well-designed buildings can support peoples well-being, productivity, and satisfaction [9, 13].
Unlike other research methods such as Space Syntax [6] or
GIS-based spatial analyses [5], a main advantage of a simulation approach to investigate human behavior in built environments lies in its ability to generate voluminous spatiotemporal data, which reflects the interaction between people and built environments over time. The interaction among
such variables is complex, and forces an in-depth analysis to
reveal the implication of architectural decisions on how people use buildings.
A proper method must therefore be devised to analyze the
spatio-temporal data generated through the simulation [13],
and to visualize it in a manner that is accessible to different
stakeholders, such as architects, clients, engineers and building users, thereby supporting informed decision making.
While traditional approaches for analyzing and communicating simulation outputs mainly focus on specific building performance criteria such as queuing lengths or walking distances, we argue that recently developed human behavior
simulations supported by advanced game engines rendering
and animation capabilities [12] can provide a richer description of how people use buildings. This in turn enables high
resolution spatio-temporal analysis that can inform architectural design by revealing various aspects of how people use
space over time. Hence, ways must be found to visualize such
phenomena in a continuous rather than discrete manner, but
not necessarily through long (and often boring) videos.
The paper addresses this challenge by developing an interactive dashboard to analyze, visualize and communicate simulated human behavior in a future physical layout. The interactive dashboard presents a time based analysis of occu-

pants use patterns and its spatial effects, visualized on top of
a 3D building model, presenting both individual and aggregated spatial and non-spatial performance analysis.
The development and validation of the human behavior simulation used to generate the behavioral output—and which
was analyzed by the proposed analysis dashboard, will not be
presented in this paper. We refer the reader to our previous
work that explains the simulation development and validation
in depth [12, 13].
The paper structure is as follows; section two presents a short
review of relevant literature on performance measures of simulated human behavior in architectural design and ways to
represent it. To inform our efforts, we draw broad inspiration from state of the art research in other fields such as
User Experience Design (UXD) and Game Analytics (GA),
where players spatial behavior is analyzed to assess overall game design and players game experience. Section three
presents the proposed dashboard model and its implementation in Unity3D. Section four describes the comparative case
study of two medical wards in which the dashboard is used to
analyze the effect of the physical layout on agents simulated
behavior. Section five presents initial results of the comparative analysis using the dashboard as well as a short discussion
on the dashboards limitations and future research directions.

2

HUMAN BEHAVIOR SIMULATION AND PERFORMANCE MEASURES IN ARCHITECTURAL DESIGN

Human behavior simulation in architectural design aims to
analyze and predict USE related performances of a physical
layout which are the direct and indirect outcome of mutual
interactions between human agents and virtual spaces[4, 9,
2, 15, 12]. By means of computational simulation, the relationships among the variables of physical environments and
human factors could be tested through a trial-and error strategy, thus architects can alter iteratively the hypothesized solutions until they reach a ’satisficing match’ from a human
performance point of view [9]. Upon experimenting with a
simulation model, a critical follow up stage is analysis and
interpretation, in which the simulation user has to draw inferences from generated data using the simulation. [14].
A number of studies have emphasized several analysis measures of simulated human behavior in built environments.
Jalalian et al analyzed circulation patterns, speed, and direction of pedestrians responding to attractive objects in urban
spaces [8]. Morgareidge et al applied human behavior simulation to analyze operational costs and organizational performance relevant to layout and distance within a hospital ward
[10]. Chu et al analyzed spatial evacuation patterns and performances responding to social parameters such as group affiliation, social order, and assigned roles [2]. Wurzer et al
simulated schedule calibrated occupant behavior in a generic
hospital setting and analyzed resource utilization while providing both graph based and spatial analysis visualization of
who, when and which resources were used over time [16].
Recent work by Breslav et al, emphasized the importance of a
time based analysis of occupants circulation paths and devel-
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oped a dynamic visualization of simulated occupants movement along different time scales [1].
In the field of Game Analytics—a research branch of User
Experience Design—an analysis of virtual players experience
in online multi-player games provides additional inspiration
about experience and narrative based analysis of human spatial behavior. Drachen et al analyzed the locations where
players activate a specific player-character power or skill, fire
a weapon, interact with an object etc. [3]. These measures
are interesting in the context of this paper as they leverage
the high level of detail in which such games are designed to
account for subtle,nuanced interactions of players with the
game environments while accounting for the spatial narrative
of the simulated reality.
A parallel approach to analysis and interpretation of simulated human behavior from within architectural design
research has demonstrated the viability of using hyper
realistic-game engines to simulate human behavior via threedimensional human like agents who interact with a textured
and detailed Building Information Model [9, 12]. By implementing the simulation in a 3D game engine environment
such as Unity3D, direct observation of the simulated behavior supports a different, perhaps more holistic interpretation
of the simulated behavior in space and over time.
Empirical studies which measured the effect of such realistic human behavior simulation on design decisions of architecture students, reveals that observing the simulation output—namely through long videos recordings of human-space
interaction over time—effects students design iterations. The
effect was evident both in the fact that students adapted the
quantitative functionality of their design solutions in regards
to measures of movement flow, dimensional appropriateness,
and walking distance [4, 15] as well as having an effect on
psychological and social aspects of design solutions [7].
As this short review suggests, visualization and representation methods of simulated human behavior often relate to
functional and quantitative measures, represented using plots
or by means of static snapshots depicting spatial distribution
of single performance measures in the form of heatmaps.
Alternatively and depending on the level of detail of the
simulation itself, direct observation of long videos depicting agents interaction with their surrounding environments is
also used to interpret the simulated behavior in respect to the
physical layout. Although such method does provide holistic
representation of the simulated behavior which could support
informed

Figure 1. A comparative case study: right : the layout with the dayroom (the
dayroom is marked in red). left: the layout without the dayroom.

Figure 2. Comparative analysis of activity based sound generation in the central corridor area, Left: Internal ward without dayroom space, Right: Internal ward
with dayroom space.

interpretation [4], it is highly time consuming and more importantly it fails to provide a systematic way in which simulated behavior across different layouts can be quantified and
visualized to support comparative USE performance assessment of future built environments.
3

THE PROPOSED ANALYSIS DASHBOARD MODEL

The proposed dashboard model aims to converge both approaches presented in the literature review—direct observation of simulation replays depicting human like 3D agents
interaction with a 3D model of a building coupled with powerful visualization of performance analysis augmented onto
these replays to support its interpretation for design purposes.
Further more, an interactive spatial query allows the evaluator to interpret the simulated behavior in respect to a specific
point n time and space and at different spatial resolution.
The objective of the proposed dashboard model is to support
architects as well as laymans exploration of the simulation
results by providing the following functionalities (1) an integrated spatial and graph based analysis and visualization of
simulation results (2) filtering abilities (3) comparative analysis of simulated USE patterns across alternative floor plans.
The dashboard supports both graph based spatial analysis of
various performance measures identified by architects or domain experts about the mutual relationship between buildings
and their human inhabitants. Such measurements include
density, activity based sound propagation, walking paths and
distances as well as number and location of social interac-
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tions. Such measurements can be visualized at specific times
during the simulation or can be aggregated over time to provide a more comprehensive view of how buildings are used.
The chosen metrics may be specific to a specific domain (e.g.
hospitals) or generic to any built environments. It is up to
the evaluator to visualize a set of chosen metrics which are
relevant for a specific evaluation. In the case presented in
this paper, the chosen domain of application is hospital design. To be able to formulate appropriate performance measures to analyze simulated spatial behavior, a team of interdisciplinary experts consisting of hospital medical staff, hospital managers and architects was formed to formulate performance criteria that could inform hospital design process and
reflect tradeoffs in the best possible way.
The input data for each of the previously described performance measures was collected in the simulation space (implemented in Unity3D) from two types of objects: human agents
and space agents. Human agents location in time and space
as well as their visual perception were tracked and stored at
each agent level in the form of a list. Other types of data were
stored in a hierarchical zone structure which augments the 3d
building model. For each performance measure (e.g. activity
based sound) a list indicating the values of a specific property
at each zone over time was logged (e.g. decibel levels for
each activity zone for each time frame).
Spatial queries are structured in a hierarchical manner to support both a ’deep’ and ’broad’ analysis of spatial use perfor-

Figure 3. A multi criteria analysis of the simulation output generated by the analysis dashboard presents (a) Social interactions between visitors and medical
staff (b) Activity based sound (c) aggregated density (d) Circulation paths

mance, depending on the evaluators point of view. For example, analysis query can be made on the comparative performance of activity based sound regarding of all patient rooms
(broad) or more specifically to selected areas within patient
rooms (e.g. bed area) on the north or west facade (deep).
The Dashboard’s GUI structure and functionalities, implemented in Unity3D are presented in figure 2. As can be
seen, the interface enables the viewer to dynamically query
specific areas using an interactive mouse selection of activity
zones (multiple zones can be chosen simultaneously to compare a single performance measure), and receive a time based
analysis of circulation paths, activity based sound, aggregated
density, and social interactions between medical staff and visitors. The viewer can view them in conjunction with graphs
and figures (figure 2).
4

CASE STUDY

To illustrate the capabilities of this dashboard to support informed decision-making, we test it in the context of hospitals
design. The case study compares two internal medical wards
of similar layouts, which differ from one another in that one
layout has a dayroom space, the other does not (figure 1). The
dayroom space is designed to enhance patient movement out
of their rooms and to provide designated communal areas for
patient and their visitors.
To test the affordance of the interactive dashboard to asses
and compare the performance of both wards, we simulate
several events under these two spatial configurations. The
simulated events involve doctors, nurses and nurse aids performing medical procedures, as well as visitors and patients
performing social activities. A more detailed account of the
events simulated can be found elsewhere [13].
The interactive dashboard was applied to analyze the simulation results and support a time-based spatial analysis as well
as quantitative performance assessments.
5

PRELIMINARY RESULTS AND DISCUSSION

Upon generating the simulation results we used the dashboard
to interpret and explore the results to see if and to what degree
the dayroom had an effect on the ward’s USE performance.
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Using the interface’s interactive time line functionality, we
explored the visualization of various performances criteria of
both wards simultaneously (as the layout support such side by
side comparative analysis). During this process, we identified
a specific time range in which the difference in performance
between both layouts was meaningful.
In figure 3, representative snapshots taken for that time range
for each performance criteria are displayed. As can be seen,
these snapshots demonstrate a difference in performance
across all criteria. The first difference is made visible via the
mapping of aggregated circulation path patterns across both
layouts. Circulation paths in the layout without the dayroom
were more dense around the nurse station whereas circulation
paths in the layout with the dayroom were more dense in and
around the dayroom area.
Aggregated density analysis and visualization across both
wards reflect a similar trend: in the layout without the dayroom higher density levels were recorded around the nurse
station as well as in the perpendicular corridor to it whereas
in the layout with the dayroom, high density levels were measured in and around the dayroom and adjacent corridor. Furthermore, as can be seen in figure 3, social interactions in the
layout without the dayroom were agglomerated around the
nurse station, whereas in the layout with the dayroom, social interaction agglomerations were located in and around
the dayroom area and corridor. The spatio-temporal effect of
that, is visualized in the activity based sound analysis (figure
2), showing that sound levels in the layout without the dayroom were relatively high around the nurse station and adjacent corridor whereas in the layout with the dayroom, high
levels of sound were found in the dayroom and adjacent corridor and patient rooms.
By querying the simulation database we are able to tell that
peaks of activity during the investigated time period in both
layouts, involved visitors performing ’waiting’ activities as
well as patients and visitors performing ’social interactions’.
These activities were running in parallel to a ’patient check’
activity which took place inside patient rooms, forcing visitors to leave the room.

This interpretation of the simulated human behavior output
was made possible by the ability to analyze, visualize and filter the data generated by the simulation. Such performance
assessment could be useful to inform architectural decision
making as it reflects the tradeoffs associated with the design
or elimination of a dayroom space within the ward. It suggests that while the design option which included a dayroom
provided a place for visitors outside patients rooms, it also resulted in more noise and interruptions to the adjacent patient
rooms and nurse station.

4. Ekholm, A. Modelling of user activities in building
design. In Architectural Information Management-19th
eCAADe Conference Proceedings (2001), 67–72.

Finally, the work presented in this paper mainly focused
on the design and implementation of an interactive analysis
dashboard of simulated human behavior in a future hospital
setting. Despite the close collaboration with hospital mangers
and architects, a necessary next step which goes beyond the
scope of this paper, would be to provide an empirical assessment of how and to what degree the dashboard will effect
design and policy making decisions. Such validation study is
planned and its findings will be essential to support our future
development of the dashboard to support design stakeholders
meaningful interpretation of simulated human behavior in future built environments.

8. Jalalian, A., Chalup, S. K., and Ostwald, M. J.
Architectural evaluation of simulated pedestrian spatial
behaviour. Architectural Science Review 54, 2 (2011),
132–140.
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into a tapered thickness in response to the shear forces and
bending moments present within the geometry. Due to
dimensioned constraints, the continuous surface needed to
be discretized into six pieces. Additionally, the seam
locations were carefully designed to allow the four anchor
points to lock the six pieces into place. Joint details and
shear keys were also developed and refined according to
structural analysis. Finally, structural engineers conducted
finite element analysis to confirm the structural
performance.

ABSTRACT

This research combines mathematical form-making and
structurally derived logic to develop a new approach to
designing globally compression-only stone structures.
Instead of following canonical geometric principles of
catenaries or arches, the parametric equation of a dome was
systematically manipulated into a structural geometry that
has to yet be classified according to traditional frameworks.
The design was structurally analyzed according to
deflection, stone stresses and principal forces (compression
and tension). Unlike traditional masonry structures,
structural stone does not need to be constrained to one
repeating unit. With advancements in robotic fabrication,
blocks of stone can be carved into thin doubly‐curved
surfaces with intricate shear key joints. Although stone is an
ancient building material, designing robotically carved
stone structures is a relatively young discourse. This paper
documents a collaboration between Joseph Choma
(designer), Quarra Stone Company (fabricator) and Bruce
Danziger and Allan Olson at Arup (structural engineers).
The research project is a 12’ x 7’ x 6’ structure composed
of six pieces which are connected through dry (stone on
stone) friction fit (shear key) joints. Within the design, no
steel rods or adhesives are used. The surface thickness of
the piece tapers from 6” at the base to 1.6”. Although the
project is not fully realized, a robotically carved physical
mockup and finite element analysis serve as a proof-ofconcept to this research exploration.

1.1 Research Approach

Design is not simply recording or testing preconceived
ideas, but a rigorous impromptu process ─driven by
curiosities. Architects and designers are not trained to solve
problems, but to investigate possible solutions and identify
opportunities [11]. Design could be a noun or a verb [12].
As a verb, design can be understood as an iterative,
reflective and generative process [18]. As a result, the way
in which designers approach research is different than other
disciplines. Re-search, could be understood as the quest to
search and create knowledge. The "re" suggests that
research is an iterative process, where questions or
methodologies might be redefined multiple times
throughout. Depending on which framework, tool, or
approach is utilized to acquire knowledge will influence
how it is understood [14]. In other words, all knowledge is
biased and constructed. The act of constructing knowledge
is a creative act of design [8]. This cybernetic approach to
research suggests possible strategies for designers to
actively engaged in epistemology; what knowledge is and
how it can be acquired. The research documented within
this paper embraces this particular approach as a means to
search for new opportunities within the discourse of
structural stone.

Author Keywords

design computation; structural stone; parametric equations;
mathematical form-making; robotic fabrication; morphing;
finite element analysis
1

INTRODUCTION

The research approach identified within this paper suggests
an alternative framework for architects and engineers to
consider when designing with structural stone. The project
began with a mathematical design experiment to transform
a dome into a shell structure with structural depth. Then, a
proof-of-concept physical mockup was robotically
fabricated. The offset surface thickness was transformed
SimAUD 2018June05-07Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)
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2

MATHEMATICAL FORM-MAKING

When a dome rests on the ground, it is closed to the world.
In order to enter into it, the shape would need to be
elevated, cut or transformed. This exploration begins with
the simple ambition to turn the dome inside out by
manipulating the parametric equation of a dome. A
parametric equation is one way of defining values of
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coordinates (x, y, z) for shapes with parameters (u, v).
Think of x, y and z as dimensions in the Cartesian
coordinate system –like a three-dimensional grid. Think of
u and v as a range of values or parameters rather than a
single integer. A single integer would be a point along a
line, while the range (u or v) would define the end points of
that line and then draw all the points between them [6].

multiplier. Software applications usually refer to this as
scaling a shape. However, if the u-parameter is multiplied
outside the trigonometric function [for example, u(sin(v))],
the radius of the curve drawn from the center origin
increases incrementally. The curve is not being displaced; it
is being stretched iteratively outward according to the uparameter. If this transformation is applied to the x- and ycoordinates, spiraling occurs. When the v-parameter is
multiplied outside the trigonometric function [for example,
v(cos(v))], a diagonal trajectory is followed. This trajectory
can be easily observed on one of the longitudinal sides of
the final shape.

Below is a parametric equation of a dome.
{ (u,v) | 0 ≤ u ≤π, 0 ≤ v ≤π }
x = 11(sin(v)cos(u))
y = 11(sin(v)sin(u))
z = 11(cos(v))
"Functions (in mathematics) associate an input
(independent variable) with an output (dependent variable).
For example if x→y, x would be considered the
independent variable while y would be considered the
dependent variable. The function would be what makes x
map to y. In trigonometry, sine and cosine are functions.
Note that trigonometric functions are a type of periodic
functions, whose values repeat in regular periods or
intervals" [6].
Several different types of mathematical transformations are
applied to the parametric equation of a dome. These
transformations are categorized rules for manipulating
shapes. Unfortunately, definitions of words don't always
perfectly relate to these design operations. Instead of
didactically listing types of transformations, this paper
describes the way in which the parametric equation was
altered as a means to respond to structural or intuitive rules
of thumb.
Below is the parametric equation of the designed structure
(Figures 1 and 2).

Figure 1. The process of turning a dome inside out.
Top left is the initial dome and the bottom right is the
designed structure. The morphing series above shows an
even incremental progression of the shape undergoing
a simultaneous manipulation of all the mathematical
transformations described in this section.

{ (u,v) | (9/4)π ≤ u ≤ (15/4)π, π ≤ v ≤ (7/4)π }
x = u(sin(u+v)cos(u))
y = u(sin(u+v)sin(u))
z = v(cos(u+v))

Historically, Eladio Dieste created undulating masonry
ruled surfaces [3]. His undulating surfaces had a very large
structural depth, while maintaining a thin material depth.
Mathematically, twisting a shape at its poles can be
achieved by adding the u-parameter inside the
trigonometric function [for example, sin(u+v)]. By
combining spiraling and twisting, the dome is able to turn
inside out, resulting in a shape with a large structural depth.
The representational technique of a morphing series [6, 19,
20] is used to document and record this form-making
process (Figure 1).

The numerical range of a shape is controlled with the
parameters (u, v). Imagine two fingers holding the ends of a
string. As one hand moves inward, the numerical range
decreases or "cuts". However, if one hand moves outward,
the numerical range increases. Although this transformation
may appear trivial, selecting how much of a particular
shape to have expressed is a design decision.
According to basic multiplication, if an integer is multiplied
by another integer, its value increases according to the
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Indiana Limestone was selected as the material for the
physical mockup. The fabrication process included a few
days of robotic carving, followed by a couple of days of
hand finishing. Most of the robotic carving was achieved
through 3 + 2 machining. This is a common technique
where three-axis milling is executed according to a tilted
two-dimensional position. Typically, this increases the
machine's efficiency during the roughing pass, while
reducing tooling wear. The mockup had a surface offset
thickness of 1.6". Although the specific limits and
constraints of robotic fabrication were not determined from
this experiment, the physical mockup became proof that the
entire structure could be fabricated through robotic carving.
Even though there are precedents that already demonstrate
that intricate curved surfaces are possible to carve [10], it
was still necessary to carve this particular mockup as a
means to test the collaborative workflow between the
designer and fabricator. In the future, as this workflow
further develops, it might be possible to directly translate
mathematical equations into tool-paths for robotic carving.
Figure 2. A small resin 3D printed physical model of the
designed structure. Within the parametric equation of the
shape is still the "DNA" of a dome. It is possible that the
expressive nature of the origin shape is still able to be
perceived. Within the top photograph, the upper outline
appears to be a similar arc as that of a dome. The perceptual
dialogue between that which is known and that which is
undefined is an interesting aesthetic inquiry.
3

ROBOTIC FABRICATION

What are the limits and constraints of robotic fabrication? Is
it possible to robotically carve a surface with a thin material
thickness that is doubly-curved? As a first proof-of-concept
test, Quarra Stone Company in Madison, Wisconsin
fabricated a 29" x 19" x 25" portion of the full scale
structure. The fabrication team at Quarra Stone Company
included: James Durham, Alexander Marshall, Brian Smith,
and Brock Hinze.

Figure 4. Robotic fabrication by Quarra Stone Company.
Brian Smith was responsible for programming the robot.

Figure 5. Photograph of the full scale physical mockup
carved out of Indiana Limestone.

Figure 3. The piece highlighted on the right is the zone
selected for the physical mockup. In the next photographs
this mockup is turned upside down, where the two
horizontal profiles are resting on the ground.

4

THICKNESS

Although it is be possible to carve blocks of stone into thin
doubly-curved surfaces, there is a different set of
constraints that needs to be considered when anchoring
structures to the ground. In other words, 1.6" is not an
adequate thickness for designing a connection detail at the
base. How does the surface remain as thin as possible while

When choosing which portion to fabricate, the zone with
the steepest change in curvature was selected. The saddleshaped portion is a direct result of mathematically twisting
the dome at its poles.
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allowing sufficient thickness at the base? This question lead
to the idea of feathering the material thickness. Historically,
Heinz Isler's shell structures taper in material thickness in
response to the shear forces and bending moments [13].
Understanding this structural intuitive rule of thumb lead to
the application of feathering and tapering for this project.

It is known that 1.5" is the standard thickness of stone
cladding, and 6" at the base seemed reasonable for the scale
of this structure. When thinking about shear forces and
bending movements, the bottom vertical 12" of the structure
became the focus. The surface thickness tapered from 6" at
the base to 1.6". When tapering the surface, the offset
geometry was pulled inward, leaving the visual reading of
the outer boundary identical to the initial offset surface.
Computationally pulling the base inward was not a trivial
operation, because the surface twists on both sides.
Additionally, in order to conduct finite element analysis on
the shell structure a centerline geometry needed to be
provided to the structural engineers.
5

DISCRETIZING

Through conversations with the fabricators, the
dimensioned constraints of stone fabrication was revealed.
The maximum size of a block of stone is 5' x 5' x 12'.
However, when transporting blocks of stone that dimension
is not very practical. Stone can weigh about 145-190
pounds per cubic ft. Typically, a semi-truck can realistically
haul around 45,000 pounds. In normal trade, two eight to
twelve ton blocks are common. Based on these constraints,
4' 6" x 3' 6" x 8' 6" became the guideline for this project.
Depending on how the continuous surface was discretized
determined how many parts would compose the structure.
The final structure was composed of six pieces.

Figure 6. Uniform offset thickness of 1.6".

Figure 7. Pulling the surface inward, allows the exterior to
remain pure to the mathematics.

Figure 10. Intersecting with two cylinders and a plane.
Figure 8. Tapering the thickness from 6” to 1.6”.

The discretizing process began by thinking intuitively about
the structural logic of a globally compression-only
structure. It was obvious that the outer most parts must be
anchored to the ground in order to lock the other pieces in
together. In other words, all of the parts with cantilevers
needed to be anchored to the ground. Initially, two
cylinders and a plane where used to intersect the continuous
surface. The traced arcs provided a simple elegant aesthetic
while also meeting all the structural rules of thumb and
dimensioned constraints. The outer arcs also pointed inward
in the direction of the center of the structure. Again,
intuitively this seemed to make sense for how each piece
would lock and lean on the next. Then, the outer boundary
curves were computationally rationalized to split the

Figure 9. The centerline geometry is the surface used in the
finite element analysis by the structural engineers.
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thickened surface perpendicular to the edges of each seam.
This additional step was extremely important to make
certain no edges would taper to a thickness less than 1.5". If
edges were chamfered at a steep angle, the parts would
become more susceptible to breaking when positioning the
parts in place. Lastly, the shear key joints were designed.

The design of the shear key joints had three motivating
criteria: provide a means to align each of the six pieces, to
help the structure resist shear forces, and to be completely
hidden or concealed. This resulted in a variation of a
mortise and tenon joint, where rounded profiles were used
to interlock. A 1/2" diameter arc followed along the center
of each seam edge. The arc's dimension was selected
because it is approximately 1/3 of the thinnest width along
the surface. Therefore, the sides of the mortise would also
never be less than 1/2". The dimension and rounded profiles
were specifically designed as a means to minimize the risk
of joints breaking during installation.

Figure 13. Cross section detail of the shear key joint.
Figure 11. The four outer pieces are anchored to the
ground, locking the friction fit (shear key) connections.

Figure 14. Diagram of the shear key joint.
A: Shear key ─Passes shear across and along the joint due
to curvature. Additionally, passes torsion across the joint.
B: Milled surface ─Only transmits compression normal to
the surface along the friction fit joint.
6

STRUCTURAL ANALYSIS

The structural analysis was completed by Bruce Danziger
and Allan Olson at Arup. Although all the joints and
geometries were modeled by the designer, the engineers
and fabricators were regularly part of the reflective
feedback loop. The success of the intuition first
─calculation second approach is confirmed after the finite
element analysis, which revealed the structure performing
beyond a standard safety requirement. The figures that
follow show a sampling of the structural analysis. The
structural engineers used the material properties of Valders
Stone from Wisconsin in their structural simulation. The
stone was selected for three reason. First, it has an

Figure 12. Six parts within dimensioned constraints.
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aesthetically desirable light color and uniform veining.
Second, the quarry is conveniently located. Third, the stone
has impressive structural characteristics (stronger in
compression and tension than standard reinforced concrete).

Although, the structure does have zones of both tension and
compression, none of the joints pass tension. In other
words, the green color does not continuously cross over a
seam (Figure 16). Therefore, the overall discretized
geometry is globally operating as a compression-only
structure. This is not a "pure" compression-only structure,
as in vaults, where there is absolutely no tension present
anywhere along the surface [1].

Note: All the figures within this section were created by the
structural engineers at Arup.

Figure 15. Portions of the centerline geometry were
defined according to the variations in stone thickness.
The stone thickness tapers from 6” (dark blue) to 1.6”
(magenta) within the lower 12” of the structure.

Figure 17. Deflection: Under self weight.

Figure 16. Principal forces: Under self weight
(Red = Compression | Green = Tension).
Based on Valders Stone data, a safety factor of 8 globally
and 12 for connections was applied to the reported material
properties from the ASTM C880 and ASTM C99 results for
flexural strength and modulus of rupture. The acceptable
range of global tensile strength is 94 psi (wet conditions) to
241 psi (dry conditions). The tensile strength for the
connections should be between 104 psi (wet conditions,
perpendicular to rift) to 262 psi (dry conditions, parallel to
rift). According to the analysis, the structure would
withstand its own weight. The proposed structure would be
displayed as an outdoor public art piece. As a result, the
engineers tested for the worst possible scenario for a
seismic test situation. A seismic test was conducted (0.5 g)
and the results showed that the tip of the cantilever only
deflected approximately 1" under these conditions. The
simulation confirms that the structure was able to
comfortably withstand the seismic stresses.

Figure 18. Stone stress: Under self weight.

Figure 19. Joint forces: Under self weight.
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In this exploration, a combination of intuitive rules of
thumb and collaborative conversations guided the design
process while the simulation analysis was used as a
confirmation tool. In the future, it might be possible to
better incorporate simulation throughout the reflective
feedback loop, where each framework informs one another
in a less linear manner.
7

FUTURE DEVELOPMENT

Presently, the shear key joints perform well, but their
geometry could be improved. For example, as the thickness
of the surface widens at the base, the shear key could also
widen. Also, if the arc was slightly flattened it would help
reduce the Hertzian contact stress on the tip of the joint.
Additionally, there may be benefits to smoothening out the
joint edges, such as a continuous mound instead of an arc.
Figure 20. Deflection: Under 'seismic'.

Figure 21. Stone stress: Under 'seismic'.

Figure 23. Digital rendering of the structure.
The joint at the base, which has not been discussed in detail
within this paper, also needs to be further developed.
Although the current anchor design performs well within
the finite element analysis, it has not been designed for a
specific site or ground condition. Lastly, the structure is
composed of six pieces that are connected through dry
(stone on stone) friction fit (shear keys) joints. In order for
the structure to completely lock into place and work as a
globally compression-only structure, the outer four pieces
must be anchored to the ground. However, before the outer
four pieces can be anchored, the inner two pieces must lock
into the other pieces. Therefore, all six pieces must lock
into each other, before resting the entire piece on the
ground. Intuitively, this seems feasible, but would require
some additional planning.

Figure 22. Joint forces: Under 'seismic'.
Additionally, this geometry would not necessarily be
structural for all types of masonry structures. However,
based on the seam locations and design of the shear keys,
the overall structure is able to be resolved. Similar to
stacking and interlocking a series of three-dimensional
puzzle pieces together, the process of discretizing the
continuous surface contributed to the way in which the
principal forces move along the structure's surface.
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8

CONCLUSION

The structure is not a dome or vault and does not follow the
geometric principles of catenaries or arches. It is not purely
synclastic or anticlastic. The parametric equation of a dome
was manipulated into a shell structure that has yet to be
classified according to traditional frameworks. However,
the structural logic was purely intuitive, until the structural
engineers at Arup conducted finite element analysis. When
twisting the dome at its poles, it became apparent that the
structural depth would increase, while maintaining a thin
material depth. This logic is similar to Eladio Dieste's
undulating masonry ruled surfaces, which create depth
through geometry [3]. The process of tapering the surface
thickness was based on construction standards. The
dimension of standard stone cladding is 1.5" thick and 6" at
the base seemed reasonable when defining parameters. The
idea of feathering the thickness, was inspired by the work
of Heinz Isler. Much of his structures were also derived
from intuition first ─calculation second [13]. When
discretizing the continuous geometry into six pieces, the
outer four pieces were designed to be anchored to the
ground, locking the three-dimensional shear keys in
compression. Intuition first ─calculation second was the
fundamental approach to designing this robotically carved,
globally compression-only stone structure. Instead of
following a more formulaic or deterministic methodology,
this approach suggests a balance between mathematical
sculpting and structurally derived logic. It is definitely not
the only approach to designing with structural stone.
However, this research has the potential to develop an
integrated workflow from mathematical equations to
structural analysis to robotic fabrication.
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ABSTRACT

This paper proposes a strategy for constructing unreinforced
segmented shells with the aspiration to bring together several
related research fields. By incorporating data from structural
analysis and digital simulations into a continuous workflow,
an automated building system is introduced. The research
aims to provide a methodology of translation between digital
form-finding, optimisation strategies and physical
materialisation by persisting through the interdependent
stages of design and robotic assembly. Through an
integration of structural analysis data, a force- driven formfinding process is determined, accompanied by a custom
tessellation pattern. System stereotomy is developed as an
integrated interlocking system, derived from material
properties and robotic fabrication constraints. Assembly
process is developed as an automated construction ‘pick and
place system’ capable of customized, on-site fabrication of
architectural-scale structures. The system consists of
multiple six-axis robotic arms, carried on mobile platforms
with scissors lifts. The complexity of robotic manufacturing
is addressed through developing a custom robotic toolpath.
Correlations between these steps of the process are verified
through developing a large-scale prototype, tested with
proposed robotic assembly logic.
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INTRODUCTION

Unreinforced shell structures were investigated and used in
the architectural industry for centuries due to their structural
capacities and material efficiency. The doubly-curved
geometry of the shell structures increases the structural
performance and force-resistance. The aesthetic qualities of
the shells were acknowledged in the construction history of
Roman and Byzantine domes, as well as Persian architecture
[7]. The ice block shells of vernacular Igloo houses were
proven to be efficient in severe environmental conditions with
the high wind and snow load [9]. In fact, majority of the
historical heritage buildings are constructed using
unreinforced masonry technique.
However, design and assembly of unreinforced shell
structures brings engineering challenges due to their loadbearing nature. An increasing interest in the shell structures
brought together the traditional techniques of shell
construction along with the achievements of the digital design
era. An implementation on the leading computational tools
and methods, as well as progressive automated construction
techniques is bringing intriguing opportunities in the formfinding process and optimisation strategies [4,16].
Several great examples of this combined approach were
established recently. An integrated digital-aided design
approach which was successfully tested in a large-scale
prototype is the Armadillo Vault by Block Research Group
[4]. The Thrust Network Analysis (TNA) optimization of the
vaulted structure is made to achieve the pure compression of
the complex free-form design. The planarisation and cutting
strategies used in this project were tailored for stone. Another
approach of the planarization strategy is conducted through
Finite Element (FE) analysis [6,11]. A broad discussion of
bringing together the structural performance, mathematics and
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aesthetics of the shell structures is opened in the overview of
Malek S., Williams C. [13] and Whiting, E. J. W [17].

competitive. The pattern of segmental plates also affects the
force transfer in the shell.

Nevertheless, the transition between the digital design
process and actual assembly remains difficult, mostly due to
the need for precision and extensive scaffolding
construction. The ambitious aim of scaffolding-free
assembly is tackled in the MSc thesis of Inés Ariza's from
MIT [2]. It explores deeply the design of the interlocking
details of discretized funicular structures, incorporating
Finite element (FE) and Local translation freedom (LTF).
The research made by Michael H. Ramage M., Ochsendorf
A. J. and Rich P. [14] is proposing sustainable soil-tile based
unreinforced shell construction with the graphic statics
geometrical optimization along with the solution for a
specific guided system for the minimization of scaffolding
usage.

Since the material is not continuous at joints, forces will be
redirected when they pass through the connections. The joint
stiffness affects the force transfer as well, because stiffer
connections attract higher forces.

The robotic fabrication is aiming to create the missing link
between the widely researched digital strategies for the shell
optimization and scaffolding-free, mortar-free assembly.
The accuracy of the robotic construction, with its speed and
adaptability are indisputable benefits for the shell
construction. The on-site robotic fabrication is addressed in
relation to the formwork-free assembly. The robotic
fabrication strategy is supported by the custom interlocking,
which helps to mitigate the usage of the scaffolding and
heavily relies on the directionality of the placement by the
robot.

2

DIGITAL DESIGN

This section describes the sequential, but interrelated steps of
the workflow from form finding to materialisation.
2.1 Fabrication Set Up

A key aspect is to define and develop a suitable and
coordinated design and fabrication set-up to produce the
hundreds of individual voussoirs that need to be processed for
a single vault design. Owing to the three dimensional shape of
the separate blocks and the geometrically complex fabrication
constraints, the challenge is to coordinate the design of the
individual voussoirs, in accordance with the technical
machine set-up.

The paper is carrying forward some of the existing
computation-based tools and robotic fabrication to be used in
the design process. Therefore, this paper intends to bring
together yet disparate areas of the designing and the
constructing of shell structures. The research ambition is to
take a step towards a continuous design to production
workflow, where all the parts are interconnected between
each other and create a continuous parameterized data flow.
1.1 Segmented Shell Structures Overview

Shell structures are a widely used building type, which
provides stable structures with large spans [11]. Shell
structures are structurally efficient, because plane forces are
transformed into membrane forces. However, continuous
shell structures are rarely built today, due to high
manufacturing costs.
Segmental plate shells, composed of prefabricated planar
panels, might offer an interesting alternative [11]. Unlike
single layer grid shells which usually need bending-stiff
joints to stabilize the structure, segmental plate shells could
generate local bending stiffness without the help of a
bending-stiff joint.
When three plates meet at one point and are hinged along the
intersection lines, each plate is constrained by the other two;
they cannot have relative movements anymore. This property
helps segmental plate shells to generate a relatively simple
connection, which makes these types of structures more

Figure 1. RhinoVault form finding process.

Furthermore, the right balance needs to be found between
form finding and fabrication constraints, in order to produce
free-form vaults efficiently [3,15].
The first phase of the digital chain is the design process, which
consists of three steps. The defining structural properties
for the proposed material, are its low tensile and high
compressive strength. Because of this, to span space in
unreinforced masonry, the use of funicular form acting purely
in compression is mandatory to ensure structural stability.
Therefore, in the first step, an appropriate funicular form is
determined (Figure 1).
In the second step, based on the results of the funicular form
finding, a possible tessellation geometry is generated that
defines the cutting strategy of the vault. This is an automated
process, informed by structural and fabrication-related data,
which is influenced or guided by the designer.
In the third step of the design process, the tessellation pattern
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is used to generate the voussoir geometry considering
structural as well as fabrication and assembly constraints.

A compression only structure is created with spatial
variations that are controlled by the designer. The structure
created has domed like variations, interconnected with
vaulted transitional spaces into one complex shell structure.

2.2 Form Finding Through Manipulating Force Lines

The Rhinoceros Plug-In RhinoVault emerged from
research on structural form finding using the Thrust
Network Analysis (TNA) approach to intuitively create and
explore compression-only structures [3,4].

For the experiment the initial shell with equal forces and no
spatial differentiation is modified through manipulating the
force flow to achieve spatial differentiation (Figure 1). A
comparative analysis of the input surface and the output
surface is made. While the basic geometry and the footprint
are kept intact due to alterations of force lines to create a
funicular structure, there is a slight change in the geometry of
the shell (Figure 2).
Structural analysis of the resulting shell in Karamba plugin
for Grasshopper is conducted to evaluate the results of
RhinoVault optimisation (Figure 3). Left image shows
utilization. Red colour indicates compression forces, blue –
tension. Right picture shows displacement. More saturated
colours indicates bigger value, which is located on the top of
the shell. Therefore, complete compression only structure is
created without compromising spatial requirements and
architectural qualities.

Figure 2. Comparison between input and output shells.

Figure 3. Karamba structural analysis.

2.3 Tesselation

The data in the generation of cutting lines streams from
several methods of structural analysis. Topological data of
the shell is abstracted through series of equal-spaced
isocurves. In parallel, utilisation values are extracted using
structural analysis (Karamba software). The results of
utilization analysis inform the isocurves: their control
points are moved down in areas of the shell which are
utilized more and are moved up if the utilization value is
low. By doing so, horizontal direction of cutting lines is
created.

Figure 4. Customised cutting pattern. Selected patch is
outlined.

Using reciprocal diagrams, RhinoVAULT provides an
intuitive, fast funicular form- finding method, adopting the
same advantages of techniques such as Graphic Statics, but
offering a viable extension to fully three-dimensional
problems. The key aspects of the research are a
comprehensible and transparent setup to complex freeform
shells but also to understand the underlying structural
principles. (Figure 1).

Figure 5. Planarisation. Curvature analysis

For the vertical direction of the cutting lines, force flow is
abstracted into force lines with programmed density. These
lines are intersected with the horizontal cutting lines
created. As a final step the vertical cutting lines are culled in
a custom pattern to create staggered tessellation system
(Figure 4).

Objectives of this experiment were to provide required
architectural qualities through spatial differentiation of the
interior space of the shell and provide various program
distribution with the input constraints of height (5m) and
width (6.2 m). Keeping these parameters, a structurally
sound compression only shell structure is aimed to be
achieved.

In the third step of the design process, the tessellation pattern
is used to generate the voussoir geometry.
2.4 Planarisation

Material limitations and fabrication constrains of the
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materials, conventionally used for the discretized shell
structures (stone, compressed soil or ceramic) are bringing
challenges due to the necessity of converting doublycurved panels’ geometries into planar voussoirs [15]. A
remeshing strategy, which follows a cost function was
developed recently by Barbara Cutler and Emily Whiting
to solve the connectivity issues between the planarised
panels [6].

2.5 Stereotomy

The majority of segmented shells are holding together by
mortar, blue, bolts or other inserted connections [5].
However, the lack of materials onsite and the avoidance of
expensive and inefficient outsourcing of resources has been a
key driver in this research. Instead of mortar usage, this
chapter explores the geometries required for an interlocking
strategy sufficient for a dry masonry system.
Physical tests were conducted, and it was inferred that the
panels collapse due to the lack of interlocking (requires more
friction forces). The reasons for failure are horizontal sliding
and vertical flipping. To prevent these two methods of the
system failing a stereotomy exploration are conducted.
2.6 Interlocking System Experiments
Iteration I. Multiple teeth

Figure 6. Interlocking system
experiments

It is found that the number of perpendicular teeth are
excessively creating complications in the assembly process.
(Figure 6, I).
Iteration II. Trapezoid single tooth

The geometry evolved to one tooth per side with a trapezoid
shape instead of rectangular making it easier to slide into
position. The vertical interlocking doesn’t lock voussoirs in
all the directions and the panels slide out (Figure 6, II).
Iteration III. Multiple teeth

Figure 7. Robotic scissors lift system

Another way of iterative planarization process for
digitally generated voussoirs is incorporating Thrust
Network Analysis (TNA) within the process of forcedriven form-finding [3]. The iterative nature of this
approach is carried forward in the proposed system.
The planarization process is often computationally heavy
and requires a sufficient amount of additional manual
alterations. To ease this process a custom Python script is
developed within the framework of the optimization.
(Figure 5).
The algorithm is based on the planarity forces and
consists of the following steps:
1. Identify the edge points of the each voussoir.
2. Determine the average plane for each panel
independently.
3. Move the edge points towards coplanarity
iteratively, while corresponding to the neighbour
panels’ points.
A proposed iterative process is tested on a test patch.
As observed, application of the proposed planarization
algorithm creates a considerable change in the panel’s
geometry. However, care is taken into maintaining the
resolution of the overall structure.

A horizontal-only tapered joint is proposed. It is observed
that the panels slide inside in the horizontal axis, towards the
centre of the shell, and flip inwards in the vertical direction.
The occurrences of these failures increase with an increase
in the structures increment (Figure 6, III).
2.7 Proposed Stereotomy

The horizontal interlocking tooth is tapered along the internal
side of the panel to prevent the panel from sliding
horizontally inwards. If there is an attempt to slide inwards,
the tapered joint will prevent this movement and the panel
will not be able to and will stay in position.
Angled vertical joint

The vertical joint is designed in such a manner to prevent
vertical flipping. The side interlocking is redesigned to relate
to the robotic pick and place toolpath. An angled plane is
placed along the vertical sides of the panels, it is tilted against
the direction of flipping.
The interlocking system is designed to fulfil two
contradicting criteria: no friction while the robot is placing
the voussoir in order to leave the previously constructed part
of the structure undamaged, while also maximising friction
once the panel is placed to prevent movement (Figure 6, IV).
3

ROBOTIC CONSTRUCTION

The on-site robotic fabrication is a vast area of the research.
Construction with the robots brings challenges in terms of
calibration of robot on site, positioning of the robotic track
as well as limitations of the robotic reach. [12] The robot
proposed to be used for the construction process is a Kuka
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Arctic Quantec KR240 due to its resilience and broad usage
in the construction industry. Robotic arms must be placed
such that their workspaces overlap to avoid inaccessible
spaces.

A patch is selected from the total structure to analyse and
perform physical tests to prove the ‘pick and place’
fabrication system. The toolpath followed at the local scale
is unidirectional, constructed row by row from bottom to
top such that each panel is half locked by two sides and free
on two sides. However, once the successive panel is placed,
the previous panel is fully locked thus creating a rigid
compression-only structure.

The approach proposed on site is a set of moveable robots
on an external rail system (as structures are in compression
the placement of aggregates must be externally)
These robotic arms are guided by a rail system- increasing
its reach, simplifying the workflow and reducing the
number of collaborating robots in construction- thereby
also easing the computational process. The maximum
height reachable by a robotic arm is 3.2m; this also limits
the possible spatial morphologies. This limitation is
addressed by mounting the robotic arm on scissor lifts
(Figure 7,8).

3.2 Toolpath Development

The objective at this stage is to place panels with variations
in dimensions with accuracy, so they don’t fall during the
‘pick’ process.

Figure 8. End effector design

Figure 9. Physical model
Figure 8. On-site multi-robot rail
system constrains.

The proposed automated feeder system requires guides to
place the panel precisely as there is a great variation in
dimensions of all the panels. However, the two largest
surfaces of the panels are parallel to each other. Therefore,
the feeder is transferring blocks in a conveyer belt with edges
that are tailored to the thickness of the panels. Hence, the
supporting guides of the panels are the side edges, and the
starting edge of the panel is perpendicular to the surface.

The system also proposes the use of moveable robots on
scissor lifts with rails arranged in a fashion taking into
consideration the requirement of the settlement pattern and
overlapping workspaces. This arrangement helps
encompass significantly larger areas with controlled
number of robots decreasing the construction time when
compared to the previous approach of numerous stationary
robots.

However, the side of the panel to be placed on needs to be
determined. This is done by calculation of the centre of
gravity of each panel as well as area of each side surface. The
surface with the biggest area, which is not outside of the
projection of the centre of gravity once the panel is placed on
it, is selected as a bottom surface. The gripper position adapts
accordingly.

3.1 ‘Pick and place’ system

Robotic pick and place automation speed up the process
of picking parts up and placing them in new and different
locations, increasing production rates [1]. With many endof- arm tooling options available, pick and place robots
can be customized to fit specific production requirements.

3.3 Gripper Design

The robots can be easily programmed and tooled to
provide multiple applications if required. An increase in
output with a pick and place robot system offers long-term
savings to construction processes.

The main aim of the gripper is to accommodate panels with
various dimensions and grip the panel perpendicular to the
planes. Since all the panels have different sizes and angles of
side surfaces this becomes a challenging task. However, the
two largest sides of all the panels are parallel, flat, and are

Local sequence
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3.4 Gripper Position on the Panel

located at the same distance in all the panels (due to a
constant thickness).

There is a great variation in the panels, with each measuring
a different size and consisting of different angles for the
side surfaces. However, the two main sides are always
parallel to each other due to having equal thickness. This
benefits the system by utilising only one universal gripper
design for all the panels.

The pneumatic gripper construction requires two surfaces
parallel to each other. If the surfaces are not parallel the
gripper will not close properly and/or will cause a change
in the gripping position (the flanges, trying to shut properly
will rotate the panel and thus damage its surface).
Therefore, using the two largest flat surfaces of the panel
(representing an inner and outer surface of the shell) is the
optimum solution.

One gripper design without the requirement to adjust
flanges proves to be a simpler, more efficient and mobile
design, as there is no need for the end effector to be replaced
during construction. The pneumatic gripper construction
requires two surfaces parallel to each other. If the surfaces
are not parallel, the gripper will not close properly and/or
will cause a change in the ‘pick’ position because the
flanges, while attempting to close properly, will rotate the
panel slightly and damage its surface or also potentially
create a deviation. Therefore, using the two largest flat
surfaces of the panel (representing an inner and outer
surface of the shell) is the only appropriate method of
picking the unit for construction.

Figure 10. Pick, transfer and place end-effector
positions.

3.5 Gripper Relation to Panels

This step involves contradicting criteria where minimum
friction is required so that the panels can be placed perfectly
into position, however, for the panel to stay in position
friction is required (in addition to the horizontal and vertical
joinery developed). The only solution is to develop a toolpath
that would allow the panels to fit perfectly into position with
zero tolerance.
The main challenge in placing the panel is to avoid friction.
Therefore, the direction of the movement of the panel is
always parallel to the previous side panel. The 3d position of
the panel, however, is derived by the panel itself since it
needs to be parallel to the gripper flange’s surface (Figure 10,
11).
4

PHASING. FABRICATION SEQUENCE

For compression-based structures to be fabricated in most
cases there is a need for temporary scaffolding to be
constructed, over which the structures are built [9]. Most
scaffolding over the world utilizes steel frameworks or
even low cost timber [14]. For the material-efficient and
low-cost strategy a scaffolding mitigation strategy is
proposed.

Figure 10.Approaching ‘Pick’ position

During this process, it was brought to notice that the system
has two contradicting aims: to increase the strength of the
grip and to decrease the length of the total system.

Various successful techniques are presented in the existing
research. One of the methods is the insertion of the specific
interlocking components to lock the structure in place [2].
Therefore, the interlocking details are assembled on the
edge between the panels to lock them in place. As a
drawback, these insertions attract a large number of forces
and require a second material, resistant to the tension
forces.

Extension of the 6 the axis increases the lever arm, therefore
making the panels harder to lift as well as harder to
manipulate in complex rotations. However, minimizing
rotations means minimizing the risk of collisions and
singularities. These two factors are kept in mind while
designing the end effector through several iterations. The
iteration III with 10 cm flanges is the selected option (Figure
8).

Graduate lift construction is a method, which uses an
advanced crane system to lift the structure row by row
while being assembled, whereas ‘Guastavino’ tile method
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allows for the usage of the reduced scaffolding guided
system [14,16]. However, the ‘Guastavino’ tile method is
not suitable for dry masonry due to usage of the mortar for
the binding of tiles together. An alternative way is
proposed by Gene T.C. Kao, Axel Körner, Daniel
Sonntaga, Long Nguyen, Achim Menges and Jan
Knippers [8]. By developing a deployment strategy for the
construction phasing, similar to the principles of Jenga
game, the research is aiming to reduce the falsework
significantly while maintaining the equilibrium state of
the incomplete shell. Instead of using method of FE
analysis, the strategy employs GPU-based rigid-body
dynamic solver from the engine NVIDIA PhysX, which
drastically reduced the computational time.

process. The construction phasing is divided into units, seam
units, keystone cap units.
The main units are constructed two at a time with successive
units being constructed simultaneously. Once, a specific
height is reached, which is predetermined from increment
analysis, the connecting tolerance seam is then constructed
considering any deviations that have built up in either units due
to machine tolerances, thus, mitigating the deviation at this
step. This iterative process is following a sequential path, such
that any minor or major deviation is mitigated at every step of
the unit construction thus, resulting in a precisely fabricated
geometry (Figure 12).
Once, the entire structure is constructed to a predetermined
self-standing height, the final stage is the construction of
keystone caps. These keystone caps must be constructed
separately and then placed in their specific positions.
4.2 Keystone Cap Construction

The placement of the keystone cap unit is the last stage of
construction. The keystone caps are constructed in several
parts. The caps are divided into symmetrical arches. The arch 1,
is followed by the two parts of arch 2 simultaneously
connecting to arch 1. Following that parts 3 are constructed and
finally part 4.

Figure 12. Global sequence: successive
units.

The cap unit is held together with the help of cables to
maintain its position as it is lifted off the ground and placed as
keystones pieces into the existing construction. The cables are
then removed. These keystone cap units act in a similar
manner to keystones in arches, putting pressure into the
existing structure and keeping the whole structure in complete
construction (Figure 13).
4.3 Physical Experiments – Problems Faced

Though the physical experiments successfully assembled the
material along the designed tool-paths, several issues were
faced at the initial stages of the experiment.
Picking position

Figure 13. Cap construction sequence

The research is carried forward in this phasing strategy by
proposing successive self-supportive parts of the shell
being constructed in a particular order. The basic
subdivision of the phasing allows for organized work flow,
while constructing from bottom up provides intervals for
the robots to assemble the successive structures as required
(Figure 12,13). The tolerance seams structures are
assembled in a layer by layer manner and joined after the
fabrication of the unit structure it supports.
4.1 Tolerance Mitigation

As multiple robots collaborate to fabricate the structure, it
becomes necessary to phase the fabrication process. This
process of phasing also allows for structurally sound
fabrication by mitigating tolerances during the construction

While an automatic feeder is proposed for onsite construction
during the physical experiments manual placement of the
panels is required. Automated feeding system is proposed.
Limitations of the experiment (material)

The foam is extremely light, and therefore, sensitive to the
slightest pressure variations caused by the calibrated speed of
the robotic arm. There was difficulty keeping the panels in
position. However, the weight of most of the currently used
construction materials is much higher than the foam and thus
it is concluded that this problem will most likely not be faced
on site.
5

CONCLUSION

The research addresses the challenges of robotic assembly of
segmented shells and the integration of the various data flows
within the design process. It brings together several important
topics of the shell construction, such as geometrical
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optimization, tessellation and assembly strategies. The
research takes a step toward autonomous architecture and
provides an integrated approach for converging digital
design, robotics, and the built environment.

3. Block, P., and J. Ochsendorf. 2007. “Thrust Network
Analysis: A New Methodology for Three-Dimensional
Equilibrium.” Journal of the International Association for
Shell and Spatial Structures 48, 3: 1–8.

The existing computational tools, such as Thrust Network
Analysis (TNA) based Rhino Vault and Iterative
planarisation strategy are explored and customised within the
digital chain. The techniques for tessellation, generation and
optimisation of voussoirs have been integrated. Constraints
of the on-site robotic fabrication are integrated within the
multi-robot rail system. The attempt of simulating the
assembly without actual material by substituting and
abstracting it is made.

4. Block Research Group. Beyond Bending (DETAIL
Special). Reimagining compression shells. 2016

The interlocking strategy, developed in parallel with the
robotic assembly logic, is aiming to eliminate the usage of
scaffolding by providing sufficient friction between the
building components, leading to higher stability within the
parts of the assembled shell. Assembly logic was created by
identifying geometrically feasible and structurally stable
construction sequences during incomplete phases of freeform vaults. This logic, while being tested on a scaled
prototype, is aiming to address the material inefficiency of
the scaffolding usage.
By opening the discussion in the field of the segmented shell
construction, the importance of future in-depth exploration
of the research topics stated needs to be acknowledged. The
discretization strategy and the influence of the joinery details
onto the global performance of the shell might be explored
further. The on-site robotic fabrication topic needs to be
accompanied with a more detailed research on the limitations
on a global scale.
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ABSTRACT

Self-organizing construction is an emerging subdomain for
on-site construction robots. This not only presents new challenges for robotics, but due to the stochasticity involved in
such systems, impacts the modeling and prediction of resulting built structures. Self-organizing models have been explored by architects for generative design and for optimization, but so far have infrequently been studied in the context
of construction. Here we present a strategy for architects to
design with non-deterministic self-organizing behaviors, using interactive evolution to incorporate user judgment. We
introduce our “Integrated Growth Projection” method, having implemented it into a software pipeline for early phase
design. We test the software with an initial user group of architects, to see whether the method and pipeline helps them
design a non-deterministic self-organizing behavior. The user
group creates several hybrid controllers that reliably solve
their chosen design tasks.
Author Keywords

Swarm construction; self-organization; artificial growth;
artificial selection; interactive evolution.
ACM Classification Keywords

I.6 SIMULATION AND MODELING; I.2 ARTIFICIAL INTELLIGENCE; J.6.1 Computer-aided design (CAD)
1

INTRODUCTION

On-site construction robotics is a broad field of increasing
importance for AEC industries [22, 35]. A significant subdomain of that field, presenting unique hardware and control
challenges, is autonomous mobile robots for construction [1].
SimAUD 2018 June 04-07 Delft, The Netherlands
c 2018 Society for Modeling & Simulation International (SCS)
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For mobile robots generally, a commonly investigated approach to control is self-organization—e.g., in Swarm Engineering [17]. These systems usually incorporate stochasticity (i.e., non-determinism), to establish needed features like
robustness in real-world setups [17]. As a type of on-site
construction process, non-deterministic behaviors are quite
antithesis to the way AEC projects are designed, communicated, and constructed. As the drive for automation of on-site
construction strengthens, it is advantageous to look to swarm
robotic systems of construction for certain types of tasks [16],
in addition to robotic systems with centralized control. If
swarm robotic construction systems are employed, it introduces new challenges to the process of early phase architectural design. Architectural design processes have usefully
incorporated non-deterministic self-organizing behaviors as
means of generative design [24] and performance optimization [8], but they are less explored when applied to construction processes. In this paper, we look at how the design process of architects could be supported, if designing architecture that will be built by a non-deterministic self-organizing
construction process. Specifically, we introduce the method
of Integrated Growth Projection, to facilitate architects’ use
of interactive evolution in the design of behaviors for selforganized construction or artificial growth.
1.1

Self-organizing Behaviors for Construction

Hardware in self-organized construction often follows one of
two approaches: either 1) using climbing or reconfigurable
modular robots to comprise the structure itself (e.g., [16]),
or 2) using mobile robots to aggregate transportable material
into a mechanical structure (e.g., [33]). For all hardware approaches, the development of controllers to govern the robot
swarm remains an open challenge [32]. Control types include, for instance, generalized control to reliably construct
any arbitrarily specified artifact (e.g., [33, 36]), as well as

control to build a specific type of structure (e.g., [13]) or solve
a specific task (e.g., [31]). Across types, controllers are advantaged by incorporating stochasticity (cf. robustness [17]).
In purpose-specific controllers, a prominent feature of nondeterministic behavior is likely to be high variability in the
resultant built artifact.
There is limited existing work studying how architectural
design processes are impacted if artifacts are built by selforganized construction. In such cases where construction is
steered by a sensed environment, architects would not be designing a specific artifact, but would rather be steering lowlevel behaviors of material aggregation to meet their highlevel design objectives [12]. For early phase architectural design with self-organized construction, related work includes
swarm agents evolved for massing inspiration [30]; incorporation of structural analysis feedback [27, 28]; robot body
impacts on collective behavior [20]; and a BIM pipeline for
swarm aggregation on a master surface [7].
1.2

tural engineering [29]. Techniques from Genetic Programming have been applied for massing studies in early phase design in combination with artificial selection [11, 10]. A plugin for interactive evolution—Biomorpher1 —has been developed for software used in architectural design, and is utilized
in this paper.
2

2.1

Open-ended Tasks in Evolution

Evolutionary Algorithms (EA) for single- and multi-objective
optimization have been used heavily in architectural and
structural design, to guide design towards given performance
criteria [34]. Although multi-objective optimization facilitates user input through the balancing of performance weightings [4, 3], it still assumes fitness functions can be defined for
all prioritized design goals. Evolving non-dominated sets is
not necessarily suited to the type of unrestricted tasks present
in open-ended exploration and early phase architectural design.
Other evolutionary computation methods have been developed to target more open-ended tasks or creative tasks.
They include Genetic Programming [18], where the program is evolved instead of the parameters, increasing flexibility; evolution of Compositional Pattern Producing Networks
(CPPNs) [25], useful for creating organized groupings of material in open-ended tasks because they tend to produce features like symmetry and repetition [5]; Novelty Search [19],
where a search algorithm looks for solutions that have not yet
been seen instead of considering performance; and interactive evolution, where human judgment is at the forefront of
the evolutionary selection process [26]. Relevant for early
phase architectural design, interactive evolution in theory allows designs that may have poor measurable performance to
thrive, without the designer necessarily making their reasoning explicit [26].
For creative tasks, interactive evolution has notably been
used in combination with CPPNs, to evolve 2D images
(PicBreeder [23]) and 3D shapes using voxels (Endless
Forms [6]). In both of these projects, the problem of user
fatigue was overcome by an accessible online interface allowing large, varied groups of individuals to collaborate on tasks
of judgment and selection. This strategy may impact architectural design tasks differently, if the tasks require judgment
informed by discipline-specific knowledge.
In architectural design research, evolution with CPPNs have
been preliminarily explored for 2D and 3D drawing and struc-
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METHOD

Early design phases for architecture typically incorporate
both explicit performance criteria and subjective designer
judgment. Here we investigate whether architectural designers can use interactive evolution to steer non-deterministic aggregation behaviors towards high-level design objectives. For
this, we develop an approach called the Integrated Growth
Projection and implement it into a software setup. In a workshop structure, we test whether architects can use it for specific design tasks, and whether the setup supports user understanding.
Software: Setup Overview

For the scope of this paper, we implement our software setup
in Grasshopper3D,2 using IronPython3 and C# to create user
objects. The software setup and example files are available
in the repository.4 Within our setup, we use the existing
Grasshopper3D plug-in Biomorpher for interactive evolution,
and implement changes5 to support the specific use-case of
designing self-organizing behaviors. We also use the artificial growth model Vascular Morphogenesis Controller [38],
which we implement into Grasshopper3D to be used by architects6 . We select it for its features of environmentally responsive artificial growth. These two elements, one for interactive
evolution and one for non-deterministic self-organized control, are combined through our Integrated Growth Projection
method.
Vascular Morphogenesis Controller

We use a self-organizing controller from the literature—the
Vascular Morphogenesis Controller [38]—that is designed to
generatively grow artificial structures. We modify this controller for use in an architectural design application, and implement it into a Grasshopper3D component.
The Vascular Morphogenesis Controller (VMC) is a limitedresource controller inspired by the branching mechanisms of
plants, and is encoded as an acyclic directed graph (i.e., tree),
as shown in Figure 1. It uses behavior features such as competition and balancing to grow in response to environmental
conditions. The VMC grows in a self-organizing way, meaning that there is no centralized point of decision making, and
uses both positive and negative feedback. The edge vertices
of the graph (i.e., leaves) sense the environment and send
1
2

https://github.com/johnharding/Biomorpher

Grasshopper3D is a Visual Programming Language (VPL) platform for use in the CAD package Rhinoceros3D (https://www.
rhino3d.com/download/grasshopper/1.0/wip/rc).
3
4

http://ironpython.net

Download the software setup:
https://github.com/
florarobotica/IGP-for-Grasshopper/releases
5

Biomorpher updates contributed by author JH.
VMC implementation into IronPython for Grasshopper contributed
by authors MKH and PZ.
6

Figure 1. The Vascular Morphogenesis Controller [38] is a graph-based selforganizing controller for artificial growth. (Left) The free edge vertices of the
graph (leaves) are possible points of new growth; the root is the vertex where
growth was initiated; the dynamic pathways of the graph connect the internal vertices (internal nodes) and host local communication between them,
enabling positive and negative feedback. (Center) In an example one-to-one
interpretation of the VMC to physical structure [38], each possible graph
edge becomes a robot module, resulting in tree-like structures (right).

information to their immediate neighbors. This information
is sent along dynamic pathways through the graph structure,
eventually reaching the root position. Likewise, the root position is aware of resource limitations, and sends information
to its neighbors, which then continues through the graph. The
dynamic pathways of the graph modify themselves according
to bidirectional information they receive locally. Each leaf
of the graph makes decisions about whether to grow, based
on the information sensed and received. The VMC is able
to conduct its behavior deterministically, but can also incorporate stochasticity into many steps of the decision-making
process. Stochasticity can help the VMC to more efficiently
explore certain environments, and to avoid getting stuck in
false optimums.
In our software implementation of the VMC7 , we include
the following of its possible parameters [38], to influence
the controller’s dynamics: 1) growth style (probabilistic, randomly chosen from best, or deterministically chosen from
best); 2) growth amount or probability; 3) resource constant;
4) environment-dependent success constant; 5) transfer rate
limit constant; 6) competition constant; and 7) speed of adaptation. The parameters can be manually defined, or linked
to an evolutionary algorithm. Growth is initiated at arbitrary
user-defined root locations on a ground plane, in any quantity.
In a two-dimensional growth plane, the usability of the VMC
has been demonstrated in the literature, for tasks such as
growing tall in a harsh environment [38] and navigating a
maze [37]. Here, we extend the VMC to encompass growth
in three-dimensions. In the 3D VMC, each decision to grow
results in three new branches from the respective leaf (i.e.,
edge vertex). Three branches provides the minimum information needed to sense an advantageous direction in a 3D environment. Each new set of branches is oriented around the
axis of its parent branch. The relationship of each individual
new branch to the parent is user-defined, according to 1) the
distance of the new leaf from its parent leaf, and 2) the new
branch’s angle of inclination from its parent branch.
Not only do new branch sets vary in width-to-height ratio, but
they can be radially symmetrical or can be uneven. The userdefined shape of new branch sets can dramatically impact
7
VMC implementation into IronPython for Grasshopper contributed
by authors MKH and PZ.
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Figure 2. Examples of user-defined branch sets (below), with example resulting structures (above), when used in a non-deterministic 3D VMC setup.
The example branch sets are (left) symmetrical with wide proportions, (center) symmetrical with narrow proportions, and (right) uneven. Uneven branch
sets tend to create morphologies that have directional bias, forming curved
primary axes.

the overall morphology of a 3D structure grown by VMC,
as seen in Figure 2. Our implementation of a parametrized
3D VMC controller is combined with Biomorpher through
the Integrated Growth Projection setup.
Biomorpher

A plug-in for interactive evolution (IE) in Grasshopper3D,
Biomorpher8 uses a version of a Cluster-Oriented Genetic Algorithm (COGA) [21]. COGAs encompass a two-step process, first using a diverse search algorithm to rapidly explore
the design space, and second, adaptively filtering the population in order to present the user with concise, digestible
clusters of solutions. At each generation, Biomorpher allows
the user to choose either evolution by artificial selection, or
optimization according to performance objectives. These can
be combined into multi-mode optimization, by alternating the
two modes between generations. COGAs normally filter and
cluster solutions according to fitness value, helping the user
to choose high performing regions for refinement [2]. When
Biomorpher optimizes according to performance objectives,
it uses a version of this approach.
Within the scope of this paper, we employ exclusively
Biomorpher’s artificial selection mode. When Biomorpher
evolves with artificial selection, it uses k-means clustering [15] to group solutions according to parameter state similarity. For each of 12 defined clusters, a representative solution is presented to the user.9 The user selects one or more of
these representatives to define parents for the next generation
of evolution. When using artificial selection, each cluster representative is accompanied by an indicator of performance for
supplied criteria, allowing the user to incorporate quantitative
feedback into their judgment and selection.

In order to support the specific use-case of the Integrated
Growth Projection described below, we implement a modification to Biomorpher10 , enabling the visualization of userdefined mesh colors in the selection preview windows.
2.2

Software: Integrated Growth Projection

The Integrated Growth Projection setup is comprised of
two major features to support architectural design of selforganizing behaviors. The first deals with extending the user
8

https://github.com/johnharding/Biomorpher
See an illustrative video demonstration: https://www.youtube.
com/watch?v=EM6uoXW7Yeo
9

10

Biomorpher updates contributed by author JH.

Figure 3. Visualization of the environment to which the controller is currently responding during growth. Three example environments are shown here, for the
task of obstacle avoidance. Each environment (a,b, and c) contains a box-shaped obstacle in a different location (all three obstacles shown, left). At the right
and center, the VMC growth can be seen responding to each respective environment. Also seen here is simultaneous viewing of multiple possible growth results
(VMC structures), differentiated by color.

interface of interactive evolution (in this case, in Biomorpher) to support the user’s understanding of non-deterministic
self-organizing behaviors—and therefore support their ability
to make informed judgments during artificial selection. The
second deals with the interpretation of a self-organized controller’s logic (in this instance, the VMC’s graph topology)
into a physical structure in simulation. We illustrate our description of the Integrated Growth Projection setup with the
example design task of a behavior for obstacle avoidance.
User Interface for Self-organization in IE

In Biomorpher, the parameter states are supplied separately
from the mesh geometry that will display in the respective
preview window for user selection. As such, the Integrated
Growth Projection setup can control what the user will see
during selection.
The Integrated Growth Projection provides two IE user interface functions: 1) simultaneous viewing of multiple possible
results, and 2) visualization of the environment.

In the user interfaces of prominent IE projects for creative
production [23, 6], the user is endeavoring to evolve a static
image or 3D shape. In these cases, the visualization of
evolved solutions is straightforward—each preview window
shows the image or shape created by the respective parameter state. In our case, however, visualization is less straightforward. Because non-deterministic behaviors will generate variability and unpredictability in resultant structures, any
given parameter state might produce a range of results. Every time a non-deterministic controller runs, it will produce a
different result. The degree to which the results can vary will
depend on the behavioral properties of that individual controller. In the Integrated Growth Projection setup, we therefore display multiple possible results simultaneously in each
IE preview window (see Figures 5, 3). Each displayed result
is given a separate color so the user can differentiate. The
number of results shown at a time is user-defined (here, three
solutions are shown). This interface feature performs several
functions. First, it promotes user understanding of the inher-

Figure 4. (a) VMC structure without a second layer of control for material aggregation, (b,c) the same VMC output, with its respective structure when
incorporating simple rule-based control for material aggregation, with either (b) control for placing bricks, or (c) control for placing a solid wall.

Figure 5. (a) Direct representations of graph-based structures grown by VMC; a generation of such growths in the Biomorpher IE preview windows. (b) Solid
wall structures defined by hybridizing the VMC with rule-based control for material aggregation; a generation of such structures in Biomorpher.
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ent variability present in non-deterministic self-organization.
Second, showing the user a range of possible results helps
them avoid the selection of a parameter state that solves the
task by coincidence, as opposed to solving it reliably through
a feature of behavior. Third, seeing a range of results allows
the user to evolve not only the behavior itself, but the degree
of variability in that behavior’s results (see Figure 5).
Simultaneous viewing of multiple results in the IE preview window is accomplished by consecutive11 independent
simulations of controller behavior, for each parameter state
queried by the EA.
When designing a behavior that grows a structure in response
to the environment, a visualization of the respective environment is evidently useful. In our case, showing the environment is intended to support the user in making informed judgments about the behavior or response, rather than only the artifact. Importantly, the inclusion of an environment visualization in the IE preview window also allows the environment to
be randomized at each generation without confusing the user.
In our Integrated Growth Projection setup, at each query of
a parameter state, the environment data used in simulation of
the controller’s behavior is randomized from a predefined list
or external simulation (see Figures 3, 5). Randomizing the
environment at each generation helps the user avoid getting
stuck in false optimums by evolving towards a controller that
can coincidentally solve the task only in one environment, as
opposed to solving it reliably in any environment of the relevant type.
The environment in which the structure grows in simulation
is represented in by an Environment Data File, containing a
3D matrix of the values that would be obtained by sensors in
a matching reality setup. The wireframe box shown here (see
Figures 3, 4, 5) does not represent the process by which the
controller responds to environment in simulation, but rather
is a visualization tool for the user to understand the current
environment.
From Control Logic to Physical Structure

When interpreting the VMC into a material structure, the literature focuses on direct relationships between the physical
and the encoding, where each edge and vertex of the VMC
graph has a one-to-one relationship with a physical element in
the structure (see Figure 1). This interpretation style restricts
the possible material structures to tree-shapes, shown in the
literature for robot modules [38] and for tubular braid [9].
In our Integrated Growth Projection, we extend to flexibility in physical structure by decoupling the control of material
aggregation from the control logic that discovers environmentally advantageous locations for growth. A second layer of
control for material aggregation allows for the distribution of
heterogeneous tasks, and therefore the creation of hybrid control. Such hybrid control can provide the flexibility typically
sought in early phase architectural design.

11

In the software setup available for download (https://github.
com/florarobotica/IGP-for-Grasshopper/releases), this
portion is implemented in the Anemone plug-in (http://www.
food4rhino.com/app/anemone), for user accessibility without

programming.

217

When being hybridized with an existing self-organizing controller (in this case, the VMC) control for material aggregation can itself also be self-organizing, or can instead be simply rule-based. Here we illustrate with rule-based control for
placement of basic building elements: bricks or walls (see
Figure 4). In this scenario the VMC can be used to sense
and avoid the environmental obstacle in situ, thereby solving the specified task reliably through features of its behavior,
while the second layer of control—for material aggregation—
allows the architect to have flexibility in the design of an artifact, rather than being restricted to tree-shaped structures.
After applying hybridized control, the final resulting material
aggregations can be viewed and evolved in the IE setup (see
Figure 5), making use of the previously described features of
simultaneous results and environment visualization.
2.3

User Tests

The software setup was provided to architectural designers
and engineers, during a one-week workshop including tutorials and group project work. Each group used the software
setup to design a controller for a distinct design task. After the
workshop’s end, the participants received a survey about their
experiences with the software setup and relevant concepts.12
User-made Design Projects

After tutorials on concepts and software, each group of participants chose a scope for their project. They chose either
a building component to shape (e.g., doorway, column) or
an environmental condition to respond to (e.g., thermal, occupant circulation). Within the selected scope, each group
defined a design task and worked to create a controller that
could reliably solve that task in simulation, in at least three
different environments.

Survey of User Experience

Participants were asked about 1) their prior experience, 2)
their understanding of topics before and after the workshop,
3) the helpfulness of specific software aspects for their understanding and their project work, and 4) their likelihood to
use specific software aspects in the future. Survey questions,
responses, analysis, and plots can be viewed in the supplemental data set [14].
3

WORKSHOP RESULTS

Two groups chose building components to shape—a bridge,
a staircase—and three groups chose an environmental condition to respond to—sunlight, wind, rainfall.
Four out of five groups were able to successfully use the Integrated Growth Projection setup to design a non-deterministic
self-organizing behavior to reliably construct artifacts that
solved their chosen design task (see Figures 6, 7). All four
of those groups used the full set of software aspects provided,
including interactive evolution and the addition of their own
layer of control for material aggregation, hybridizing with the
VMC. As well, the second layer of control designed by each
12

The workshop participants gave survey responses anonymously.
Authors of this paper who were workshop participants had no contact with the process of survey preparation, analysis or plotting of its
results, or writing of relevant descriptions.

(a) Screenshots of the interactive evolution process, using the VMC and Integrated Growth Projection setup. Left, an early, random generation.
Right, a generation where the behavior results shown seem to indicate convergence on an area of parameter states that reliably solve the design
task at hand.

(b) Designers’ visualizations, output from the final controllers designed in the Integrated Growth Projection setup. Left, the VMC locating
the area of light conditions where the group’s chosen design task requires a the placement of a barrier. Right, the structure resulting from the
group’s hybridization of the VMC with a second self-organizing controller for design-driven amorphous material aggregation.
Figure 6. Project results from the group focused on response to sunlight.

group incorporated some aspect of self-organizing behavior
in the decision-making process for material aggregation. The
sunlight group (see Figure 6) was furthermore able to evolve
the parameters of the 3D VMC to reliably find a specific desired feature in multiple example environments, then using
the second layer of their own control to aggregate material in
a design-driven way. The bridge group (Figure 7, left) used
decentralized decision-making to find topology features in
the VMC graph structure that were advantageous as initiation
points for their material aggregation. The wind group (Figure 7, center) responded to feedback from the sensed environ-

ment not only with the VMC’s behavior, but in the behavior
of their own swarm agent controller for material aggregation.
The water collection group (Figure 7, right) used their material aggregation control to find and build off of useful shape
features in the volume of the VMC’s growth, rather than simply refilling the zone defined by the VMC with a different
type of structure. This group was able to usefully distinguish
between tasks for the VMC and their own control rules, such
that both are necessary for their hybridized controller to be
successful at its task.

Figure 7. Designers’ visualizations of their final hybrid controller outputs for (left) a bridge, (center) shielding a sidewalk from adverse wind, and (right) forming
a basin to collect rainwater at an advantageous position.
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5

CONCLUSION

A method—the Integrated Growth Projection—has been introduced, to facilitate the use of interactive evolution as a tool
in the open challenge of designing architecture built by nondeterministic self-organized construction. The method has
been implemented in a software pipeline accessible to architects. The software has been tested by an initial user group in
a workshop setting. The workshop results provide strong evidence for the usefulness of the method and pipeline in helping
architects to both understand and design behaviors for selforganizing (swarm) construction.
ACKNOWLEDGMENTS

Figure 8. Designers’ visualization of their staircase, output from their extended VMC implementation.

The staircase group did not incorporate separate control for
material aggregation, but after the workshop instead took the
approach of extending the VMC’s behavior to solve their design task. In this group’s approach, once an instance of the
VMC finishes its growth—according to its parameters and the
values sensed in the environment—their extension globally
selects a leaf of the resultant graph structure to become the
root location for a new VMC instance. The leaf that becomes
a new root is selected according to globally assessed features
of overall height and proximity to desired staircase shape. Although the group completes this process of new root selection
through global control, a decentralized decision-making process could potentially be implemented to achieve a similar result, thereby substantially broadening the types of structures
able to be grown with VMC.
The survey responses (see supplemental data set [14]) indicate that no workshop participant had previously designed a
self-organizing controller using interactive evolution, so the
project results and survey results (see [14]) give strong evidence that the Integrated Growth Projection setup helped the
participants to understand this design approach enough to use
it to solve their chosen design tasks.
4

DISCUSSION

Though the design projects resulting from the workshop are
strong in their use of the VMC to find advantageous zones
in the environment, their development of a second controller
for material aggregation is very limited. Though the Integrated Growth Projection method is open-ended enough to
be highly receptive to plausible construction elements (see
walls and bricks in Figures 4 and 5), it was a difficult task
for the workshop participants to develop controllers to place
such elements, instead tending towards amorphous material
(see red structure in Figure 6(b)). In order for such controllers
to be useful for construction in reality, the control of material
aggregation would need to be much more developed, especially in terms of the process by which materials are moved
into place. This itself is a significant open challenge in selforganized construction, with the state-of-the-art notably being set by the TERMES project [33].
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new ways of thinking about issues of adaptation, change, and
performance in architecture. Broadly speaking, these models
and prototypes engage geometric and biomimetic principles
in the synthesis and design of new materials that are adaptive
to external inputs, such as heat, light, and human interaction
[2]. With kirigami, we strive to communicate threedimensional (3D) geometry, structures, and features using
two-dimensional (2D) representations and sheet systems that
follow the concept of "Interact Locally, Fold Globally,"
necessary for deployable and scalable architectures. In
previous projects, we have produced a room-scale prototype
for an adaptive architecture system, which uses a
combination of novel surface materials and nitinol linear
actuators to react and respond to its environment and
inhabitants [3]. Together, this synthesis of design, material,
and kirigami-programming allows a small set of simple
actions to manifest complex emergent behaviors. In recent
work, we have moved away from cumbersome mechanical
systems and energy-heavy complex mechatronics and
towards integrated panel-and-hinge assemblies that feature
3D printed programmable geometry and materials capable of
controlled, elastic response to stimuli [4]. In this paper, we
document our latest work on kirigami-steered assemblies for
adaptive composite systems that are programmable in both
one-way and two-way actuated materials, including shrinky
dink films, shape memory alloys, and shape memory
polymers. The assemblies with thermal sensitive materials
enable context-based actuation in that the actuated hinge is
passively actuated by the thermal environment.

ABSTRACT

This paper explores the possibilities of active kirigami
geometry — folding with the addition of strategically placed
cuts and holes — through geometry, simulations, and
responsive materials exploration. We have developed a novel
method for kirigami pattern design through mesh
optimization of surfaces, distribution of tucks across the
discretized mesh, and the addition of cut and fold patterns.
Based on our previous materials research on dual composite
kirigami materials in 2016, we propose to focus on both oneway and two-way actuated materials, including shrinky dink
films, shape memory alloys, and shape memory polymers.
We have successfully characterized the materials, and as a
proof of concept, produced models that utilize the abovementioned materials as environmentally-actuated hinges in
folded sheet systems (2D to 3D).
Author Keywords

adaptive architecture; kirigami; simulation and modeling;
computational geometry design; material design;
programmable matter; hinge design; actuation, matter
design computation
1

3

INTRODUCTION

As part of two projects funded by the National Science
Foundation in the Sabin Design Lab at Cornell University
titled, eSkin and Kirigami in Architecture, Technology, and
Science (KATS), this paper is one product of ongoing transdisciplinary research spanning across the fields of
architecture, bio-engineering, materials science, physics,
electrical and systems engineering, and computer science.
Like origami (ori = folding, gami = paper), the origins of
kirigami comes from the art of folding paper, but with the
addition of cuts and holes. The word comes from the
Japanese kiru, “to cut,” a geometric method and process that
brings new techniques, algorithms, and processes for the
assembly of open, deployable, and adaptive structural
elements and architectural surface assemblies. We ask, how
might architecture respond ecologically and sustainably
whereby buildings behave more like organisms in their built
environments [1]. This interest probes flexible geometric
systems such as kirigami for design models that give rise to

2

MATERIALS AND METHODS

2.1 Geometric Approach of Kirigami Pattern Design

Figure 1. Unfolding a hexagonal pyramid into two-dimensional
kirigami pattern
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connected faces. To avoid intersections of the tucked folds,
secondary cuts are applied. The area of the secondary cut is
defined by the angle between adjacent mesh faces and the
width of the hinge (see Figure 1).

The objective of this section is to transform a given threedimensional freeform surface into a two-dimensional
kirigami pattern and validate the process by reshaping the 2D
plane into 3D surface by both simulation and physical test.
The approach presented in this section consists of two parts.
The first part describes a framework for kirigami pattern
design at the local level where multiple pyramid shapes are
used to demonstrate the process of unfolding and folding.
Built upon this local-level research, a generative
computational method for designing 2D kirigami patterning
for 3D global freeform surfaces is introduced. The given
surface is initially approximated by triangular mesh, which
is then decomposed into polygons and isometrically mapped
onto a 2D plane. The approach utilizes folds and creases to
connect overlapped edges of polygons. Cuts are applied to
solve vertex-intersection and edge-intersection in the folding
process.
Designing a Kirigami Component: Part to Whole

Several analytical studies have been done in computational
kirigami and origami that aim to generate and simulate the
folding of a 2D pattern into a 3D surface. For example, David
Huffman proposed an origami tessellation method for both
straight and curved folding using the Gauss map [5]. In
comparison, the tree method generates a tree line graph on a
squared sheet of paper to fold the planar pattern into a desired
3D shape [6]. In Tachi’s study [7], a method is presented for
generating a fold pattern based on an arbitrary threedimensional mesh, which serves as the goal shape and
primary input. Collaborator, Fabrizio Scarpa and Randall
Kamien [8], developed a rule set to create 3D structures from a
flat sheet using bending, folding, cutting, and pasting. Our
design approach augments and builds upon Tachi’s and
Kamien’s research to combine folding and cutting for the
generation of a 3D goal shape from 2D flat paper. At the local
level, we started by unfolding a polyhedral shape. The faces of
the given polyhedral shape were initially decomposed into
individual polygons and isometrically mapped onto a 2D
plane. The gap between polygons is a quadrilateral
symmetric trapezoid (see Figure 1). The crease pattern is
generated within the gap between adjacent polygons where
the gap is constrained to be symmetric. The valley crease is
defined by connecting the midpoint of a non-equal edge of a
given quadrilateral trapezoid. The width of the crease pattern
may be modified to changes in the curvature of the valley
fold. The stiffness of the folding crease is programmable by
modifying the porosity and configuration of the crease
pattern, as shown in Figure 1. For polygons sharing a vertex, the
surrounding vertices are folded into one shared vertex. The
initial cut covering area is defined by the shared vertices of

Figure 2. Simulation of reshaping two-dimensional
kirigami pattern into three-dimensional pyramid

Figure 3. Physical model of the unfolded and folded states,
demonstrating the validity of simulations

The geometric approach described was implemented and
simulated in Rhinoceros 3D, a commercial 3D computer
graphics and computer-aided design application software
and Grasshopper 3D, a graphical algorithm editor integrated
in Rhinoceros 3D. To justify the geometric approach, we are
interested in the role of kirigami patterning on the global
form of the folded sheet as a generative design strategy over
optimization of the stress distribution upon each face. As a
result, we did not elect to use finite element modeling to
analyze stress distribution as a starting point. Building upon
research work introduced by Schenk [9], we translated the
2D kirigami pattern mesh model into a pin-jointed truss
framework. The vertex of each mesh face was represented as
a pin-joint, and every fold line by a bar element. With input
information of the folding angle between each mesh face, the
displacements of vertex coordinates can be calculated using
coordinate transformation, d¸ = Td, where T is the
transformation matrix and d is the nodal displacement, ¸ is
the change in angle. The kirigami pattern mesh was
dynamically reconstructed based on translated mesh vertices

222

populated to maintain curvature. Next, each edge of the mesh
faces was set as a spring with certain stiffness and targeted
length. The value of the targeted length was determined
based on the mean curvature at the start and end points of
each edge. Using the particle system, Kangaroo Physics
developed by Daniel Piker for Grasshopper 3D [10], the
mesh was relaxed to achieve equilibrium.

to simulate the folding process. The simulation of 2D
kirigami pattern folding is demonstrated in Figure 2. To
verify the simulation, we folded paper models into the
desired goal shapes (see Figure 3).
Kirigami Tessellation Based on Freeform Surface

The proposed kirigami component design is primarily based
on the input mesh. As we used Rhinoceros 3D to design
this complex geometry, translation from surface into
discrete meshes is required for the initial setup. The
discrete meshes can then be unfolded onto the 2D
kirigami pattern through mapping and adding tucks and
cuts as we introduced previously. As a first step, the
interactive design pipeline for generating the kirigami
pattern uses the Enneper surface as input (see Figure 4).

Figure 5. Mesh representation based on mean curvature

To validate the unfolding algorithm, we used the simulation
method we proposed in section 2.1.1 to simulate the folding
process from 2D kirigami pattern into 3D Enneper surface
(see Figure 6). A paper model was fabricated and folded to
validate the simulation (see Figure 7).

Figure 6. Simulation of reshaping two-dimensional
kirigami pattern into three-dimensional Enneper surface

Figure 4. Pipeline of unfolding a given three-dimensional Enneper
surface onto two-dimensional kirigami pattern

Many commercial computer-aided design (CAD) tools
including Rhinoceros 3D have functions for translation
between mesh and surface. However, we found that the mesh
faces generated by these default functions were uniform and
regular. The approximation of a given global freeform
surface using uniform mesh faces causes high deformation
when the mesh resolution is set at a low level. However, if
we increase the mesh resolution to obtain a high
approximation rate of the input surface, the number of mesh
faces will increase causing complexity for folding. Inspired
by the adaptive remesh method proposed by Peraire [9], we
proposed an alternate mean-curvature-based mesh
representation algorithm. The algorithm consists of three
steps. Initially, the mean curvature of the input surface was
analyzed and stored as topological information. Secondly, an
anisotropic mesh subdivision based on surface mean
curvature was introduced. Additional iterations of
subdivision were processed in areas where the surface area
curvature was higher to ensure that enough triangles were

Figure 7. Paper model of folded Enneper surface
2.2 Material Characterization

Our final phase of material explorations builds upon our
previous investigations with silicone and 3D printed ABS
auxetic composites from our work in 2016, which utilizes a
two-material system to induce various types of actuation [4].
Rather than focus on the two-dimensional auxetic composite
body, our investigations push forward active elastic folding
with
global
elastic
deformation,
and
towards
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environmentally-actuated hinges in folded sheet systems (2D
to 3D).

Also, SMPs generally require less energy input than SMAs,
as the threshold temperature of the polymers is lower than
that of metal alloys. In addition, SMPs are far more robust
than shrinky dink film and are able to withstand much higher
forces without tearing.

The material systems conceptually relate to the 2016
composite system through a layered, unit-based system. The
actuating material is the ‘skeletal system’ and a flexible,
inactive material forms the body that distributes the actuation
forces across the larger matrix of units. Our investigation of
actuating materials focused on three types of materials:
‘Shrinky Dink’ film (SDF), shape-memory alloy (SMA), and
shape-memory polymer (SMP). The selection of materials is
based on commercial availability and cost.

In order to obtain the final programmable property, we need
to characterize the materials described above. The listed
materials, shrinky dink film and SMAs, have the potential of
being utilized in hinge designs to actuate system responses.
In the process of actuation, the forces that the materials
generate are the most important variable.

Pre-strained polystyrene — known colloquially as the
children’s toy “Shrinky Dinks” — is a commercially
available, optically transparent plastic sheet material that
undergoes planar shrinkage when heated. The recoiling of
the microscopic polymer chains in the polystyrene sheets
exhibit 1-way shape change and are irreversible in nature.
Once shrinked, it cannot relax and go back to its original
state.

A testing frame is set up as shown in Figure 8. A Vernier
Force Sensor is fixed to the top of the stand; the test samples
are attached to the sensor and the bottom of the stand. A
1300W heat gun is then used to provide energy input to
various samples. For the shrinky dink film, force is a
complex variable that is a combination of the function of
energy-input, time, and total sample surface area. We have
determined five different widths: 0.25”, 0.5”, 0.75”, 1”, and
1.25”. There are 10 strips of shrink dink film for each width,
and all samples are 3” in length. As the test samples receive
heat, reach threshold temperature, and retract to their original
shape, the sensor is able to document the force change over
time.

On the other hand, shape-memory alloys can undergo twoway shape change. Shape-memory alloys are alloys that
‘remember’ their original shapes and can be restored to their
original shape if exposed to heat or light while deformed. The
resting shape of a SMA is determined manually. When
heated to above the transition temperature, the shape of the
wire at the phase-change temperature is processed into the
impart memory of the initially shaped state. Once the shape
has been set and cooled down to room temperature, the wire
can be further deformed, and then restored to the set shape
by applying heat to a threshold temperature. Our SMA
investigation augments the Sabin Design Lab’s 2014 project,
Colorfolds, which made heavy use of nitinol springs, a type
of commercially available pre-formed SMA spring that
relaxes in the presence of heat and contracts when the heat
source is taken away. Instead of the spring configurations in
Colorfolds, we investigate nitinol wires, which require less
energy input in actuation.

Because the nitinol wires and the SMPs are manufactured to
a certain fixed wire radius, the sample width is not a
considered variable in the force control experiment. Nitinol
wires are cut into 20 pieces of 3” samples. All the samples
are heated above the phase-transition temperature and folded
in half. After quenching with cold water, the wires are reconfigured back to a straight geometry, and attached to the
force stand and sensor. Then, the heat gun is used to heat the
wires to the threshold temperature (40 degrees Celsius) and
the force required to revert the wires back to the original
shape is extracted from the Vernier sensor and post
processed.

The third material that we investigated to innovate hinge
design in kirigami actuated matrices, is shape-memory
polymers. SMPs are an emerging type of dynamic (‘actively
moving’) polymers with shape-retention capability and
thermally-induced transformation properties. SMPs are
formed into their resting shape through conventional plastic
molding or extruding processes and can afterwards be
deformed and ‘set’ into its deformed shape. The resting
shape can be reset when quenched after heating above the
transition temperature between plastic state and elastomeric
state [11]. When exposed to a certain stimulus — most
commonly heat or light — SMPs revert back to their initial
states. Though less widely available than SDF and SMAs,
SMPs have several advantages over their counterparts: for
SMPs, the cycle of programming, deformation, and recovery
takes place in a much shorter timeframe than that of metallic
shape-memory alloys, as well as allowing a much greater
range of motion between the initial and deformed states.

Figure 8. Testing frame setup for characterization

Figure 9. Shrinking material (red) acting as a folding agent on
a kirigami body. Upper: SDF acting on a square pyramidal
unit. Lower: SDF acting on a cross-body folding unit.
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The characterizations of SMPs are similar to those of SMAs.
The polymer strips have a fixed width of [ � and are cut into
pieces of 3”-long samples. Because the actuated force
generated by one piece of the SMP is too small to be
documented without significant errors, we have glued 3
pieces of SMPs together, and further characterize as one
sample in the experiments. The SMP samples are heated
above the transition temperature, folded in half, quenched in
cold water, and re-configured back to a straight geometry. 15
samples were then analyzed with the same techniques as
those of nitinol wire characterization.

of the radially-arranged SDF strips actuated all of them more
or less at the same time, allowing for smooth and immediate
folding. This unit type also allowed us to quickly examine
the actuation properties of the SDF on a unit of related hinges
without the need to deal with the greater forces associated
with actuating hinges connected in series that would be
dependent on each other to actuate.
3

RESULTS

Our SDF test units served as intermediary steps to develop
methods for inverse-process sheet folding to test unit types
and their corresponding geometric logic. The two forwardprocess test units were made for the purpose of developing
an actuation system for the polyhedral shapes shown in
Figure 1 and for smaller prototypes following the same logic
as the global geometries in Figures 4-7. To test the units, the
units were held in place while a standard 1500W heat gun
was used to manually apply heat. The SDF material we used
has a transition temperature of 165 degrees Celsius, and we
found that reaching the transition temperature took between
4 and 8 seconds of constant heat application. (see Figure 17).
The cross-body units tended to actuate unevenly, with one
end of the SDF strip reaching the transition phase before the
other. The units would often have three adjacent arms pull
inward before the connected opposing arms would be
brought together. This effect foreshadowed a larger problem
that appeared as we further developed methods for actuating
hinges connected in series. This would need to happen in the
generation of a multi-unit agglomeration system or inverseprocess geometry with non-uniform actuation.

2.3 Hinge Actuation Design

These three active materials each have the potential to be
combined or utilized in composite active material systems.
Hinge design was explored through a forward process,
testing material actuation on one single unit to allow us to
better understand material interactions and the potential for
local programmability at the unit scale. Data and knowledge
gained at the single unit design scale informs larger arrays of
tessellated units and actuation for inverse-process geometry.

Hinge actuation using SDF was first explored on a singlehinge scale, then on a unit scale involving several hinges.
Our component-based investigation began with testing the
SDF using a forward process of investigation, examining the
effects of different SDF placement and crease arrangements
at the unit scale.
The units generated to test the SDF actuation system were
made of scored bristol paper, with individual .5” wide SDF
strips affixed at both endpoints to the paper body by
rudimentary metal staples, a solution chosen for its ability to
withstand heat while firmly attaching the SDF strip with the
smallest possible point of restraint, as well as being readily
available and cost-effective. Two unit types were made, each
with a different SDF-body relationship.
The polygonal unit was a square with a square hole at the
center, rotated 45 degrees. Four triangular facets are formed
by scoring lines connecting the corners of the outer square to
the nearest two corners of the inner square hole. By placing
another scored line orthogonally connecting the corner of the
inner square hole to the midpoint of the nearest side of the
outer square, valley folds are created (see Figure 9). The SDF
is attached on the right side of the valley fold as close as
possible to the crease, connected to the same point relative to
the crease on the adjacent side. When the SDF shrinks while
pinned in place on the two ends, the crease makes a valley
fold which pulls the global geometry together (see Figure
11).

Figure 10. Video stills showing the stages of actuation of the
cross-body folding unit made from the SDF-paper system.

The cross-body fold unit was composed of 6 free-end flaps
connected to a single body, with the SDF attached to the
endpoints of opposing arms (see Figure 10). When heat is
applied, the SDF shrinks toward the center and pulls the
opposing arms inward and together, contracting the unit as a
whole. One advantage to this test unit was that it was easy to
heat uniformly. Aiming the heat gun at the intersection point

Figure 11. Video stills showing the stages of actuation of
the pyramidal unit made from the SDF-paper system.
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Getting the units to self fold turned out to be a time-related
process. While manually folding the inverse-process
Enneper surface from the 2D surface, we ran into a problem:
every joint has to fold in unison, or it won’t fold at all. The
issue translated from manual folding, where one can only
fold several creases at a time, to self-folding via actuating
material.

Figure 14 shows that the retracting forces of shrinky dink
film with different widths display similar behaviors. The
shrinky dink strips actuate at approximately 5 seconds of
heat input. The retraction force reaches a maximum peak,
then decreases rapidly because the sample strips have
reached the polystyrene melting point and fail. Knowing the
power of the heat gun, heating time can be translated into
energy input by multiplying the time and heat gun power.

Placing the actuating material on a joint connected to a larger
system of joints — in effect, arranging the joints in series —
assumes that every crease in the unit will fold in at once. In
the event of non-uniform actuation, the first SDF strips to
reach the shrinking temperature threshold has to fight against
a stiff body to instigate folding in the unit. If the applied
heating is not perfectly uniform, the SDF across the linked
creases will actuate at different times. The force of one SDF
piece actuating is not enough to allow the joint to fold, and
the resulting tension will either tear the joint at the point of
stress concentration or tear the SDF strip as it shrinks toward
its anchor points, ultimately causing the unit to fail to actuate
altogether. (see Figure 12).

The maximum forces of the five different shrinky dink film
widths are compared in figure 15. The average force
increases as the surface area of the sample increases. The
characterization process is repeated ten times for each
sample width, and the errors are taken into account.

Our next iteration attempted to solve this by reinforcing the
strength of the actuation by placing the actuating SDF on
both sides of the paper joint rather than just one, as had been
done for the prior two iterations. (see Figure 13). Applying
the logic of this double-sided test piece to a larger unit, we
designed the next iteration of the SDF testing unit by
combining the cross-body hinge with the valley fold hinge to
create a unit with both sets of characteristics. The cross-body
folding on this unit allowed the arms to contract from
applying heat to the center point, bringing the valley folds
together so that they didn’t have to fight against a stiff body
while the SDF film attached contracted.

Figure 14. Force curve of shrinky dink films of different
widths. Heat is applied at time 0 sec.

Figure 12. Finite element analysis of stress concentration. Left:
Shrinking material (white) acting as a folding agent on a kirigami
body. Middle: all SDFs actuate at the same time. Right: one SDF
actuates earlier than others.

Figure 15. The maximum force of shrinky dink films of different
widths. Error bar is calculated with the standard deviation
between the 10 samples of each width.
Figure 13. Multi-segmented hinge with shrinking material
actuating on two sides of sheet material reinforces joint while
folding for stronger actuation (Left), Bi-layer hinge by laminating
paper with shape memory polymer sheet (Right).
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In contrast to the shrinky dink films, the nitinol wires, which
exhibit shape memory alloy behaviors, do not have a failure
point. Once the wires reach the maximum force, the force
remains constant and is independent of energy input and
time.
The last material to be characterized, the SMPs, requires
almost equivalent energy input as SMAs (force curve shown
in Figure 16). Even though the polymer strips show more
noise in actuating, the behavior is still similar to that of the
shrinky dink film. The force that the polymers generate
reaches a maximum and then decreases as it has reached the
threshold temperature. The excessive noise is predicted to be
an outcome of the small polymer strip.

Figure 18. Initial state and actuated state of SMPs acting as
hinges. A comparison between FEA, physical model, and
thermal image.

Figure 16. Force curve relating to energy input of nitinol
wires (SMAs).

Figure 19. Initial state and actuated state of SMPs acting as
hinges for a more complex model. A comparison between physical
model and thermal image.
4

DISCUSSION

The shrinky dink films characterization results (see Figures
15 & 16) show that the average force the films can generate
when actuated by heat increases as the surface area of the
sample increases. Figure 15 also shows that the force peaks
shifts to the right as width increases. That is, shrinky dink
films require more energy input, as well as actuation time, as
the surface area increases.
Figure 17. Force curve relating to energy input of SMPs.

A possible explanation for the noise and the unexpected
deviations of force in all material characterization results is
due to uneven heating. In the thermal images of Figure 17,
temperature density is not even in the geometry. Heat guns
emit concentrated heat that is not wide enough to cover all
the 3” test samples. This can cause time-related problems
described in hinge actuation design. Also, the geometries of
both the shrinky dink film and the nitinol wires post actuation
may not be completely planar. Changes in Non-planar
geometry will lead to complicated forces in 3D space, which

We compared the results from the SDF experiments with the
SMP physical models, finite element analysis simulations,
and thermal images (see Figures 18 & 19). We applied the
SMP to the hinge part of component model (see Figure 13).
The physicals models behave as expected after heat
actuation, while the thermal images show expected heat
concentrations on the models.
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Our experiments on hinge actuations demonstrate the
possibility of using SDF and SMPs as actuation hinges.
While SDF is a single phase irreversible hinge, it is sturdier
and has higher stiffness. SMP actuations are reversible, and
act as plausible two-way hinges.
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ABSTRACT

1

The aim of this research is to examine a new approach of
participatory design using a virtual reality (VR) platform, in
an attempt to enhance the communication between designers
and users, while targeting the issue of unused public spaces
in densely populated cities in general and London in
particular. Initially, a detailed analysis of London’s urban
tissue, pointed out a test location in Hoxton, characterised by
a poor public space quality and a strong community feeling.
Subsequently, a public survey was carried out, providing
substantial information on the spatial needs of the residents
and informing the development and guidelines of the VR
platform. Built in a single-player mode, the game enables
participants to create their own design proposals, through a
modular design logic, within a virtual realistic representation
of the site. The game was tested in a public workshop by
approximately 65 participants, of multiple backgrounds.
Once analysed and processed, the results were transformed
into a data package that was released together with a design
brief to architects in a social media event. The reception of
six design proposals signified the first step towards
validating the efficiency and applicability of the proposed
design method. Given the initially linear character of the
process and lack of iterative interaction among designers and
users, the next steps of the research will aim to enhance the
method, including a feedback loop participatory activity
within a multi-player VR platform.

INTRODUCTION

The disruption of continuity in the urban tissue by unplanned
or underutilized public spaces, is a common feature of the
densely populated metropolitan cities. Such spaces are
identified as glitches in the urban fabric and can vary from
leftover gaps in-between buildings, to either unused or
misused public plazas [1]. Based on a case study location in
Hoxton London, this research focuses specifically on
acquiring design inputs from non-expert users, expressed in
a 3-Dimensional format, providing tangible data to
architects, enhancing the communication between the two
groups. Therefore, the creation of a dynamic platform is
examined, as a tool that can animate and receive user
proposals, while featuring aspects of expert guidance.
Seeking to formulate a common ground of communication
between designers and users, immersive technologies and
serious games are merged and explored as alternative means
of performing participatory design in a virtual environment.
The aspect of participation is examined, beyond the
collective involvement of all the professional stakeholders
[2] [3], as a method that involves the non-expert users in the
design process, giving them the opportunity to co-design a
space by interacting, not only with the experts but also
among themselves. Several projects carried out in this
context provided information about the communication
between design professionals and non-expert users, as
depicted in the Klong Toey community lantern in Bangkok
[4], or regarding the formation and development of local
initiatives, such as the Lamlash Garden pocket park in
London [5]. The dynamics of the expert, non-expert
relationship are based on the professional design and
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planning knowledge of the former and the empirical spatial
experiences of the latter. The levels of involvement and the
stages in which each party interferes throughout the design
process are significant aspects of the process. A matter of key
importance lies in the creation of a common content in their
exchange of ideas, especially considering the ample
difference in the way professionals and non-experts perceive
space. The design language, as well as the tools that are
utilised, should be simple and easily understandable by
people who are not trained to comprehend abstractions, yet
detailed enough to conduct sufficient information to the
recipient-expert.

Another driving principle of this research is the introduction
of immersive technologies, as a means of enhancing the
game's ambience through incorporating the sense of one's
self, or according to Casanueva create a subjective feeling of
“being there” [11]. More specifically, a virtual reality
platform can accommodate a realistic experience of presence
[12] within an environment, while at the same time, it is able
to integrate features beyond the equivalent physical
experience, as portrayed in the Flock [13] and Palimpsest
[14] projects. Therefore, a totally lifelike virtual environment
is tested as a field of direct interactions, whether these refer
to: a) the detection of actual problems of the place,
transferred accurately within the virtual experience, b) the
blunt realisation of the products of one's interventions on the
environment, or c) certain guiding information encoded in
the platform by the experts. The goal is to explore the
educational potential of an immersive platform, as well as
define its appeal to the user's goal understanding,
engagement and overall participation.

The educational character of serious games, when a fun and
playful atmosphere simultaneously accommodates a
significant task for the players to resolve, has placed them in
the epicenter of several equivalent studies, as the appropriate
environment for user participation and interaction. Naturally,
the player's engagement is always dependent on the degrees
of freedom introduced in the game, regarding different types
of expression or otherwise the available design language.
State of the art research projects on this field approach this
matter differently with users: either actively designing
through provided building units, as depicted in 20.000
Blocks [6] and the Block by Block initiative [7], either
through inserting and moving predefined modules, as
portrayed in the SuperBarrio [8] and CITY_KIT [9] projects,
or by claiming a planner and supervisor role while evaluating
designer proposals in a dynamic loop, as explored in KEMP
project [10]. Based on observations on these projects, the
main focus of this research has been to trigger each user’s
design potential, freed from using predefined components
(bench, fountain, tree, etc) and strictly following the typical
program formats (leisure space, walking space, retail, etc).
The proposed method features a building module, similar to
the one used in Block by Block [7], through which the users
will be empowered to create spatial configurations of their
liking, while remaining protected from having to deal with
the level of detail required in professional proposals. At the
same time, each module is a spatial vote of given coordinates
and dimensions that will eventually lead to a collective result
in the desired 3D format.

Combining the aforementioned fields, this paper aspires to
develop an experiential participatory design method, able to
provide a user-derived opinion landscape, while targeting the
issue of unused public spaces. Expressed as spatial 3D data,
the users’ ideas will subsequently instruct the corresponding
design brief addressed to professionals.
2

METHODOLOGY

The proposed design method is structured in three stages
(Figure 1). The first one consists of the development of a
bespoke VR application, based on a specified design
program, which will be used at the second stage, in a
participatory experiment to obtain design information.
Eventually, this material is processed aiming to generate a
detailed design brief for architects.
2.1 Site Selection

The proposed method has been created to express the spatial
necessities of un-designed public spaces. Given this goal, the
site selection followed the pre-requisites of a) an un-designed
public space and b) a neighborhood with a strong community
feeling.

Figure 1. Experiment workflow: The initial 3 steps explain the design method, whereas the grey section is the method validation
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The spaces that fall within the classification of un-designed
are usually of un-determined function, also referred to as
neglected, residual or liminal zones, and it is common to find
spaces of this nature in very dense areas of the cities [1]. The
London Borough of Hackney, one of the denser areas in
London with 14,358.00 citizens per Km2 [15] was partially
the object of this research’s initial exploration on undesigned public spaces. It unveiled an array of places of high
interest to this study, such as the public spaces within the
post-war housing estates, characterized by residential areas
where the neighbors seem to fail to socially interact, as the
shared public space is usually poorly designed in terms of
communal needs. Amongst several examples, the New Era
Estate in Hoxton, Hackney, was selected for its strong
community character, as the residents mentioned having
actively been engaged in previous communal activities [16].

Being asked what spaces or facilities they would add in New
Era Estate’s public space, the interviewees mainly referred
to green spaces, balconies, playgrounds, sport facilities,
resting areas, lifts and lighting. This data constituted the
design program of the game, classified into four categories
based on commonality (greenery, street furniture, building
additions, custom), giving the players the option to select and
design in the category and order of their preference.
2.3 Game Development

The virtual reality game was developed as a 3-dimensional
proposal generator of simplified geometries, whilst
specifying location, proportions and use within a virtual
representation of the selected site. This idea is inbuilt within
the “world design” [17] that is formed of backstory, settings
and theme.
a) Backstory: Players are invited to immerse in the virtual
reality of the New Era Estate where, aware of its lack of
quality public space. They can propose its upgrade by using
the provided tools (player options) and by placing comments.

As a result, the proposed application features New Era
Estate, formed by three four-story blocks that approximately
reunite 100 social homes and some shops. Additionally, it
consists of an inner structure of empty public spaces, mostly
dedicated to car-parking bays.

b) Settings: The game is set in a single-player mode, where
a chain of narrated scenes (user interface) guides the player
through all the game stages. These are 1) brief welcome and
introduction, 2) a demonstration to teach them how to play,
3) the selection of design category and 4) the main game.

2.2 Design Program

After obtaining information about the site from online
resources, the next step was to conduct an on-site survey. The
objective was to gain a deeper understanding of the
residents’ needs, their social interaction, the involvement in
the community decisions, as well as the quality of the public
space.

c) Theme: The main theme of the game is to create a design
proposal using cubes (design unit), within one or more
architectural categories (player modes).
While playing, the users had a series of options aiming to
facilitate the overall experience and aid the design task.
Naturally, they were able to add or delete cubes of a certain
design category while navigating in the virtual world.
Furthermore, in order to firmly build the designs not only
from the imagination but also upon side-effects awareness, a
menu of “live information” was included. It displayed the
number of cubes used, the overall overshadowing
percentage, the possibility to preview the seating area and the
obstruction of the main pedestrian flow around the
construction block (Figure 3). Finally, interaction among
individual users was addressed through the display of other
participants’ most popular designs as will be explained
further along this paper.

The survey was developed in Google Forms and it consisted
of multiple choice, as well as open questions, classified into
the aforementioned categories. Mainly residents and local
workers, but also people who daily interact with the public
space of NEE expressed their opinion about the site
deficiencies, reaching the number of 60 participants.

From a technical perspective, the first step in developing the
platform addressed the matter of digitally recreating a
realistic, visually consistent, 3D model of the selected
location that would be represented within the VR game.
Therefore, 3D scanning and photogrammetry techniques
were explored, involving 650 manually shot photographs of
the selected site, in a consecutive shooting pattern. Following
this, the corresponding software application, Reality Capture
[18], arranged images and generated a dense point cloud,
from which the final textured mesh geometry emerged. Due
to its excessive number of polygons, Instant Meshes [19], an
open source mesh polygon reduction software, was used to

Figure 2. Design categories formed by the interviewee’s data

The results confirmed the existence of a strong community
feeling, as the occupants have been through periods of
protesting to keep their houses, rendering the site suitable
according to the study’s selection criteria. They also
mentioned that they are keen on the idea of improving the
quality of their public space by adding communal facilities.
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simplify the extracted geometry. Subsequently Blender [20]
an additional 3D graphics software, allowed for the reprojection of the original texture onto the low-polygon mesh
in order to reconstruct a low resolution but high-accuracy 3D
environment.

would otherwise require considerable additional
computational resources, causing the game to lag and
disrupting the player’s flow. Furthermore, the grid
background, provided the core organisational pattern, where
the collective communication was formed.

Figure 3. Game time environment: Spatial information that was
provided to the players (module classification by colour, people’s
flow, module preview before placement, shadowed area, seating
area) and numerical information (cubes used, game time)

Figure 4. Information grid before and after value insertion. Each
time a module is placed on site during playtime, a value of 1 is
assigned on the grid point that is closest to the module’s location.

As mentioned earlier, a significant part of the research
focuses on the communication between the architect and the
user. Both sides need to articulate their expertise and educate
each other. In the proposed platform, the users’ input is
expressed through the spatial configurations that they create.
The professional expertise on the other hand, is introduced
through the “live information” feature, enlightening the users
about certain aspects that are dynamically affected by their
design decisions.

The next step involved the formation of the design language
available to the users within the game. As the non-experts’
perception of space derives from a concrete experience of the
already known aspects of reality stated by Husserl as
lifeworld [21], their conceptual threshold regarding new
notions for space may be significantly constrained. Aiming
to address this issue, a notion of abstraction was introduced
by inserting a modular logic as the design method. The
construction unit was set as a 50x50x50 cm cube that users
were able to generate repeatedly, relative to the game’s
ground or existing cubes, creating a series of assemblages
and shapes according to their pure inspiration. There was no
limit on the number of modules available to each user as the
intention was to introduce a Lego-like assembly logic. The
simplicity of the cube module and the ease in using it to
create a variety of different compositions were two key
attributes that led to its selection as this experiment’s
construction unit.

2.4 Experiment

The participatory experiment consisted of a public workshop
that took place in two locations. The first one was held at a
local café where residents, workers and passers-by played
the VR game. The second location was the Architectural
Association of London, where mainly architects tried it. The
experiment lasted for four days and counted 65 participants,
who played between fifteen minutes and one hour.
Most of the participants were aged between 25-35 years old
and lacked design experience, as the aim was to examine how
non-expert users would use the application. Local residents
and workers were the target audience of the experiment, as
they would have a more established opinion about the needs
of the site and would be more invested in the redesign
process. However, the results derived mainly by passers-by.

The application was developed in Unity [22], and its core
computational strategy relies on the existence of an
information field which enables the interactions between
architects and users, as well as between users themselves.
This field is articulated in the virtual reality platform as an
underlying 50x50x50 cm 3D grid invisible to the players,
spreading in all three axes (x, y, z) and covering the whole
site (Figure 4). The data is inserted on this grid through the
placement of the game’s building modules. More
specifically, each time a module is placed on a specific
position during runtime, a value of 1 is assigned on the grid
point that is closest to the module’s position, eventually
resulting in the formation of a scalar field. This set-up was
highly beneficial in a dual manner. Initially a significant
speed advantage was gained during runtime while
performing the aforementioned live calculations, as they

2.5 Data Extraction & Analysis

Another demanding challenge in the proposed platform was
the extraction and analysis of user data, as well as the
formation of a collective consensus, given the single-player
character of the game. The introduction of a modular logic
which was based on simple building unit, was one way of
introducing some sort of coherence in the users' designs.
However, a plethora of singular approaches would
eventually make the procedure devoid of any common
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After using the VR platform, the participants were asked to
give feedback through a Google Form multiple choice and
open question form. The questions referred to: a) the reason
of being there (resident-worker-passer-by) b) the use of the
application c) the feeling of engagement in the decision
making of the community d) the collective design process e)
the strategy that they followed.

perspective, rendering the aspect of collective participation
obsolete. The first step to address this issue was the
introduction of the four land use categories. The
classification process was bestowed on the players,
introducing a user-defined grouping process and avoiding
methods of post-process assessment by the experts, that
might deviate from the players’ intents and preferences.
This form of classification coupled with the generation of the
aforementioned scalar field, enabled both the development
of the collective factor, as well as the formation of user-user
communication through stigmergic interaction, based on
each user's deposition of matter on the game environment.
Essentially, the module placement was in fact a voting
mechanism that enabled the extraction of the most popular
locations for each land use, also referred to as program
hotspots. As soon as the hotspots emerged, cubes started
being generated in their locations, at the beginning of each
new player's turn, as consolidated additions on the existing
environment. That provided the players with a starting point
for their creations and facilitated a collaborative spatial
development. At the same time, the use of a marching cubes
algorithm generated the corresponding iso-surface envelops
that enclosed the hotspots in distinct volumetric regions.
These were available to the new players with the hit of a
button, providing a 3D visualization of the collective user
preference.

Figure 5. Player’s proposal: The white buildings are the existing
structures, while the coloured modules are placed by the player.
Expert and non-expert design solutions

Part of the analysis was to examine the differences in the
developed design strategy, between users with an
architectural background and non-expert players, based on
their answers in the feedback form. Expert players usually
planned their approach before starting to design, exploring
the space and the platform features. They were mainly
focused on the creation of a pleasant atmosphere, taking into
consideration the sun hours, people’s flow, wanting to be
informed about the wind direction, as well as the orientation.
Non-expert players focused on designing basic-need
facilities, such as seating areas, green spaces and
playgrounds. The location decisions were mainly intuitive,
and the representation was quite rough in comparison with
the most precise suggestions of the designers.

Based on the data extracted from the underlying grid,
additional analyses were performed resulting in a versatile
variety of density visualization both in 2D and 3D formats.
These analyses were based in the grid points' distance from
the user-designed configurations rather than a binary “yes”
or “no” of occupation, enabling a refined gradient effect of
density. The processed 3D format was referred to as
programmatic zoning and the 2D as heatmaps. The heatmaps
added the feature of horizontal area density in selected
heights whereas the zoning enabled the extraction of 2D
boundary curves.

Residents and non-residents design solutions

After obtaining data from the feedback form it was clear that
home and local shops owners focused on designing vital
elements that this public space lacked such as benches,
playgrounds, gardens, street-lights and bike bays. On the
other hand, passing-by players opted for less basic proposals
such as monuments, fountains, and amphitheatres amongst
others.

2.6 Workshop Results and Conclusions

After the workshop’s completion the resulting proposals
were analysed. As depicted in the figure below (Figure 5), it
is common to read an unbalance of elements on the public
space. This was due to the fixed starting point in which
players were initially introduced in the game’s environment,
which eventually led them to concentrate their proposals at
the southern public area. As a result, that part of the site was
widely examined, in comparison with the northern part, that
due to the central building was not easily visible and its
potential was not fully explored. On top of this, similar
design patterns were detected, such as those on the blind
walls, or a series of horizontal connections between the
buildings. Other arrangements resembling to balconies,
arches, gates, seating areas and trees were frequently
designed by the players.

Virtual elements and options

According to the feedback, the cube as a design unit with
straightforward manageability and clear classificationindicative colour, was highly appreciated by the users, who
successfully developed a mixed array of designs. The user
was unobstructed to focus more on the design process rather
than to cope with a cumbersome interface of multiple
options. On the other hand, the understanding of the design
categories and live information seemed a more complex task
for some users who unintentionally tended to disregard them.
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able to visualise the individual proposals (Figure 6), as well
as the growth evolution of the program categories, aided by
a slider. As for the processed data, it included the extended
iso-surface zoning regions (Figure 6) mentioned earlier, as
well as the heat-maps for the selected heights, accessed
through another slider. Finally, a visualisation of the grouped
users’ comments was provided allowing them to formulate a
more refined idea of their desired spaces.

The contrast between the realistic digital model and the
abstract cube unit resulted in the user’s difficulty to perceive
the validity of their designs. Improvements to the application
could help address the above issues, such as introducing a
more advanced palette of the cubes (materials and sizes) or
providing a more abstract or artistic environment.
User interaction

The user interaction with the game was significant, mainly
due to the high degree of immersion achieved through virtual
reality. Despite this, those who spent more than half an hour
playing observed a lack of dynamic features that physical
environments are characterised by, such as climatological
conditions, noise, people’s flow and running daylight, as
stated in their feedback comments. By introducing these
features, the immersion of the players in the VR environment
would significantly increase.

3.2 Design Proposals and Design Biases

The issue of the information package returned various
proposals in digital format by different architects. More
particularly, six architects submitted their separate designs,
based on the provided data. Whilst some proposals
demonstrated a high use of the available data, others
diverged towards more independent designs. Although the
acquired dataset was not sufficient enough to draw
conclusions, there were repetitions in certain design elements
and methods in some of the proposals, which possibly
occurred from design biases in the data. The architects were
asked to explain their strategy and indicate what they found
useful through text and diagrams accompanying their design
proposal. They were additionally required to evaluate the
sufficiency of the dataset as means to develop a design
proposal and clarify their level of understanding regarding
the users’ needs.

The interaction between the users in the VR platform by
previewing the most popular geometries at specific locations
was hard to achieve. The size of the site was too big for a
convergence to be reached, while having a small number of
participants. Therefore, the program hotspots turned out to
be scattered data rather than substantial density indicators.
This hindered significantly the collective participation
strategy and led to the re-evaluation of the communication
method, considering the development of a multi-player game
mode.
3 METHOD VALIDATION
3.1 Digital Design Brief and Supplementary Application

The next stage consisted of additional processing of the userderived solutions from the workshop, and ultimately passing
over the data to a group of selected designers, through a
supplementary visualisation application. On top of this, a
design brief was provided, enabling them to develop an
informed architectural proposal.
Figure 7. Design proposal and iso-surfaces comparison by
categories as per figure 2.

There was a diversity in the ways the architects found the
provided dataset useful. Most of them selected some
individual elements, such as the connection bridges between
the buildings, the playgrounds and the balconies and
identified them as design intents coming from the users’
needs. The way that the provided dataset influenced the
architects’ thinking mainly referred to the morphology of the
proposed elements. For example, one of the proposals
featured some cube-conformed objects inspired by the
original user solutions, while another displayed forms
affected by the morphology of the iso-surfaces (Figure 7).
Another useful feature was the comments that the players
added, describing the atmosphere that they aimed to achieve
and the elements that they would place on particular
locations with their materiality.

Figure 6. All individual design proposals and iso-surfaces of the
category ‘Building Additions’.

The interface of the visualisation application included three
different menus. The first referred to the selection of
category, allowing the designer to filter the provided
templates of information, according to the program
categories the players used in the game. The second menu
included all the available data templates, divided into raw
and processed data. In the raw data section, the designer was

The selection of data that the architects based their design on
was a combination of individual proposals and converging
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3.5 User Design Language

data, aiming to incorporate as many opinions as possible,
enhancing the participatory activity, while keeping a balance
on built and unbuilt public space.

The selection and formation of the design language offered
to the users as a means of expression and interaction,
signifies another highly important aspect of the research. The
explored method is based on a modular logic, using cubes as
the building units, both of which could have been approached
differently (splines, sculpting tools, blob-like geometries)
potentially generating more informative results. However,
based on knowledge gained from the conducted experiments,
coupled with the participants’ feedback, it is proved that the
most important aspect is the transmission of information and
more specifically the spatial intent enclosed in this
information, resulting in a case-specific design language.

3.3 Participatory Process

The most nodal focus of this research has ultimately been the
aspect of participation. However, that process so far has only
been deployed in a linear manner, clearly defining the point
where the user’s involvement stops (data collection) and the
architect’s design commences (design proposal). In a future
approach on the subject, participation should be re-examined
as a dynamic loop of interactions between designers and
users expressed in multiple iterations. The educational role
of the qualified designers should address information
inextricably linked with the game's narrative and purpose,
and evolve from simply enlightening the players about
additional spatial attributes, to explaining and clarifying how
this new knowledge can be utilised towards fulfilling a
specific goal. As far as the users are concerned, the dynamic
loop of interactions is articulated through the notion of the
“persistent user” [10]. Their role should not be concluded
after expressing their initial fantasies for space, but rather
evaluate the designers’ proposals time and time again, until
a finite length of time has been reached or a commonly
approved design has been established.

In this research for example, the final aim was to extract
volumetric regions of preference and density maps, as data
that would inform the designers’ proposals. Therefore, the
selected module was abstracted enough to facilitate this
process. Simultaneously, it seems that the relative specificity
of the cubic shape and the effort to use it in larger spatial
configurations, stimulated the appropriated design mentality,
enabling the users to understand the task and provide the
desired data. Consequently, the selection of the design
language, should aspire to help the non-qualified users
design, while at the same time enable the designers to
understand their intent. Perhaps this task could be achieved
with a combination of “languages”, where one could even
out the misconceptions of the others when needed.

3.4 Abstraction and Realism

Another important topic that emerged was the evident
contradiction between abstraction (design modules) and
realism (site representation). This experiential fluctuation
generated a degree of disorientation to the users that hindered
the clarity of the design task. Contemplating on whether to
dial down the environment's realism or enhance the building
module's appearance, reasonable arguments can encourage
either one of the decisions. However, based on this research,
one can argue that a truly balanced experience, will be
achieved through an equilibrium of information, regardless
of how realistic or not the ambience is.

3.6 User Engagement

A more extensive view on the game’s appeal to the user,
introduces another significant field of study: the user
engagement and more specifically the game mentality, as a
means of intensifying the users’ devotion to a design project.
Considering that the success of games generally relies
heavily on the feeling of accomplishment they provide to
their players, in the proposed platform this is not clearly
defined through a logic of tasks and rewards, therefore
leaving it lacking a strong incentive. In an effort to maintain
the serious character of the game, the infusion of “gaminess”
needs to be surgical. The introduction of tasks could
potentially originate from the designer in the form of
location-specific small design briefs, also featuring specified
limitations defined by matters that actually need to be
resolved in any design project (feasibility, flow, solar
exposure, etc.). In this manner, the users will still be able to
freely express their spatial ideas while subtly being guided
towards more informed proposals.

This can refer to the visual aspects of the platform, the
interactive features of the game or the extracted outputs after
game-time. Consequently, the information provided to the
user, both in terms of environment representation, as well as
regarding the levels of control and interaction while playing,
should be enough to promote the aspect of immersion and
the creation of a friendly and intuitive environment, yet not
excessive, aiming to avoid the disorientation and interruption
of the user's design flow. Subsequently, the extracted data
that reaches the architect should be of such extent, detail and
quantification that becomes usable towards a design
proposal. Ultimately, the calibration of this fragile balance of
information through the game's vocabulary is essential for
the success of the process.

3.7 Communication in VR

The last point of this research highlights the aspect of
communication within a VR environment. The conducted
experiments, were based on a one-player-at-a-time logic,
meaning that the communication between different users
occurred in a stigmergic manner based on information left by
the players on the game's environment. One could argue that
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the absence of direct communication is a step backwards in
terms of collective design projects. However, although clear
communication between separate parties is indeed of the
utmost importance, it is worth considering that the
construction of this experiential tool may as well welcome
this character of individuality and indirect dialogue, as one is
provided with enough “silence” to contemplate on their own
ideas for space. Nevertheless, the comparison of direct and
indirect communication results, as well as the unfolding of
the two processes as experienced by the users, will provide
the necessary insight to conclude on which type is fitter in
cases of immersive environments.
4
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taken part in the process, rules have mediated this negotiation
[2]. Lehnerer [15] defines rules as “precise and unambiguous
formulations, yet they produce a multiplicity of alternative
realities." Today’s urban plans and real estate interests have
sometimes led the negotiation on urban rules to a situation
which is neither beneficial to public interests nor to the
private sector or property owners. The basic goal for
stakeholders involved in the city’s development, under the
financial point of view, is to reach the maximum allowed
Floor Space indexes. The plot’s building potential, functions
as a physical currency, influencing the plot value. Urban
plans inspired by hygienist urban planning, in turn,
considered distinct real estate requirements for its
regulations. These regulations established volumetric
constraints to invoke environmental issues, as daylight, solar
radiation and ventilation. The association of these rules to
aggressive economic interests may lead to, for example,
architects to design regular geometries as the most efficient
way to comply with Floor Space Index allowances. Under
these circumstances, built form exploration would happen at
the expense of the floor space allowances.

ABSTRACT

In Porto Alegre, a Brazilian town with 1,5 million
inhabitants, zoning guidelines assign similar density
parameters but fail to be context-specific. As urban
regulations are closely linked to individual plot dimensions,
the physical growth outcome ends up by being a
heterogeneous and unpredictable urban space. Floor Space
Indexes (FSI) had been used as physical currency which
influences the plot value there hence creating a straightjacket
to architects wanting to explore new building shapes. This
article describes a simultaneous top-down and bottom-up
strategy to allow urban rules to emulate architectural
flexibility and, at the same time, to empower the city with
morphological controls over the urban space. A proposed
integrated model was set to generate a wide variety of
geometries through the association of morpho-types urban
blocks (top-down) to bottom-up strategies using cellular
automata as a generative tool. The model includes context
sensibility and daylight evaluation and runs with a similar
FSI to the existing urban regulations. The experiment, which
has used a dataset originated in the city of Porto Alegre has
indicated possible paths for the creation of innovative urban
indexes as building’s porosity which could be used in any
geographical setting.

Also influenced by hygienist planning, Porto Alegre, a town
with 1.5 million inhabitants, situated in the south of Brazil,
is an example of this mismatch. The city’s Zoning Guidelines
defines (a) geometric (heights and setbacks) and (b) analytic
(coverage and floor space index (FSI)) parameters for each
plot to control the building’s shape and urban density. The
correlation between geometrical constraints to individual
plot dimensions’ results in an excessively heterogeneous
urban space. These rules constitute a top-down strategy as a
similar FSI value applies to different plots sizes, but have a
bottom-up side-effect whereby the size of each plot
determines the shape of the public space. The extreme
variation of building heights and setbacks (illustrated in
Figure 1) do not correspond to optimal relations between
buildings concerning natural light accessibility, nor helps
to achieve the most consistent urban ambience. As a single
numerical index, the FSI has shown clear limitations to
provide a top-down architectural control over the shape of
the urban space. On the other hand, FSI indexes combined
with other built form rules have imposed rather rigid
constraints towards architectural freedom. Although the
urban space and the non-
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I.6.1 SIMULATION AND MODELING
1

INTRODUCTION

The primary goal of this article is to describe a generative
urban model’s potential to produce different building shapes
with similar daylight performance while preserving a
constant density value. The article sheds light on possible
pathways to broaden the influence of architects on the
creation of new and varied building shapes along with better
natural light accessibility.
In recent times, the city-making process is a negotiation
between the public and private sectors. Since planning has
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built block internal space is shaped out of a bottom-up
strategy, the building’s shape random variability is clearly
determined by top-down constraints.

known as extended CA models [9]. As it is well known, the
urban context does impose different restrictions to individual
buildings and, therefore, it is necessary to address the context
sensibility to the proposed model. Previous CA extended
models were modelled to consider context sensibility, form
variability, and daylight exposure.
Context Sensibility was previously addressed in CA
extended models to avoid obstacles [4] and to describe
terrain inclination [6]. Coates et al. [4] ‘avoidance rules’
defined a condition for state transitions based on a distance
between two different states. These rules limited growth
when obstacles were encountered resulting in one state group
avoiding the other, associated with ‘functions’ segregation.’
Ford’s model [6], in turn, used a specific state to describe the
topography; while the building generation takes place, the
terrain cells remains fixed. Although Coates et al. [4] model
were limited to cells in the system (not necessarily to an
existing context), the avoidance rules incorporated global
restrictions that impacted the overall shape. Both examples
demonstrated that global restrictions drive CA models to “a
more accurate architectural understanding of the CA
growth.” [9]

Figure 1. The volumetric randomness in a block due to urban rules.

Considering the plot’s FSI as a given financial asset, the
question on whether it is possible to enable architectural
control over the public space and, simultaneously, (a) to
stimulate building form flexibility without decreasing the
FSI and (b) not downgrade the building’s access to natural
light remains as a challenge to be resolved? The chosen
strategy to respond to the above question associates extended
generative systems and performance models to support the
creation of formal configurations for architecture and urban
design [9]. Cellular Automata (CA) are generative systems
capable of creating intricate patterns based on local rules
relating to cell’s neighbourhoods [3]. Additionally, as
demonstrated in previous works [4,12,24], CA’s afford high
levels of interface with the building’s environment,
demonstrating an affinity with daylight requirements. The
extended use of the cellular automata with urban regulations
requires the combination of top-down urban restrictions and
context sensibility to the bottom-up form generation process.
This work uses overall static boundaries for newly generated
buildings, defining maximum heights and footprints. [16]
Finally, the model is associated with a performance model to
evaluate the buildings’ daylight performance.

Form variability was addressed in other models regarding
CA local and decentralised behaviour and associating
interpretative approaches to enlarge the formal possibilities.
Associated with high-density housing, previous works
[10,12] demonstrated building form variability based on the
multiple possibilities of neighbourhood arrangements. The
authors demonstrated that in a neighbourhood of 8 cells,
there is more than 16 mi. combinations (88), which lead to
unprecedented possibilities. Krawczyk [14] has used CA “as
a framework to begin to investigate architecture forms” thus
offering “(…) an interesting and rich platform from which to
develop possible architectural patterns.”[14]. The author
proposed a hybrid method where CA interactions provided
the cells distribution, and the designer determines the cell’s
shape and scale to deal with connections and interior
spatiality.
To address daylight requirements, previous works used
rules based on insolation simulation [4, 24] and on
predefined distances between cells to assure daylight access
[12]. In the first case, cells under higher shadow exposure
changed state from built to empty cells during the generation
process. For the second case, Khalili-Araghi and Stouffs [12]
proposed rules where the cell state is defined according to
the horizontal distance between the cell and the building
boundary. Moreover, CA’s local behaviour induces daylight
distribution, which is related to the building’s slab depth
[22]. Figure 2 schematically illustrates an equal amount of
daylight availability on different light distributions. While
both cases have the same area (12 cells), using a rectangular
distribution (right) causes four cells to be unexposed to light,
which shows that natural light access (light areas) is related
to issues in its configuration.

The paper is divided into four parts. In the first part, the
literature on CA related to architecture is reviewed; in the
second part, a general framework of the proposed
methodology is set; in the third part, the case studies are
outlined and developed along with its results; in the fourth
and last part, conclusions are drawn, and the potential of
further developments of this paper’s ideas are outlined.
2

CA AS AN EXTENDED MODEL

Cellular automata are characterised by local and
decentralised behaviour, which can be used to support design
processes beyond providing a digital drawing board. [8] CA
are space and time discrete models and involve interactions
of cells across homogeneous lattice grids. Cells can take on
a given finite number of states according to simple transition
rules concerning its cell neighbourhood [17]. CA’s require
adaptations when applied to architectural models, also
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coordinates and the spatial dimensions (width x depth x
height) describe a cell. A point cloud structure is
automatically superposed onto the existing model where the
building’s internal points are considered built spaces, while
the ones outside the building’s boundaries are defined as
empty spaces. The model’s geometrical accuracy can be
defined the size of the voxel/cell.
Figure 2. Diagrams of daylight distribution on different floor plan
configurations. Top row = top view, bottom row = side view
3

A STRATEGY TO CREATE AN INTERFACE
BETWEEN THE URBAN AND BUILDING SCALES:
THE PROPOSED MODEL CONCEPT

Inspired by König [13] multilevel model, the proposed
model uses a similar modular geometry simplification
(cellular spaces) to facilitate the transition from urban to
building scales. Next, each of the topics, concerning the
question presented in the introduction, was addressed with
specific strategies. To enable an expedite adaptation to urban
contexts, the proposed model associates fixed cells, which
remain static during the generation process. This strategy
was previously used to describe terrain topography [6] and
circulation cores [12]. In the proposed model, fixed cells
enable (a) to set urban parameters and block morphotypologies, but also (b) to include sensibility to the existing
context. To address daylight accessibility, the rules’ design
for the generative process was based on predefined distances,
similarly to previous works [12]. Form variability, in turn, is
assured by the local and decentralized CA behaviour [10,12].

Figure 4. The voxel unity and its translation into building and
block scale.

A predefined cell size value had been set for the simulation:
3,5m by 3,5m by 3m height, which corresponds to one
housing room plus ½ of circulation width. This measure was
defined based on Steadman’s studies [22] of building types
regarding the building interface with daylight and
ventilation.
Step (b) Form control and context sensibility set-up. The
relation between a form control and CA generation is a core
feature of the proposed model. The area sensibility to urban
restrictions can be adjusted by the cells states set either as
fixed or variable. Fixed built cells stand for neighbouring
buildings whereas fixed empty cells for open spaces such as
streets, squares, and backyards. Fixed empty cells
circumventing the simulation volume describe the urban
block’s geometric boundary. During the generative process,
to preserve the context and the urban constraints, non-fixed
cells may change state from ‘variable empty’ to ‘variable
built,' while fixed cells remain unchanged.

The proposed model was divided into four sequential steps
illustrated in Figure 3 and explained in detail in this section.
The overall
workflow
includes;
the
geometry
simplification of the simulation areas, the definition of
urban constraints (form control and context sensibility),
the building generation based on a CA model, and the
daylight simulation. The model was developed in
Rhinoceros 3D environment as it enables the integration
of models of different nature [23]. Rhinoceros interface
was used to visualise form transformation and to
evaluate results. Grasshopper and Visual Basic scripts
were used to manipulate and generate geometry while
‘Urban Daylight’ plug-in simulated daylight performance.

The simulated model followed Martin and March’s three
paradigmatic urban block types – court, street and pavilion
or tower [15]. Conceptually developed to investigate the
relation between density and urban morphology [15], these
morpho-typologies had been used more recently to address
daylight performance issues [2]. The block’s morphotypologies differ in the way the axis work as they grow
larger: the ‘court’ extends in three directions (width, length,
and height); the ‘street’ in two directions (length and width)
and the ‘pavilion’ or ‘tower’ in one direction (height).
Figure 4 illustrates each of the morpho-typologies
descriptive parameters. For the ‘court’ type, the algorithm
requires the height (h) and depth (d) of the slab. For the
‘street’ type, the algorithm requires the height (h), the
orientation of the axis (x for the longitudinal and y for
transversal) and the slabs’ depth (d). For the ‘pavilion or
tower’ type, the algorithm requires the volume height (h),
the number of towers in the block (n), the predominant axis
to divide the block and, two dimensions (d1 and d2) to
describe each tower’s footprint.

Figure 3. The four sequential steps workflow.

Step (a) Geometry Simplification: This step consists of
converting an existing 3D model into a regular 3D grid of
cells disaggregated into empty and built states. To convert
the original model into a regular grid, boundary volumes
(BReps) are converted into voxels using a point cloud
structure whereby the voxel’s central point along with its
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Measurement protocol LM-83 and adopted by US Green
Building Council’s for daylighting credits in LEED V4
Green Building Rating System since 2014. According to the
LM-83 [11], a point in a building can be considered to be
“daylit” if at least half of the occupied time (50%, from 8h18h) the work plane illuminance at the sensor is above
300lux (sDA[300lux][50%]). In the Continuous Daylight
Autonomy, a partial credit is attributed when the daylight
illuminance lies below the minimum illuminance level [20].
This metric endorses that even a partial contribution of
daylight is still beneficial to illuminate a space. [19].

Figure 5. Morpho-typologies descriptions: court, street
and pavilion/tower.

Step (c) CA Building Generation: The step requires the
definition of an initial state, a neighbourhood, and transition
rules. The initial state is the definition of all cells before the
simulation starts, set as ‘fixed’ or ‘variable’, and ‘build’ or
‘empty.’ The configuration of ‘variable built’ cells defines
the “seed” of the simulation, i.e., where the building volume
will begin to expand and fill in the variable space. The
neighbourhood involves the definition of which cells can be
considered as “neighbours”. In the simulation a Von
Neumann neighbourhood had been used, converting
neighbouring cells the ones with an interface with any of the
cube’s 6 faces (essentially, a 6-connected neighbourhood).
Transition rules constitute the most important aspect of a CA
as it describes how the system evolves. The proposed CA’s
model is based on Conway’s Game of Life [7], where cells
become ‘alive’ (built) or ‘dead’ (empty). Cells will switch
their state if they have too many neighbours (i.e. too
crowded), or too little (i.e. they are isolated). Intuitively this
translates to the architectural context whereas lonely, sparse
cells waste building space, and too many clumped cells
would reduce daylight exposure. New built forms will
emerge within the space of possibilities set by the
requirements involving urban regulations, context
sensitivity and natural light accessibility. Figure 6 illustrates
the generative process in two different stages: the initial
state (left-hand side) and the final state (right-hand side).
As colours describe the differential states, the transition
between light and dark red cells illustrate the building
volume evolution in the variable space. The form
generation process can be visualized in the Rhino
and the Grasshopper interface, allowing the user to
monitor, in real time, the CA’s behaviour and the FSI
performance.

Figure 6. Generative process: initial (left) and final (right) state.

As shading elements impact daylight performance, the UD
plug-in requires the geometric and analytical information of
the building under evaluation and its context. The user has to
specify the building’s features as the floor heights and façade
openings using the window wall ratio (WWR %). Before
running the simulation, the user specifies simulation and
radiation parameters and uploads the climate data (local
weather file). The simulation parameter reports the
simulation units (lux) and time frame (in hours). The
simulation engine, ‘Radiance’ also requires parameters
specification described in the next section (Table 3).
Previous studies were reviewed to make the case studies
specifications [5, 21].

Step (d) Daylight Simulation uses the plug-in ‘Urban
Daylight’ (UD) due to its optimized relation between
simulation time and accuracy loss for urban scale [5]. UD
simulates building performance using dynamic daylight
measures, which assures an elevated accuracy level due to
the daily and seasonal variations contemplation [5,19,21].
The simulations are based on hourly illuminance profiles
calculated under the Spatial and Continuous Daylight
Autonomy (sDA[300lux][50%]) / (cDA).
Reinhart and Walkenhorst [18] defined daylight autonomy
as the percentage of the occupied time in a year that a given
point meets the minimum illuminance requirements. The
graphical values (0 - 100) represent the percentage of the
floor area that exceeds the minimum illuminance
requirement for at least 50% of the time. Spatial Daylight
Autonomy (sDA) was presented in the Lighting

4

CASE STUDIES

To test the proposed model, one urban blocks was used. In
the first one, totally new buildings were generated for two
different FSI values for three morpho-typologies of urban
blocks. The second case study generated new buildings and
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preserved existing ones aiming to redesign the block’s
peripheral shape. The original buildings floor space was
added to the new buildings floor space as to configure the
maximum FSI for two urban blocks morpho-typologies. The
selected block is part of a regular street grid with typical
density indexes undergoing a process of renewal. The block
has a rectangular shape (87,5 x 105 m) totalizing 9.187,5m2
area divided into 16 plots. Figure 7 displays a map of
the selected block, which shows the variety of plot
dimensions and building shapes.

zero to two cells. The built cells were limited to match FSI
specified in the urban code: the FSI 1.3 constrained the
number of cells to a maximum of 1075 and the 3.0 FSI to a
maximum of 2325 cells. To run the daylight simulations, the
Urban Daylight plug-in required the generated building
envelope and the surrounding context. The simulation
parameters are listed in Table 3.
Court FSI: 1.3

Court FSI: 3.0

Pavilion: FSI 1.3

Height = 4 cell
Depth = 8 cell

Height = 8 cell
Depth = 8 cell

Height = 8 cells
D1 x D2 = 8 x 16 cell
Div. Axis = X
Num. of Build.: 2

Street: FSI 1.3

Street: FSI 3.0

Pavilion: FSI 3.0

Height = 4 cell
Depth =
8 (8 x 31) cell
Div. Axis = Y

Height = 8 cell
Depth = 8
(8 x 31) cell
Div. Axis = Y

Height = 17 cells
D1 x D2 = 8 x 16 cell
Div. Axis = X
Num. of Build.: 2

Table 2. Geometric Boundaries setup parameters.

Figure 7. The selected block map with existing fabric.

Table 1 summarizes the four density indexes presented in
Porto Alegre’s zoning guidelines used in the study cases.
Floor Space Index (FSI) related to land use intensity, Ground
Floor index (GSI) related to the building coverage, dwelling
average size that enables to project the number of inhabitants
in the area, and the buildings maximum heights. Two
different FSI and Height limits were tested as the 1.3 FSI is
the ordinary index for the area that can be bonus incremented
by investors up to 3.0. In the first test both values were
simulated. The GSI index and the height limit were used to
define the urban block’s geometrical parameters along with
the chosen morpho-typologies; the FSI index defined the
maximum number of built cells to be generated during the
CA’s simulation. The simulation context was a 3 x 3 block
array [21] which were firstly converted into built and empty
cells. The specific values used to set up the morphotypologies are summarized in the table below. (Table 2)
Param.

Value

Param.

Value

FSI (max)

1.3 / 3.0

Dwel.Size

75m2

GSI (max)

75%

Heights

12.5 m / 52 m

Parameter

Setting

Ambient Bounces (AB)
Ambient Divisions (AD)
Ambient Super-Samples (AS)
Ambient Resolution (AR)
Ambient Accuracy (AA)
Occupancy Hours
Sampling Distance Inside
Blind trigger point
Facade window to wall ratio
Glazing Type
Weather data set

3
1024
512
256
0.2
8am – 6pm
0.5 m
20,000 lux
50%
Tvis50%, 100% diff.
Porto Alegre

Table 3. Daylight Simulation Parameters Setup.
5

RESULTS:

5.1 Case Study One: Testing Densities for Totally
New Buildings

The existing fabric is converted into 3D cells to be used as a
baseline for the current urban rules. The first line in
Figure 8 describes the results for the existing fabric.
The existing urban block is represented in grey followed
by the daylight simulation for Continuous Daylight
Autonomy (cDA) represented in the middle and Spatial
Daylight Autonomy (sDa) on the right-hand side. The
simulation results were displayed according to the average
value per floor, ranging from blue (0%) to red (100%).
For the sDA, the colour represents the percentage of the
floor’s area, which was autonomously illuminated (300
lux min.) for at least 50% of the occupation time (8 am to 6
pm). For the cDA, the colour pattern follows the same
logic, attributing partial credits to

Table 1. Zoning guidelines for density indexes.

Once the block geometrical boundaries had been set, the CA
generation gets started with seeds randomly located. Rule
sets (restrictions) were defined based on contiguity and
exterior interface goals. Birth rules thresholds ranged from
of one to five cells, while Death rules thresholds ranged from
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values below the minimum illuminance (300 lux). In a step
further, urban blocks were generated with the three morphotypologies using equivalent FSI. Three options are
illustrated in Figure 6: 'court’, ‘street’ and ‘pavilion/
tower’ morpho-typologies.

generated alternatives than in the existing fabric.
Considering the floor average values, the cDA assessment
has demonstrated a homogenous daylight distribution, while
sDA assessment showed a variation between the lower and
higher levels. The sDA results demonstrated that in the
existing fabric the majority of the cells have a weak daylight
autonomy in the lower levels (in light blue on the top line of
Figure 8).
As expected, the generated cells had worse performance in
the lower levels than in the upper levels. Less expressive,
however, than the existing fabric’s lower levels (Figure 8).
This variation is more evident in the court and
tower morphologies due to the buildings self-shading. In
other words, while in the court typo-morphology the central
open space (‘patio’) between the buildings is smaller (15
cells x 9 cells), in the street morpho-typology the
buildings are separated by a wider open space (31
cells x 9 cells) preventing building’s impact over its
neighbours.
In the tower morpho-typology, the
difference of performance between lower and higher
levels is enlarged due to the heights of the towers (8
versus 4 cells) separated horizontally by seven cells.
To evaluate whether the proposed model would be able to
support higher density scenarios, the three morpho
typologies were simulated for the maximum FSI (3.0).
Figure 9. displays the results, and Table 5 also
summarizes the FSI indicators and the daylight
performance results for the latter simulations. The daylight
simulation results demonstrated that for the FSI (3.0),
street and tower morpho-typologies had achieved superior
daylight performance than the existing fabric daylight
performance. When different FSI are compared, 1.3
in the existing fabric against 3.0 in the generated
buildings, the court morpho-typology displays an inferior
performance than in the existing fabric.

Figure 8. Building forms and cDA and sDA simulation results for
the existing fabric and generated buildings with FSI = 1.3.

Daylight autonomy metrics usually evaluate regularly
occupied spaces. However, as the daylight results presented
in the study cases are an average value for the whole floor
(which include circulation cores – non regularly occupied
spaces) it can be interpreted that the regularly occupied
spaces have a better performance than the overall average
daylight values. Table 4 summarizes the zoning parameters,
the density indicators and the whole block daylight
performance (sDA and cDa) for the existing fabric and the
three alternatives.
Param.

Actual

Ct 1.3

St 1.3

Pav 1.3

Height

6

4

4

8

FSI

1,29
1005

1,29
1005

1,28
995

1,39
1080

Dw.Un

167

167

165

180

GSI

411
53%

560
72%

480
62%

256
33%

cDA

59%

74%

72%

65%

sDA

42%

64%

58%

48%

Table 4. Simulations results for the existing fabric and generated
buildings with FSI = 1.3.

The results have shown that, for the same FSI limit, the
totality of the block indexes (Table 4) are superior in the

Figure 9. Building forms and cDA and sDA simulation results for
the generated buildings with FSI =3.0.
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Param.

Actual

Ct 3.0

St 3.0

St 3.0

Param.

Actual

Ct +Ac= 3.0

St+Ac = 3.0

Height

6

8

8

17

Height

6

6

6

FSI

1,29
1005

3,06
2375

2,90
2244

3,08
2393

FSI

1,29
1005

3,15
2445

2,90
2244

Dw.Un

167

395

374

398

Dw.Un

167

407

374

GSI

411
53%

560
72%

480
62%

256
33%

GSI

411
53%

659
85%

605
78%

cDA

59%

58%

74%

63%

cDA

59%

68%

64%

sDA

42%

40%

61%

47%

sDA

42%

76%

74%

Table 5. Simulations results for the existing fabric and generated
buildings with FSI = 3.0.

Table 7. Simulations results for the existing fabric and generated
buildings for the redesign with FSI = 3.0.
6

The range of daylight accessibility values between the higher
and lower floors are also more evident in the court and tower
morpho-typologies than in the street morphology (light blue
cells in Figure 9). This effect is enlarged by the buildings
heights and confirm the buildings self-shading impact
on their overall performance.

CONCLUSIONS

By establishing a link between a generative design process
with a daylighting evaluation on an urban scale, this paper
contributes with an innovative angle to previous research.
The proposed automated generative system has shown that
the top-down restrictions supported the control of urban
design requirements, while bottom-up strategies increased
daylight performances and form variability in the case of
Porto Alegre's case study. As partial results of the block’s
building capacity could be generated in different periods of
time, the adopted strategy broke down the current urban rules
unpredictability. This way, the apparent randomness of Porto
Alegre’s street space has been replaced by a rather more
disciplined structure. The generated configurations also
demonstrated that a higher spatial quality can be achieved for
both the street and building interiors. Court and Street
morpho-typologies, for example, the enlarged block’s could
favour an increment in the private leisure area (in the first
case) or in wider side-walks (second case). These
speculations reinforce the idea that morphological aspects
not only contribute to environmental performance but, if well
explored, these can enhance the city’s shape and building’s
use. Building form flexibility allowed for building’s porosity
which, in turn, resulted in the improvement of daylight
performance. We can thus suggest that building’s porosity
may well be more efficient than the current urban rules’
setbacks strategies, that results in compact prisms, and
therefore, could constitute a proxy for further urban design
regulations.

5.2 Case Study Two: Redesigning the Block

In the second case study, the block is reshaped for a 3.0 FSI
value considering the existing fabric. The court and street
morpho- typologies were used as references to reshape the
block’s periphery. Newly generated cells filled gaps existing
between buildings, and building heights that ranged from one
to six storeys were equalized. The results are illustrated in
Figure 10, where existing buildings are represented in red,
and the newly generated cells are in grey. The simulations
images display the same colour patter for the daylight
performance, while the cells in black/grey represent the
original block’s buildings.

The conclusions drawn in this paper are limited to the
locality and climate of the study case sample. The inclusion
of a wider sample of cities would benefit the model's
evaluation, which would consequently enable broader
conclusions for a wider diversity of climates and urban
configurations. The computer-generated building geometries
were also restricted to one single landowner in this paper.
Although the model was conceptually developed to suit for
individual plots, the study considered the block as an
individual unity. Following steps will also include partial
results, enabling constructions generated in different periods
of time and with different landowners. Future works will add

Figure 10. Building forms and cDA and sDA simulation results for
the redesign generated buildings (in grey) with FSI =3.0.

Table 7 summarizes the FSI indicators and the daylight
performance results for the redesigned simulations. The
daylight simulation results demonstrated that the newly
generated cells daylight performance is superior than in the
existing fabric. These results do confirm that the proposed
model could be used to densify areas preserving or
enhancing the daylight performances.
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different nature models to enable a broaden criteria
evaluation. Other environment performance models (energy,
thermal, ventilation) could be included in the workflow. The
inclusion of construction costs will also be addressed in
further work to evaluate the model’s applicability in the
practice of architecture. Moreover, CA models also have a
reliable interface with structural models, and therefore can
help to develop higher levels of variability in standardized
building systems. The present study also unfolded the
investigation of the so-called ‘porosity.’ The porosity ratio
can be seen as a tentative index to be integrated into ruled
based design processes. The porosity ratio addresses the
relationship between empty and built space within the
geometric block boundaries which could then be correlated
to the building daylight performance, adding a more specific
index to urban rules.

10. Herr, C.M., Kvan, T. Adapting cellular automata to
support the architectural design process. Autom. Constr.
16, 1, (2007), 61-69.
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competing goals for the project. These complex goals are
difficult to resolve through a traditional design process,
forcing designers to rely on intuition and prior experience
which can limit potentials for novel design solutions. The
Generative Design methodology can help urban designers
navigate complex design spaces and a multitude of
competing goals across different stakeholder domains. Such
applications, however, have not been widely explored.

ABSTRACT

This paper demonstrates an application of Generative Design
to an urban scale through the design of a real-world
residential neighborhood development project in Alkmaar,
Netherlands. Problems in urban design can benefit greatly
from the Generative Design framework due to their
complexity and the presence of many stakeholders with
various and potentially conflicting demands. We
demonstrate this potential complexity by optimizing for two
important goals: the profitability of the project for the
developer and the potential for energy generation of solar
panels placed on the roofs of the buildings. This paper points
to further research into the application of the Generative
Design framework to solve design problems at an urban
scale.

This paper describes a novel application of the Generative
Design methodology at an urban scale through the design of
a residential neighborhood of 7,000 sqm in Alkmaar,
Netherlands. To show the utility of this workflow, we
consider two important and competing goals, each
representing the desires of different stakeholders in the
project. The first is the cost and revenue of the development
project, which is important for the developer. The second is
the potential energy generation of solar panels attached to the
roofs of each building. This is important not only for
minimizing the environmental impact of the development
but also for the future homeowners who will benefit
financially from the energy being generated. Through this
example, we demonstrate how the Generative Design
process can help reveal the potential tradeoffs between
competing design goals and help urban designers discover
designs which solve these goals in novel ways.

Author Keywords

Generative Design; urban design; optimization; genetic
algorithm; parametric modelling; solar analysis; profit
optimization
ACM Classification Keywords

I.6.5 SIMULATION AND MODELING - Model
Development
1

INTRODUCTION

Generative Design allows designers to tap into the power of
computation to explore large design spaces and derive design
solutions which are both novel and high-performing relative
to a chosen set of goals. This process relies on a set of
technologies including parametric design software for
modeling the space of all possible solutions, simulation
software for deriving metrics to evaluate each potential
design, and optimization solvers such as the Genetic
Algorithm (GA) which can automatically search through the
design space to find the most optimal designs. In recent
years, this type of workflow has become widely used to solve
design problems in a variety of domains such as engineering,
industrial design, and architecture.

2

Prior work by the authors [2] explored the application of this
workflow to the interior layout of an office space. Calixto
and Celani [3] also described over 15 years of work
exploring applications of evolutionary computing for spatial
layouts. However, these studies were mostly theoretical and
did not show the feasibility of applying such a process to a
real-world design project. Furthermore, none of these studies
were applied at an urban scale nor dealt with profitability or
energy generation requirements.

Urban design problems tend to be very complex, involving a
multitude of stakeholders, each with their own complex and
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LITERATURE REVIEW

While the application of evolutionary algorithms for
optimization of design spaces is well known within the
manufacturing industry [1], they are under-explored in the
architectural and urban design domains.
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Figure 1. Description of design space showing five input parameters, definition of a single design’s geometry, evaluation of design through
simulation, and two output metrics.

Several authors have explored applications of optimization
for urban-scale layouts. Elezjurtaj and Franck [4] showed an
application of genetic algorithms for town planning, but
limited their fitness function to formal and topological
features. Koma et al. [5] used an interactive genetic
algorithm approach to optimize urban landscape features, but
applied their study to an abstract fictitious city block. Luo
and He [6] used a rule-based model for generating city
layouts, but their approach was only generative and lacked a
system for evaluating the resulting designs according to
specific performance criteria.

case the design problem consisted of laying out a residential
neighborhood on an existing 7,000 sqm lot in the town of
Alkmaar, Netherlands. A series of workshop sessions held
together with our client (the developer of the lot) aimed at
understanding the high-level goals of the project and
gathering the specific constraints and requirements that the
final layout would need to satisfy. In addition to profitability,
one of the developer’s main goals was to create a
neighborhood which was both sustainable and functional for
the end-user. Several constraints and requirements were
gathered and have been grouped into two main categories:
site constraints and program requirements. Site constraints
define those restrictions that are derived from local building
code and existing topographical features, while program
requirements synthesize the developer’s programmatic goals
for the project.

Building energy modeling has also been widely applied at
the building level [7], but its application to an urban scale is
still under-explored. Reinhart and Davila [8] presented the
opportunities and advantages of UBEM (Urban Building
Energy Modeling) while also discussing the challenges and
obstacles that limit its implementation at an urban scale. Our
study relies on a computationally lightweight solar energy
calculation which is scalable to urban neighborhoods and
compatible with an automated Generative Design workflow.
To address the complexity of typical urban design problems,
we also integrate cost and profit as goals within our model.
Such financial objectives are typically modelled in the realestate development industry but are rarely combined with
other objectives in a unified model such as the one described
in this paper.
3

The site constraints included:
• A predefined site boundary that delineates the Generative
Design zone
• Fixed unit orientations orthogonal to the existing streets
adjacent to the site
• A maximum building height of 5 floors in the south and 3
floors in the north
• A minimum of one access road to the West and to the
South side of the lot

METHODOLOGY

• Parking lots need to be at least 5m away from road
intersections

3.1 Design space model

The first step of the Generative Design process is to create a
design space model which can generate various design
solutions subject to the constraints of the problem. In this

• Only same house unit types can be adjacent to each other
and can aggregate only laterally
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Figure 2. Description of parametric model for generating each design option
3.2 Design goals

The program requirements included:
•

The layout should have at least 3 single houses TYPE A

•

The layout should have at least 4 single houses TYPE B

•

The layout should have at least 2 single houses TYPE C

•

The layout should have a minimum of 3100 sqm of
apartment units

To evaluate the performance of each design option relative
to the goals of the project, the design space model needs to
include one or more metrics which can be used as objective
targets during optimization. Through discussions with the
client, we developed seven individual goals which were used
for the final optimization. For the purposes of this paper,
however, we focus on two of the goals which were found to
be most important: the profitability of the project for the
developer, and the potential solar energy that can be captured
by the roofs of the residential buildings (fig. 3). These goals
represent the competing desires of two major stakeholders in
the project - the developer who wants to maximize profits,
and the future homeowners who will benefit from the solar
energy collected by the buildings. Although both goals are
critical to the success of the project, they are potentially
conflicting, for example if certain building configurations
which maximize profit are not in the ideal solar orientation.
By combining them within a single design space model and
optimizing for both objectives at once, we can better
understand the tradeoff between these competing goals and
find the optimal designs which solve this tradeoff in the best
way possible.

Based on the constraints and requirements described by the
client, a parametric model was created which can generate a
wide variety of valid design options based on a small set of
input parameters (fig. 2). While the site constraints were
directly integrated into the model (each design solution
satisfies all given constraints) the program requirements
were represented as an objective for optimization. This
allows the discovery of design solutions that, although not
fully meeting certain targets, might offer unexpected layout
strategies that prioritize other objectives.
The model is based on an initial subdivision grid which
adapts to the edges of a given lot boundary (2a). The edges
of the grid are used to identify streets that run in both
directions across the site (2b). The streets divide the lot into
zones, which are tested against internal model constraints
such as minimum region aspect ratios and surface areas.
Those that do not meet such requirements are either split
(generating new streets) or joined together (removing the
separating street). Each resulting zone is populated with
green public areas, house units, apartment buildings and
pedestrian paths (2c-e). Each road is also populated with
parking spaces running along one of its edges.

To calculate the profitability of the project (fig. 3a) we used
financial data provided by the developer that lists all
construction cost and selling value for each type of
residential unit and neighborhood infrastructure. Profit is the
difference between the total selling price of the units and the
total cost of the project which are calculated according to the
following equations:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

The model is parameterized by 5 continuous floats with
domain [0.0, 1.0]. Considering the initial subdivision grid as
a matrix of streets organized in columns and rows, the first
input parameter controls the selection of one avenue that runs
North-South, while the remaining ones control the selection
of 4 streets that run East-West.

Total selling price = total house price + total apartment
price
Total project cost = land cost + construction cost +
development cost + selling and rent cost + profit and risk
factors
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Figure 3. Description of two metrics, development profitability (a) and potential for solar gain (b).

The resulting score is an estimate of the profitability of each
design solution and is maximized during optimization.

small buildings, with the solar exposure of the single house
almost completely blocked by the apartment building south
of it. The design on the upper right does well in both goals.
It has a good amount and mix of housing types while
orienting the houses to take maximum advantage of the solar
angles. This high-level analysis reveals potential conflicts
between the two goals, as well as opportunities for finding
high-performing designs which optimize the tradeoff
between them.

To calculate the potential for solar energy collection (fig. 3b)
each roof surface is tested for occlusions against 48 sun ray
vectors (based on 15 minute increments on equinox and
solstice dates). The calculation of solar energy is based on
the equation below:

𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 =

𝑝𝑝𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

Potential solar collection: number of unoccluded sun rays
Solar energy availability: number of available sampled sun
rays
The resulting solar energy score is the average utilization of
the potential solar energy by the roofs of all buildings on site
and is maximized during optimization.

By looking at several possible designs, we can begin to see
the relationship between the two goals and the potential
tradeoff between them (fig. 4). The design in the lower right
optimizes for solar energy by placing the single housing unit
in an east-west orientation. However, it does not maximize
profit because the site is under-utilized. The design in the
upper left optimizes profit by placing a large number of units
on site but perform poorly on solar energy because much of
the sunlight of the long row of housing is blocked by the
large apartment building next to it. The design on the lower
left performs poorly in both goals because it only has two

Figure 4. Comparison of designs at performance extremes.
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Figure 5. Box plots showing response of each output goal to variations of the input parameters

3.3 Design space analysis

settings of the avenue parameter there is more potential for
variation in the outputs than for others (shorter whiskers vs.
longer whiskers). If we look at the average values, however,
we can see that values of the input parameter which tend to
result in higher levels of solar radiation (for example 0.40
and 0.67) also tend to result in lower levels of profitability.
This shows that there is a potential tradeoff between the two
goals. However, due to the variability caused by the other
inputs parameters and the complexity of the design space, the
relationship between the goals is more complex than what
can be visualized and understood through such a simple plot.
This suggests the value of optimization for further exploring
the design space and discovering designs that achieve the
best compromise between the two goals.

Just because a design space model is well defined does not
mean that it will result in a good optimization. In a previous
paper [9] we described a set of metrics for evaluating a
design space according to two tradeoffs: bias vs. variance
and complexity vs. continuity. For analyzing these properties
within a given design space we proposed a visualization
method which we have also implemented for this project (fig.
6). As described in the previous paper, this analysis should
be done before optimization to ensure that the optimization
process will be productive and will yield good results.
To produce this visualization, we sample the design space
evenly along the most critical parameters of the model. In
this case we analyze the single avenue parameter and two of
the street parameters. Then, we create pair plots which
visualize the value of the two output metrics (developer
profit and captured solar energy) for different parameter
settings as colors or height fields. These plots allow us to
study the response or sensitivity of each parameter to each
metric, helping us understand the range of the design space
as well as its internal structure.

3.4 Design optimization

To generate the final design solution, we used a Genetic
Algorithm based on the NSGA-II algorithm [10] to find
designs within the design space which maximize the values
of the two objectives. The optimization trial consisted of 200
generations with 200 designs in each generation. The initial
population of designs was seeded with the 200 top
performing designs from those generated for the design
space analysis described in the previous section.

This analysis shows that the design space is not overly biased
because it can generate a variety of design solutions with a
range of housing types and street topologies. At the same
time, it is not too variant because each design represents a
viable solution which respects the constraints of the design
problem. At a local level, the plots show a structure and
continuity in the relationship between input parameters and
output goals, suggesting the model is continuous enough to
be efficiently explored by an optimization algorithm. At the
same time, there is enough variation and complexity in the
response surface to ensure that the optimization process will
be productive and discover novel designs beyond those that
could be found by intuition alone.

4

RESULTS

Figure 7 shows the results of the optimization, with each
generated design represented as a single dot in the scatter plot
according to the two objectives. Designs closer to the upper
right corner are the best performing, with all the designs
along the pareto boundary representing the best tradeoffs
between the two objectives. Looking at the best performing
designs, we can see that most used linear arrangements of
single houses and apartment buildings with very few long
roads cutting across the site. Intuitively, this allows for a
maximum packing of units while minimizing the cost of road
infrastructure.

To get a better look at the tradeoff between the two output
metrics we can plot both of them relative to a single input
parameter (the location of the avenue) and aggregate the
effects of varying the other parameters using box plots (fig.
5). Looking at these box plots we can see that for certain

From the full set of designs, three were chosen which
represent three different strategies for laying out the lot.
After review with the client the most preferred strategy was
selected and further refined to create the final design
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Figure 6. Design space visualization with plot x and y axes representing input parameters and z-axis and color representing averaged
values of output metrics.
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Figure 7. Plot showing tradeoff between the two objectives (color indicates generation with earlier designs in blue and later designs in red).
Three chosen high performing designs are shown in the middle and final design after refinement on the right.
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been listed in the master thesis of Jan Vatter [21] including
their advantages and disadvantages.

ABSTRACT

There are numerous physical phenomena that occur in an
urban microclimate which need to be taken into account for
simulating outdoor comfort. However, very few tools are
dedicated towards this cause. The objective of this article is
to present the assessment of the impacts of different urban
strategies on a simulated neighbourhood microclimate. The
neighbourhood is located in Prague, Czech Republic, and
its microclimate was simulated using a simulation tool
called SOLENE-microclimat. It consists of a coupling of a
thermo-radiative model, a thermal building model and a
computational fluid dynamics model (CFD). One of its
purposes is to simulate the impact of urban built
environment on outdoor comfort. The obtained simulation
results are based on two variable parameters: surface albedo
and presence of trees. These results include variations in
surface, air temperatures, wind speeds and the Universal
Thermal Climate Index (UTCI) in the given urban area. The
analysis shows that both variations have a significant
impact on the urban microclimate. The potential use of this
simulation tool for urban built environment is discussed
along with its limitations. Such kind of studies can be
important for city planning, i.e. providing thermal comfort
in urban built environment and mitigating urban heat island.

In presented case study, the simulation tool called
SOLENE-microclimat was used. It was developed for
conducting microclimate simulations evaluating and energy
consumption of buildings, but we do not study in this paper
this last feature. The modelling and meshing of urban
geometry is performed with external software which allows
accurate reproduction of complex urban shapes and user
influenced configuration of the mesh. Benjamin Morille has
listed the main characteristics of SOLENE-microclimat in
his paper [16] along with examples of project for which it
was used. SOLENE-microclimat simulates: solar radiation
and its impacts on urban surfaces, wind distribution and its
impacts, effect of vegetation and water bodies and energy
demand of buildings for cooling, in the entire 3D modelled
urban environment.
It was originally developed by CRENAU (Centre de
Recherche Nantais Architectures Urbanités) which is a
research laboratory in Nantes, France. It was created as a
research tool hence it is almost entirely configurable. But
this can also be a disadvantage as it has no user-interface
and also no official user-manual, so the user has to obtain
all the information about this tool from researchers who are
working with it or from publications and doctoral theses
devoted to it.

Author Keywords

SOLENE-microclimat; urban microclimate; simulation;
outdoor comfort; CFD; thermo-radiative model; city
planning; built environment; urban heat island.
1

This article presents SOLENE-microclimat and its modules
in detail followed by a case study evaluating, during the
hottest days in a year, variations of outdoor climate comfort
in a modelled urban neighbourhood, located in Prague,
Czech Republic. Two variations were included:

INTRODUCTION

An urban microclimate, which can be characterized by the
urban heat island (UHI) phenomenon, results from
radiative, heat and water exchanges between the deep soil,
the urban surfaces and the atmosphere [7]. There is a
significant impact of urban built environment on outdoor
comfort and the energy consumption in buildings [4].
Therefore, for assessing outdoor comfort, it is important to
consider the various physical phenomena which take place
in an urban environment. Researchers and professionals use
existing simulation tools to assess thermo-aerial comfort of
the outdoor environment in built environment. However,
there are only few such tools available. Many of them have
SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

Variation1: Change in albedo values of walls, roofs and
sidewalks (simulated light or dark colours).
Variation2: Presence of row of trees in streets surrounding
the central block of the neighbourhood.
The results of surface temperatures, air temperatures, wind
speeds and UTCI were analyzed for two sidewalk areas [3].
The main objective of this case study was to present effects
of albedo and trees on thermal comfort in the streets.
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2

5.

METHODOLOGY

2.1 SOLENE-microclimat

As discussed earlier, SOLENE-microclimat is a simulation
tool for urban microclimate simulation. It consists of
thermo-radiative model, a CFD model and a thermal
building model. It is developed by CRENAU which is a
part of the joint research centre AAU (Ambiances,
Architectures, Urbanités). Numerous publications and four
theses were devoted to it, developing its models [22, 18, 5,
11].

The energy balance for a building in simulated
area.

Point 1 corresponds to the historical SOLENE radiative
model, whereas Points 1+2 correspond to the thermoradiative model based on SOLENE and Points 1+2+3+4+5
correspond to the so called SOLENE-microclimat model
[13].
The following sections describe the thermo-radiative and
CFD models that have been coupled for simulating outdoor
microclimate. The simulation tool is still under
development and new features, which were not used for the
case study presented in this article, are currently in the
process of being incorporated. Bernard proposed a
methodology for modelling the impact of UHI, according to
geographical indicators characterizing the urban
surroundings, on the used weather data [2]. A more precise
ground model and a new humidified ground model are
currently under development.
Thermo-Radiative Model

SOLENE was first developed for the simulation of natural
light in both the urban morphologies and the indoor
architectural spaces by the CERMA (Centre de recherche
méthodologique d’architecture). It took into account the
direct solar radiation, diffused sky luminous radiation, and
the inter-reflections [15].A thermo-radiative model was
developed to include the possibility for calculating the
outdoor comfort. It was described and validated by Hénon
[9]. The greenery models were also validated in the
research done by Malys [12]. This was also validated by the
data acquired during FluxSAP hydro-climatological
experimental campaign [14].

Figure 1. The coupled modules in SOLENE-microclimat [13].

The phenomena that are taken into account in this
simulation tool are illustrated in the Figure 1:
1.

Radiative transfer: short-wave direct, diffuse and
reflected solar radiation; long-wave radiations
exchanged between surfaces and sky.

2.

Radiation effects on urban surfaces : conduction
and storage of the heat in walls and soils.

3.

Wind propagation (CFD model) and convective
exchanges.

4.

Evapotranspiration from natural surfaces such as
vegetation (trees, grass, green roofs and walls) and
water surfaces or humidification systems.

The sky vault is represented by a meshed sphere to depict
anisotropic solar radiation (see Figure 2). Direct and
diffused solar fluxes used for the simulations can be
obtained from in-situ measurements or from weather data or
it can be calculated by using the sky model developed by
Perez [17]. Two parameters are used to define nebulous
sky: the degree of purity of the sky and its luminosity,
commonly represented by ε and Δ, respectively. Sky
thermal radiation is assumed to be isotropic.

Figure 2. Hemispherical geometry representing the sky (left), distribution of luminance for a clear sky (middle) and for a covered sky
(right) ε = 1; Δ = 0,35 [6].
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At each time step of the simulation and for each mesh of the
urban surfaces, the absorbed solar radiation is calculated. It
is composed of direct and diffused solar radiations from the
sun and the sky, plus the reflected fluxes which are related
to the albedo of the other surfaces and are considered as
isotropic. The multiple reflections are computed by the
radiosity method which primarily requires the computation
of geometrical form or view factors between all meshes of
the urban scene [9].

model. The laterals faces, according to wind direction, are
inlet and free outflow. The conditions set for the inlet of the
numerical wind tunnel for an urban environment are
characterized by the wind profile (eq 2) and the turbulence
parameters kin and εin (eq 3 and 4) [5].
𝑣𝑣𝑖𝑖𝑛𝑛 𝑧𝑧 ൌ 𝑣𝑣𝑟𝑟𝑒𝑒𝑓𝑓

𝑧𝑧

𝑧𝑧𝑟𝑟𝑒𝑒𝑓𝑓

𝑘𝑘𝑖𝑖𝑛𝑛 ൌ 𝐼𝐼𝑣𝑣𝑟𝑟𝑒𝑒𝑓𝑓 ʹ

Thermal radiation is taken into account and calculated with
the radiosity method too. For each mesh, the absorbed
infrared flux is calculated as the difference between the
fluxes received from the sky and that from the reflections
on the other meshes, minus the fluxes reflected and emitted
by the mesh itself. Only one reflection is considered for the
infrared radiation, because emissivity of urban surfaces is
mostly around 90%, and it saves considerable
computational time [11]. The radiation emitted by a mesh
was calculated with the Stefan–Boltzmann law, which
required the knowledge of the surface temperature. It was
determined by the thermal balance of each mesh describe
by Henon [9], iterated until the surface temperatures
converge.

͵ Ͷ

𝜀𝜀𝑖𝑖𝑛𝑛 𝑧𝑧 ൌ 𝐶𝐶𝜇𝜇

𝑘𝑘 ͵ ʹ
𝑘𝑘𝑧𝑧

𝛼𝛼

(2)
(3)
(4)

With vref the wind speed from the weather data at zref= 10m
for most stations; α = 0.36, land parameter for downtown
area; I = 0.3, the turbulence intensity; C = 0.09, the
turbulent viscosity constant and k = 0.41 the Von Karman
constant.
The dimensions of the numeric wind tunnel depended on
the box enclosing the zone of the interest. Blocking effect
appears in the case of borders of the numeric wind tunnel
and the urban geometry are too close. However, increase of
number of meshes extends significantly the calculation
time. A compromise needs to be found. Few publications
propose different proportions between the dimensions of
the numeric wind tunnel and the zone of interest [1, 6, 19].
To have the shortest calculation time, we chose the smallest
ratio (see Figure 3).

The sensible heat flux involved in the thermal balance is
determined by the temperature difference between the
surface and the air, multiplied by the convective heat
transfer coefficient which depends on the wind speed. Air
temperature and wind speed can be taken from weather
data, or can be determined more precisely by the coupling
of the thermo-radiative model with the CFD model.

2.2 Case Study

The urban area studied is close to the city centre of Prague,
Czech Republic and was built in 19th Century. It is a typical
city block consisted of circa 6 storeys houses surrounded by
broad streets. Ten blocks constitute the modelled area,
which has a total surface area of 138135 m². The height to
width ratio of streets is mainly ranging between 0.7 and 1.2.
The proportion of built-up area is 46%, and 41% if we don't
take into account the construction inside the blocks. On
average, buildings have six floors, so the proportion of floor
area is 246%.

CFD Model

The CFD model coupling with Thermo-radiative model is
Code_Saturne, developed by EDF (Électricité de France
and available online as open source since 2007. It is
primarily used to calculate wind speed distribution in the
whole 3D scene. It’s coupling with the thermo-radiative
model enable the calculation of energy and moisture
transportation, in order to determine physical characteristics
of air and its interactions with urban surfaces.

The urban materials simulated here were typical in the 19th
century (see Table 1). Nowadays, most of attics are used as
flats therefore thermally insulated. Top layers were given
for sidewalk, road and courtyard, soil completed the ground
compositions in the thickness of 2m. For each material, the
conductivity, thermal capacity and density is given.

The technique used for the simulation is the numerical wind
tunnel which creates in a virtual environment an
atmospheric wind tunnel used for experiments on small
models. The simulations are computed on an open domain,
where the upper air layer is already decoupled from the

Figure 3. Dimensions and boundary conditions of the considered domain.
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For the last 22 hours, the wind blew from the east for most
of the hours but for few of them it blew from the south.
Because of the wind tunnel dimension condition mentioned
before, a space should have been provided in the north for
the downstream wind that came from the south to prevent
blocking effect. This meant more calculation time for only
few time steps. To avoid this, those few wind direction
were modified from south to east.
Variations

Two simple variations were considered. First one is an
albedo variation for sidewalks, building roofs and facades,
concerning all the urban area. Chosen values corresponded
to architecture that can be found in Prague. Facade could
have light or dark colour paintings, roof could be composed
of clay tile or slate, and stones for sidewalk pavement could
be gray or black. Albedo values are:

Figure 4. View of the central block. Source Google maps.

The simulation was carried out for the hottest eleven
consecutive days (3rd to 14th August 2015) based on the
weather data specified below. Since the weather data do not
contain direct and indirect solar flux, Perez model of sky
included in SOLENE-microclimat was used. Perez
parameters were selected as: ε = 0.12 and Δ = 0.63, as they
correspond to a clear sky.
The coupling with the CFD model is activated only for the
last 22 hours because CFD requires a lot of calculation
power. The first ten days are without coupling, only the
thermo-radiative model is running. These ten days without
coupling allow the warming up of the scene, to load
correctly surfaces with energy. Some simulations conducted
by Benjamin Morille have shown that with this method,
results are enough close of those obtained with coupling all
days.
Material

Thickness
[m]

Mortar

0,3

Brick

0,6

Tile

0,02

Insulation

0,15

Park

Dirt

Courtyard

Wall
Facade



High albedo variation: facades: 0.7; roofs: 0.3;
sidewalks: 0.3; roads: 0.1.



Low albedo variation: facades: 0.3; roofs: 0.05;
sidewalks: 0.1; roads: 0.1.

The second variation was an employment of two rows of
trees for each street along the central block. Rows of trees
were modelled without trunks, as blocks of 6x10m placed
five meters above sidewalks, over their entire length. Their
leaf area density (LAD) was configured to 1 m²/m³ [5].
Green roofs and green walls were not used in this case
study because it is generally rare to find them on old
buildings.
High albedo

Low albedo

Without tree

V1

V2

With trees

V3

V4

Emissivity
0,9

Table 2.Combination of Variations

0,9

2.3 Calculations

2

0,9

Concrete

0,1

0,9

Sidewalk

Pavement

0,06

0,9

Road

Asphalt

0,2

0,9

The coupling between CFD and thermo-radiative models
can be done in several ways. Bouyer detailed three
possibilities in his article [6]. The full dynamic coupling
consists of iterating until the strict convergence between
CFD and thermo-radiative model is obtained. However this
requires high computational time. In quasi dynamic
coupling, there is just a single iteration between CFD and
thermo-radiative models, but this can be insufficient for
strictly representing the transfer of heat and moisture. In his
research presented in his article [6], Bouyer used an
intermediate coupling method where the resolutions of
momentum, continuity, and turbulence equations were
disabled after the initializing process. Velocity and
turbulence fields were pre-processed for each wind
direction and velocity. Then, for each time step during the
iterative process, only transport equations for energy and
moisture were solved. This enables to save consequently the
computation cost. The air fluxes were not disturbed by the

Roof

Coupling method

Table 1.Material compositions of exposed surfaces
Weather data

The input weather data was obtained from the Prague
airport weather station, therefore they didn't correspond to
values that existed inside the city with the UHI impact on
air temperature. The doctoral thesis work of Bernard is
supposed to correct this, but the required data are only
available for French cities [2]. This doesn't affect the
significance of the results presented here because the
objective was to assess the difference of outdoor comfort
between scenarios, not absolute values for each one.
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heat transfers from the wall surfaces but it can be assumed
that the external convective heat transfer coefficient
depends only on the wind velocity distributions that are
close to the walls [6]. For the case study presented in this
article, the same quasi dynamics coupling, without iteration
for a convergence of the surface temperature was used. This
made it less accurate but faster than simulations of Bouyer.

below are average values from those areas. Air
temperatures and wind speeds were taken from the first
tetrahedron above the ground surface. The hours were given
in real solar time.

Convective heat transfer coefficient

In order to calculate the convective heat flux, the difference
of temperature between air and surface is multiplied with
convective heat transfer coefficient (CHTC). This depends
on the wind speed and few formulas exist to solve it. While
developing SOLENE-microclimat, correlation found by
Jayamaha [10] was preferred (eq.5).
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ൌ ͷǤͺͷ  ͳǤ ∗ 𝑣𝑣

(5)

For the wind speed values, there are three possibilities. The
first is to use the value directly from weather data for all
meshes. The second is the wind velocity profile according
to the equation (2), which considers the height of each
mesh. However, for both solutions, the impact of the
environment is not taken into account. The third uses the
wind speed value at each point calculated by the CFD
model. Malys compared these possibilities to assess the
building energetic consumption[13].

Figure 5. Areas chosen for comparison: two sidewalks in the
southern and western street around the central building.
3.1 Surface Temperature

The differences in surface temperatures between both
streets are significant. In the southern street, the area chosen
was in the shade for most of the day. It received direct solar
radiation only in the morning, a significant difference of
temperature was noted between with and without trees at
this moment (at 9h: V1-V3=7.3°C; V2-V4=10°C) but not
for the rest of the day (Figure 6).

For the case study presented in this article, it was decided
that for the first ten days, there would be no coupling and
only the thermo-radiative model would run. The CHTC was
fixed to 11 which was the average value determined with
Jayamaha formula (eq. 5), using the wind speed values from
weather data for all time steps before coupling. Air
temperature values used to calculate the convective heat
flux for this period were taken from the given weather data.
Then, for the final 22 hours, the wind speed value of each
mesh were used and a personalized CHTC was obtained for
each mesh using Jayamaha's formula.
3

70

50
40
30

Solar time [hour]

20

Each simulation generated a lot of data. For each time step
the following results can be visualized:



Southern Street

60

RESULTS



[°C]

8

For each surface mesh: Short waves received
(direct, diffuse from the sky vault, reflected on
other urban surfaces), parts absorbed or reflected;
long wave exchanges (with the sky vault and with
the urban scene); Surface temperature; Latent heat
flux (for vegetation).

70

9

10 11 12 13 14 15 16 17 18 19 20

[°C]

Western Street

60
50

40

For each volume mesh (if coupling with CFD):
Intensity and direction of wind; Air temperature;
Relative humidity.

30
Solar time [hour]

20

To visualize all the results dynamically, the software
ParaView was used. In order to assess pedestrian comfort,
two specific areas were chosen for comparison: one
sidewalk in the western street of the central block, and
another sidewalk in the southern street of the central block
(see Figure 5). Results presented in the graphs and analyzed

8

9

10 11 12 13 14 15 16 17 18 19 20

V1

V2

V3

V4

Figure 6. Surface temperatures on the last day of simulation

As compare to South street area, the maximal value of
surface temperature in the western street was higher (at 12h:
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V2=63.1°C). Without tree, it received most of the solar
irradiation between 11h and 12h.The ground accumulated
heat and its surface temperature increased. The presence of
trees stopped direct solar irradiation, hence the temperature
difference was significant (at 12h: V1-V3=17.5°C; V2V4=21.7°C). The impact of the change in albedo values
was also observed (at 12h: V1-V2=8.2°C; V3-V4=4°C) but
it was less significant than the impact of trees.

For both streets, the impact of albedo variation was not
significant with the presence of trees. But it was significant
without the presence of trees, when the sun radiates a part
of the street, from 10h to 13h for the western street and
from 8h to 17h for the southern street, whose south-facing
buildings were particularly exposed.
3.3 Wind Distribution

The wind distribution along a sophisticated geometry is a
complex phenomenon and its analysis requires to consider
several parameters. Southern street has a lower wind speed
compared to Western street due to complexity in wind
distribution and since the top left street is shorter than the
bottom right (wind entry points are indicated by arrows on
Figure 8).

3.2 Air Temperature

In the southern street, the temperature increased regularly
throughout the day, without any large variations. This was
because the area was in the shade. For the same reason, the
difference between the cases with and without trees was
mostly constant all throughout the day. The difference
occurs because other parts of the neighbourhood are
exposed to solar radiation without trees, which increased
the air temperature globally (avg.: V1-V3=1°C; V2V4=1.5°C). In the western street, there was a peak in the
difference between the cases with and without trees (at 13h:
V1-V3=2°C; V2-V4=2.5°C).This was because the surface
temperature of the previous time step was at maximum.
Due to the coupling method, the surface temperature of a
given time step influenced the air temperature of the next
one. Plus, at 13h, the wind speed was particularly low
compare to the rest of the day (without trees: at
13h=1.6m/s; avg.=3m/s). The wind speed has a
preponderant influence on air temperature when surface
temperatures are high.
40

[°C]

Figure 8. Wind distribution without tree at 15h. Wind original
direction is from East.

Southern Street

For both streets the wind speed was slightly reduced with
the presence of trees (avg.: West street: -11%, South street:
-7%). Trees were an obstacle to the wind, because they
were in sufficient number and leafy. This little loss of
cooling due to wind was largely compensated by blocking
of the solar irradiation.
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3.4 UTCI
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No tree
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Figure 9. Wind speed on the last day of simulation.
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There exists two type of comfort index, the simple models
which considers only environmental parameters (WCT, AT,
ET*, etc.) and the two-node models which takes into

V4

Figure 7. Air temperatures on the last day of simulation
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interaction of the climatic components, makes it a good tool
to communicate the results to laymen. Compared to air
temperature, differences between scenarios are more
visible. Results were following mostly same paths, but with
some variation. For the western street, the UTCI decreased
after the peak at 13h compare to air temperature. It was
mainly because the sun stopped to irradiate this part of the
street, which did not affect the air temperature, but it did
affect the global comfort. In the southern street, the
difference between V3 and V4 was more visible. It is
explainable with the influence of surface temperature
surrounding a person on his well-being. Surface
temperatures of the south-facing building were higher on
V4.

account the processes concerning the human body: heat
generation and heat losses (PMV, SET*, UTCI, etc) [21]. It
was decided to study the UTCI which was developed to
provide accurate predictions for important applications,
validated all around the world and adapted for local
conditions [3]. UTCI is defined as the air temperature of the
reference condition described in Blazejczyk article causing
the same model response as the actual condition. It differs
from other two-node comfort indexes because it includes a
multi-node model of human thermo-regulation based on the
Fiala model [8].
To calculate the UTCI, input parameters air temperature,
vapour pressure, wind speed and mean radiant temperature
are required. To determine the mean radiant temperature, a
cylinder depicting human body was used which consists of
25 faces and a height of 1,75 m. For each mesh of the area
that was under consideration, the long wave exchanges
between the cylinder faces and all the surfaces, including
the sky, were calculated as well as shortwave flux directly
from the sun and from the surfaces after reflexions [22]. For
vegetation cases, trees shaded the cylinder. The rest of
inputs parameters were directly taken from simulation
results. The calculation method of UTCI was taken from the
original F90 UTCI source code of Peter Broede [20].
40

4

Southern Street

[eq. °C]

35
30

The case study, which was a simple example of what can be
done with this simulation tool, already revealed interesting
information about the urban comfort. It is possible go
further, for example, for assessing the impacts of albedo
variation for each type of surface (sidewalk, roof, facade)
and for determining precisely which sidewalk should be
covered with trees to obtain a good investment to impact
ratio for improving the outdoor comfort. With a good
parameterization the simulations conducted by SOLENEmicroclimat are a useful decision-making tool for urban
planners. The coupling method and days of simulation
should be chosen carefully and must be taken into account
during the assessment of results.
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From the application point of view, SOLENE-microclimat
was created and mostly used for research purposes;
therefore it has some obstacles for its use by non-specialist.
It does not have a graphic interface and there are no official
documentations to act as a user guide. Guidance is mainly
provided by the researchers and engineers who are working
with it.
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DISCUSSION AND CONCLUSION

The analysis shows that high albedo surfaces and
vegetations can have a significant impact on the urban
microclimate. More generally, SOLENE-microclimat can
be a useful simulation tool for assessing outdoor comfort.
The powerful coupling between the thermo-radiative and
the CFD model can simulate many physical phenomena that
are involved in an urban microclimate, in order to describe
human sensations. The advanced parameterizations and
accurate reproductions of complex urban shapes have made
it a unique and reliable tool which is able to simulate many
situations with a large degree of freedom in modelling and
processing. Results obtained from the simulation tool are
numerous and give many possibilities for analyses and
assessments of urban comfort. The graphical representation
in 3D is a big advantage for sharing results with laymen.

V4

One specific issue posed a challenge for this study. In the
results of the simulations, some localized temperature
values were abnormally high. In a study made by Laurent
Malys, similar local outliers were also observed. He
supposed that it is because of the confinement effects due to

Figure 10. UTCI on the last day of simulation

The results of UTCI are quantitative, since they are given as
equivalent temperature, and qualitative, due to a sensation
scale. This characteristic, plus taking into account the
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the recirculation near brightened-up walls [13]. This could
also be explained because the natural convection was not
taking into account. If there is no forced convection (wind
speed = 0), the energy wouldn't be carried by the air and the
temperatures would rise. This was a problem of the
coupling method used for the simulation, but the large
majority of values were coherent.

wide range of environmental conditions. Int. J.
Biometeorol.2001,45: 143-159.
9. Hénon A, Mestayer P, Lagouarde JP, Voogt J. An urban
neighborhood temperature and energy study from the
CAPITOUL experiment with the SOLENE model - Part
1: analysis of flux contributions. TheorApplClim, 110,
177–196. 2012.

The current version of SOLENE-microclimat does not take
into account the water balance in the urban soil. This is an
important aspect of the urban microclimate because it
involves the evapotranspiration process which impacts the
humidity and air temperature. We can configure the rate of
saturation in the soil but it does not evolve along
simulations because SOLENE-microclimat has not been
coupled with a proper hydrological model yet. However,
this shortcoming does not demean the interest in this tool. It
is a comparative tool so all simulation cases are configured
with the same issue. Hence, a team at ECOTEN is working
on developing different hydrological models for urban soils,
for different level of knowledge of the ground composition.

10.Jayamaha. Measurement of heat transfer coefficient for
walls. Building and environment, vol 31, N°5, pp. 399407. 1996.
11.Malys L. Évaluation des impacts directs et indirects des
façades et des toitures végétales sur le comportement
thermique des bâtiments. Ph. D. Thesis, 2012. Nantes,
France: Ecole Centrale de Nantes.
12.Malys L, Musy M, Inard C. A hydrothermal model to
assess the impact of green walls on urban microclimate
and building energy consumption. Building and
Environment, 2014.
13.Malys L, Musy M, Inard C. Microclimate and building
energy consumption: study of different coupling
methods. 2015.
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urban comfort studies or window level wind pressures for
natural ventilation design. Computational wind engineering
makes such analyses much more feasible and has become
one of the most important application fields of
computational fluid dynamics (CFD) [2]. Thanks to its
advantages over physical experiments (rapidity, economy
and visibility of the results) the CFD is increasingly used by
researchers to conduct numerical simulation and gain
valuable information. But the discussion of the reliability
and the validation of numerical simulation has not stopped.
There are several CFD programs which can simulate the
urban wind environment. In this research, Autodesk CFD,
OpenFOAM and UrbaWind are selected for validation and
comparison purpose. Besides, the evaluation of the results’
accuracy is also significant for building performance
simulation in which CFD-derived wind pressure
coefficients can be used as inputs. If the gap between CFD
simulation and experiments results doesn’t affect the
building performance a lot, which means the accuracy is
close enough. If it does affect the rest of simulation, that
means the accuracy is not close enough. This part of
research will be validated in the next stage of study.

ABSTRACT

This study reports the results of calibrating three CFD
programs against experimental wind tunnel data. Accurate
simulation of outdoor wind flow is essential for designing
comfortable and safe urban spaces. With the increasing
availability of Computational Fluid Dynamics programs,
this type of simulation is becoming more feasible for
general urban design practice. In fact, given the potential to
digitally combine solar radiation and temperature
simulation data, a comprehensive analysis of urban outdoor
comfort and of indoor ventilation quality is now feasible for
a much wider range of buildings and urban spaces. The
quality assurance of the simulation remains however
paramount. It has been common for new wind tunnel
facilities to test their prediction abilities against a standard,
high-quality dataset. One such dataset is provided by the
Architectural Institute of Japan (AIJ). This research paper
reports the urban flow regimes or effect areas where the
CFD programs agree with each other; the parts where they
agree with the wind tunnel data; and the parts where they
disagree. The implications of these trends for the reliability
of CFD-based design decisions are discussed.

2

Author Keywords

Simulation validation; Autodesk CFD; OpenFOAM;
UrbaWind
1

OF

THE

AIJ

WIND

TUNNEL

In the guidebook of Architectural Institute of Japan (AIJ)
[1], 7 cases and 4 city configurations are presented. The
case of a central high-rise building surrounded by a grid of
city blocks is selected for its consistency in the exploration
of the urban wind environment. At the same time, this
simplified city model makes the validation much more
targeted and efficient. For this case, the AIJ wind tunnel
model was made up of 82 low-rise blocks (40x40x10m) and
1 high-rise block (25x25x100m) in the centre. The original
physical experiment was conducted at the Niigata Institute

INTRODUCTION

Accurate simulation of outdoor wind flow is essential for
the design and evaluation of natural ventilation
performance. Traditionally, this type of analysis relied on
general rules and empirical manual calculations for
estimating window opening size. Only for the most
complex projects was it possible to pay the fees to use a
wind tunnel for reliable simulation of street level winds for
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of Technology at a scale of 1:400, as shown in Figure 1.
The inflow velocity at height of 100m was 6.65m/s. Since
the model was a scaled down version, the inlet flow was
modified accordingly. 66 measurement points around the
central building and between the surrounding blocks were
also set for the experiment.

In the OpenFOAM simulation, the model was at full scale.
The prototype model was based on the experiment
conditions of the wind tunnel. The inlet wind profile used
for the wind tunnel experiment, also given by the AIJ [1],
was reproduced in OpenFOAM by selecting the appropriate
roughness length (landscape in the software).
In the UrbaWind simulation, the configuration was
modelled at full scale as well. In UrbaWind, the inlet
boundary condition is vertically divided into three zones in
order to take into account the structure of the atmospheric
boundary layer. A first zone, from the ground to hs,
corresponds to the surface layer [5]. The inlet wind profile
is given by a logarithmic law which takes into account the
inlet roughness defined by the user. A transition zone, from
hs to hbl, corresponds to the Ekman layer. In the upper
zone, geostrophic wind is applied up to the top boundary
condition. The turbulent kinetic energy is constant. It is
evaluated in function of the roughness length at the inlet
which is the only inlet input parameter.

Figure 1. Outline of multi-block model for AIJ wind tunnel
experiment [1]
3

CFD SIMULATIONS:3 PROGRAMS

3 different programs were used for this research: Autodesk
CFD, OpenFOAM and UrbaWind. They were used to
model the urban wind environment and the simulation
results were compared in terms of accuracy and reliability
against the AIJ wind tunnel data.

The meshing of the model in Autodesk CFD is gradually
changed and its density can’t be defined according to the
target calculation areas. The location of the test points can’t
be controlled because it is based on a uniform grid.
OpenFOAM can however define the density of meshing
with X, Y and Z axis. For example, the blocks in the middle
area of the computational domain took 30% length of X
axis but 70% cells which means the density is much higher
than the other areas. In UrbaWind refinement level and cell
size can be modified by the user (cf. Table 1).

3.1 Simulation set-up

In Willis’s research [4], the selected configuration was
modeled in Autodesk CFD at full scale. The computational
domain was 1720x1500x300m. The boundary conditions,
the meshing settings, as well as the turbulence parameters
are shown in Table 1.

Table 1. Modeling and simulation parameters

Condition

Autodesk CFD
o

Wind direction

0 , 45

Inlet Wind Profile

Velocity at different height
(from AIJ)

Turbulence model

k-Epsilon model
SST k-w
RNG k-Epsilon model

Turbulence intensity

OpenFOAM

o

o

o

0 ,22.5 , 45

o

UrbaWind
0 o, 22 o, 45 o

Roughness length(z0):
0.043m(From AIJ)

Roughness length(z0): 0.043m
(From AIJ)

Standard k-Epsilon model
RNG k-Epsilon model

k-L model

----

----

1%, 5%, 50%

Unstructured Cartesian mesh

Unstructured tetrahedral
mesh

Rectangular prism

Gradual change

X axis: percentage length (10%,
30%, 60%) cells (10%, 70%,
20%)

Cell type
Meshing

Density
distribution
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Automatic refinement near
ground, obstacles and result
points. One face of a cell can be
in contact with a maximum of

Condition

Autodesk CFD

OpenFOAM
Y axis: percentage length (50%,
50%) cells (50%, 50%)

UrbaWind
two different faces

Z axis: percentage length (50%,
50%) cells (70%, 30%)

Autosized--360,000
0.5—2,900,000
Cell size

0.25—19,000,000
0.2—32,000,000
0.15—83,000,000

Cell size: (100, 50, 30)
Refinement level 2— 260,000
Refinement level 5— 1,070,000
Cell size: (20, 10, 6)
Refinement level 2— 2,300,000
Refinement level 5— 2,310,000
2360x1340x300m
(Windward extension: 3 times

Computational domain

1720x1500x300m

Leeward extension: 3 times
Sides extension: 4 times
Top extension: 15 times)

Thinnest cell size: 1m
Refinement level 1 (2 layers of
thinnest cells)—2,712,800
Refinement level 2 (4 layers of
thinnest cells)—2,710,500
Thinnest cell size: 2m
Refinement level 1—4,903,100
Refinement level 2 —4,849,200
Automatic rectangular box
(based on the size of the studied
geometry)
800m * 800m * 800m (aligned
with the wind
flow for each direction)

3.2 Grouping of the test points

Because grouping the measurement points helps identifying
the different flow features as well as comparing the
simulation data, a set of sorting rules was developed to keep
a consistent points order whatever the direction studied.
The points grouping is based on the different expected wind
effects. Whereas, the effect areas of the 0o and 22.5o winds
are considered similar, at 45°, the grouping of the
measurement points is different from the one of the first
two directions as shown in Figure 2 and 3.

Figure 3. 45° wind direction measurement points grouping
4

RESULTS AND COMPARISON WITH AIJ WIND
TUNNEL EXPERIMENT

4.1 Wind direction impact

Autodesk CFD: At 0°, higher wind speeds are usually
indicative of the Downdraught Effect but are not replicated
in the Autodesk CFD results. This non-occurrence also
happens in the Downstream Flow area. At 45°, the
agreement between the wind tunnel and the simulation data
is not good in the Corner Effect area either. At both 0° and
45°, there is a large gap between the wind tunnel and the
simulation data. The simulated normalised wind speeds are
constantly lower than the experimental ones [4].

Figure 2. 0°, 22.5° wind direction measurement points grouping

OpenFOAM: At 0°, the OpenFOAM simulations underpredicted the wind speeds in the wake areas of the flow. At
22.5° a similar situation occurred. The agreement with the
experimental data is better in the Upwind and Channel
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areas than in the wake areas. At 45°, the graph of the
Upstream Flow, Upwind Side-Streets, Downdraught Effect
and Turbulence Wake areas matched the shape of the wind
tunnel graph except for a few points. The rest of the line
graph didn’t match the wind tunnel graph either, and there
was a large gap between the two compared lines. The
variation at 0° and 22.5° was smaller than at 45° according
to the observation of the scatter plots, which means the
prediction of the 45° wind flow was not good enough.

1m) tested, correlation factors (cf. Table 2) and trendlines
do
not
vary
significantly.
Table 2. Correlation coefficient R between
UrbaWind
configuration

UrbaWind: Overall, the agreement between UrbaWind
normalized wind speeds and AIJ measurements is moderate
(averaged correlation coefficient R of 0.7). Simulated wind
speed follows the general variation of the wind tunnel speed
in most areas whatever the direction. At 0°, correlation
between both datasets is substantial (correlation coefficient
R of 0.8). The simulation seems to reproduce best the points
located in the Upwind area. Channel Effect is well
reproduced but over-predicted in comparison with
measurements. The simulated wind speed trendline in the
Downstream Side-streets, Downstream Flow, Shelter Effect
and Channel Down regions varies much more than the AIJ
one. At 22.5° (here 22° because only integer directions can
be set in UrbaWind), both datasets follow very similar
trendlines when important speed variations occur in the
Upstream Flow, Upwind Downdraught Effect, Channel and
Shelter Effect areas. Wind speeds in the Downstream Flow
and Channel Down areas are much less correlated with
unmatching gradients. At 45°, the speeds in the Upstream
Flow, Shelter Effect and Channel Down regions appear to
be in accordance with the AIJ measurements. Big gaps
between the simulation and wind tunnel trendlines can be
found in the Corner Effect and Downstream Flow areas.

Correlation with AIJ
data for 3 wind directions

z0

refinemen
t

mesh
(m)

R
0°

R
22°

R
45°

0.043

1

2

0.8

0.7

0.6

0.043

1

1

0.8

0.7

0.7

0.043

2

2

0.8

0.7

0.7

0.043

2

1

0.8

0.7

0.7

4.3 Turbulence model impact

Autodesk CFD: SST k-w model gave almost identical
results to the k-Epsilon model in the Upstream Flow,
Downdraught, and Upwind Side-streets areas. The RNG kEpsilon model showed a slight improvement in the Corner
Effect and the Downstream Flow areas. However, in the
Downdraught and Upwind Side-streets areas predictions are
worse. There is not a lot of difference between the datasets
of the 3 tested turbulence models, and so changing the
turbulence model had a marginal effect on the results [4].
OpenFOAM: The agreement between the RNG k-Epsilon
turbulence model results and the wind tunnel data is not as
good as the one between the k-Epsilon turbulence model
results and the wind tunnel data. The k-Epsilon turbulence
model under-predicted the measured wind speeds. The
RNG k-Epsilon turbulence model under-predicted less than
the k-Epsilon turbulence model. However, in some areas
the wind speed was over-predicted, like in the
Downdraught Effect, Channel, and Downstream Flow areas
at 0° and 22.5°, as well as the Upstream Flow area at 45°.
The RNG k-Epsilon turbulence model enlarged some areas’
wind speed. The turbulence model has therefore a
significant effect on the wind speed ratio prediction in the
different flow effect areas. Actually, the graphs of the kEpsilon turbulence model and RNG k-Epsilon turbulence
model matched quite well, but RNG k-Epsilon turbulence
model enlarged the peak data.

4.2 Meshing size impact

Autodesk CFD: Mesh resolution has a notable impact on
the results. From observations of comparison, the 0.2 mesh
resolution was selected as the best balance between
simulation complexity and accuracy. The results of the 0.25
scatter plot suggest that it requires less computing power,
since the results provided are consistently accurate enough
to be considered appropriate for the simulation [4].
OpenFOAM: The agreement between the graph of
refinement level 5 and the wind tunnel is not as good as
graph refinement level 5 and the wind tunnel. In addition,
the gaps of level 5 is larger than level 2, especially at 45° in
the Corner Effect, Downstream Flow, Shelter Effect and
Turbulence Wake areas. The CFD model of refinement
level 2 under-predicted the measured wind speeds, in
particular in the Downstream Flow and Shelter Effect areas.
The predictions with refinement level 5 enlarged the gaps
between the two datasets.

UrbaWind: In UrbaWind (k-L model), the turbulence is
constant, cannot be changed by the user and the effect of its
variation was therefore not studied.
4.4 Measurement points around central building

Autodesk CFD: At 0° the simulation results under-predicted
the wind speed around the central building (cf. Figure 4b).
However, at 45°, both datasets matched quite well with
only a small gap (cf. Figure 6b).
OpenFOAM: The OpenFOAM graph matched the shape of
the wind tunnel graph quite well at 0° and 22.5°. The
predictions are almost the same as the wind tunnel
measurements, only a small gap can be found in the
Downstream Flow area. The OpenFOAM graph at 45° is

UrbaWind: Refinement level and mesh size have almost no
impact on the simulated wind speeds whatever the
direction. Despite a 79% augmentation of the number of
cells between the coarsest (refinement level 1, mesh 2m)
and the thinnest configurations (refinement level 2, mesh
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not as good as at 0° and 22.5°, but its main shape matched
well with the wind tunnel one, with only a few points
under-predicted in the Corner Effect and Downstream Flow
areas.

accuracy of the simulated wind speeds and their correlation
with the AIJ measurements. Indeed, since for all directions
some points are over-predicted wile some others are underpredicted compared to the wind tunnel measurements, the
positive effect of changing the roughness length for the first
ones is also negative for the other ones. It must be noted
here that the z0=0.043 roughness length was not proposed
by the UrbaWind user interface and so was used by
modifying one of the internal parameter files of the
software.

UrbaWind: At 0°, the acceleration due to the Downdraught
and Channel effects appears over-predicted by the
simulation in comparison to the AIJ measurements. This
over-prediction can also be found at 22° and 45°. On the
contrary, the speed simulated at the points located in the
center of the Downstream Flow is almost constantly underpredicted. Overall, the wind speed trendlines for the points
around the central building show several inconsistent
variations between the two datasets.
5

The largest weakness of UrbaWind was the impossibility of
setting-up the inlet wind speed and turbulence profiles
which is crucial in the case of calibration against
experimental wind tunnel data. Wind speeds provided by
UrbaWind are normalized by a reference wind speed of
10m/s, scalar velocities were therefore recalculated and
divided by the 6.65m/s AIJ reference wind speed.

ANALYSIS

5.1 Autodesk CFD

The largest weakness of Autodesk CFD was the placement
of the measurement points. In the program, the only method
of exporting the wind speed results was via a uniform grid
across the entire domain. The modeler cannot
independently control the location of the grid, but can
control its resolution. This means that the alignment of the
grid with the wind tunnel measurements was controlled by
re-locating the geometry until the grid points location lined
up closely with the measurements. Not being able to resize
the grid also meant that data was exported for the entire
domain, rather than only for the area of interest. This made
post-processing of the data into a laborious task. While
simulation CFD has been validated for a range of
applications, there is no evidence of its validation for
external flows [4].

5.4 Comparison

At 0°, compared with the wind tunnel results, Autodesk and
OpenFOAM under-predicted the wind speed, especially in
the Upstream Flow area and the in wake areas
(Downstream Flow, Shelter Effect and Channel Down
area). Overall, OpenFOAM under-predicted less and its line
graph matched the shape of wind tunnel graph quite well
compared to the other two programs. Urbawind overpredicted in the Downdraught Effect and Channel areas,
and under-predicted in the Downstream Flow and Shelter
Effect areas (cf. Figure 4a). At 22.5°, only OpenFOAM and
Urbawind results were compared with the wind tunnel data
(cf. Figure 5b and 5c). Figure 5a shows that the
OpenFOAM results are less dispersed than the UrbaWind
ones. Both simulated wind speed trendlines matched quite
well the wind tunnel profile. However, UrbaWind seemed
to over-predict a little in peak area and under-predicted
slightly in bottom area. At 45°, from the scatter graph of
Figure 6b, Autodesk CFD under-predicted the wind speed
compared with wind tunnel. OpenFOAM under-predicted
the wind speed in major areas as well, except in the
Downdraught Effect area in which it over-predicted the
wind speed. UrbaWind over-predicted the wind speed in
major areas and under-predicted it in the wake areas. From
the scatter graph, it is more dispersed than the other two.

5.2 OpenFOAM

The agreement between the graph of roughness 0.03 and the
graph of roughness 0.25 is quite good since they are almost
the same. Therefore, the roughness length seems to have a
very limited effect on the prediction of wind speeds.
Similarly, the difference in the results between the kEpsilon turbulence and RNG k-Epsilon turbulence models
is marginal.
5.3 UrbaWind

The increase and decrease of roughness from 0.043 to,
respectively 0.25 and 0.03 had a little impact on the overall

(a)
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(b)
(c)
(d)
Figure 4. 0° Wind Tunnel, Autodesk CFD, OpenFOAM and UrbaWind results comparison.

(a)

(b)
(c)
Figure 5. 22.5° Wind Tunnel, OpenFOAM and UrbaWind results comparison.

268

(a)

(b)
(c)
(d)
Figure 6. 45° Wind Tunnel, Autodesk CFD, OpenFOAM and UrbaWind results comparison.
6

CONCLUSIONS

should be tested from the predicted CFD effects on
buildings performance.

The purpose of this paper was to identify and test the
accuracy and reliability of the 3 programs’ results compared
with the AIJ wind tunnel data.

REFERENCES

1. Akashi, M. 2016. “AIJ Guideline for Practical
Applications of CFD to Pedestrian Wind Environment
around Buildings.”.
http://www.aij.or.jp/jpn/publish/cfdguide/index_e.htm.
2. Braun, Alexandre Luis, and Armando Miguel Awruch.
2009. “Aerodynamic and Aeroelastic Analyses on the
CAARC Standard Tall Building Model Using
Numerical Simulation.” Computers & Structures 87 (9):
564–81. doi:10.1016/j.compstruc.2009.02.002.

1. OpenFOAM can regulate meshing density which makes
the calculation more efficient.
2. At 0° and 22.5° the prediction of the CFD programs
matched better than at 45°.
3. The simulation results of Autodesk CFD and
OpenFOAM of measurement points around central building
are consistent with the AIJ dataset.

3. Hammond, D. S., L. Chapman, and J. E. Thornes. 2012.
“Roughness Length Estimation along Road Transects
Using Airborne LIDAR Data.” Meteorological
Applications 19 (4): 420–26. doi:10.1002/met.273.

4. The predictions of the wake area of the flow did not
match well with the AIJ data set. At 0° OpenFOAM
predicted better, and at 45° UrbaWind better.
The agreement of the 3 programs’ results with the AIJ
dataset is not good enough especially for the simulation of
the wake area of the flow. Compared with Autodesk CFD
and UrbaWind, OpenFOAM can define the meshing
methodology and turbulence model which is recommended.
But whether the results of OpenFOAM is accurate enough

4. Willis, Riley. 2017. “Validation of CFD Predictions of
Urban Wind.”
5. Caniot, G., Li, W. & Dupont, G., 2011. Validations and
applications of a CFD tool dedicated to wind assessment
in urban areas. 13th International Conference on Wind
Engineering.

269

270

SYMPOSIUM ON SIMULATION //
FOR ARCHITECTURE + URBAN DESIGN

SimAUD2018

Urban Models
Urbano: A New Tool to Promote Mobility-Aware Urban Design, Active Transportation
Modeling and Access Analysis for Amenities and Public Transport  .  .  .  .  .  .  .  .  .  .  .  . 273
Timur Dogan, Samitha Samaranayake, Nikhil Saraf

Data-driven State Space Reconstruction of Mobility on Demand Systems for
Sizing-Rebalancing Analysis   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 281
Dimitris Papanikolaou

Modelling Approach for Building Cluster Scale  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 289
Ilaria Vigna, Marco Lovati and Roberta Pernetti

System Dynamics for Modeling Metabolism Mechanisms for Urban Planning  .  .  .  .  .  .  . 293
Reinhard Koenig, Martin Bielik and Sven Schneider

Quantifying the Urban Experience: Establishing Criteria for Performance Based Zoning  .  . 301
Luc Wilson, Jason Danforth, Dennis Harvey, and Nicholas LiCalzi

Auto-Calibrated Urban Building Energy Models as Continuous Planning Tools  .  .  .  .  .  .  . 309
Shreshth Nagpal, Jared Hanson and Christoph Reinhart

CONFERENCE PROCEEDINGS
271

272

Urbano: A New Tool to Promote Mobility-Aware Urban
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Rapid urbanization, with new global construction estimated
to be 250 times the floor area of NYC by 2050, is increasing
traffic congestion, pollution and related health threats. This
is a worrisome development but also a unique opportunity to
improve urban mobility and quality of life. Understanding
consequences of urban design choices on mobility,
sustainability, and health is a necessity and requires
development of a framework that enables such co-design
processes. Existing transportation modelling tools are
detached from the design process as they require technical
expertise in traffic modelling, extensive preprocessing steps
and heavy computational power, all of which make it
difficult to be accessed by urban planners and designers. We
propose a new, easy to use, CAD integrated, design-toolkit,
called “Urbano”, to model active transportation and to
evaluate access to amenities and public transport. Urbano
introduces a fully automated workflow to load in contextual
GIS, OpenStreetMap and Google Places data to set up an
urban mobility model. Kicking off by computing validated
walkability metrics like a more flexible and modifiable
version of the Walkscore, the tool will include other urban
scale mobility metrics to aid the urban design process.
Author Keywords

Urban Design; Mobility; Big Data; Network Analysis;
Walkability; Access; Walkshed; Amenities
ACM Classification Keywords

I.6.5 [Simulation and Modeling]: Simulation Tools; I.6.8
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INTRODUCTION

Traffic congestion in road networks is a major problem in
cities worldwide, with a corresponding economic cost of
roughly $121 billion per year or one percent of GDP in the
United States [1]. This includes 5.5 billion hours lost due to
sitting in traffic and the additional consumption of 2.9 billion
gallons of fuel responsible for 56 billion pounds of carbon
dioxide and other greenhouse gases that released into the
atmosphere. Further, studies attribute 3.3 million and rising
premature deaths globally to traffic-related pollution [2].
SimAUD 2018 June 05-07 Delft, the Netherlands
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This is a worrisome circumstance, especially in the context
of rapid population growth and urbanization that require us
to densify existing cities and to build new urban habitats
equivalent to 250 times the floor area of New York City in
the next thirty years [3]. This massive construction volume,
however, can also be seen as a unique opportunity to improve
our built environment, urban mobility and quality of life
through integrated and well informed urban design
processes. In particular, with the continuing migration of
people towards cities, there are huge public health,
economic, environmental and societal gains that can be
attained by the co-design of the urban built environment and
active transportation infrastructure. Current planning
paradigms promote high density, walkable neighborhoods to
improve public health, economy, environment, urban social
life. Studies have shown that the risk for chronic diseases
may be reduced significantly if the neighborhoods are
walkable and the urban environment promotes physical
activity [4],[5]. Further, economic growth and prosperity
have been linked to the walkability. Walkable neighborhoods
support local business, promoting tourism, and encouraging
inward investment. The attracted investors, in turn, ensure
higher employment and property values. In sum, this leads to
a competitive return of investment of up to $12 for every
dollar spent [6]. Finally, it has been shown that walkable
cities foster an increase in social capital and political
participation due to more time spent in public areas leading
to higher engagement, likelihood of knowing their
neighbors, political participation and trust in their
community [7]. In addition, travel mode choices also affect
the environment in terms of carbon and other greenhouse gas
(GHG) emissions. In the United States, 27% of GHG
emissions are credited to transportation-based sources, of
which 60% are light-duty passenger vehicles. The portion of
GHG emissions caused by the transportation sector has
increased since 1990, more than any other sector. Promoting
walking and biking instead is widely recognized as strategy
to mitigate traffic related emissions.

ABSTRACT
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Hence, understanding the implications of urban design
choices on the mobility of cities while incorporating this
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understanding into very early stages of an urban design
process, provides a unique opportunity to address mobility,
sustainability, and health-related issues. This is particularly
important because street grids hardly ever change once the
urban design is set. One of the major hindering factors in this
process is the lack of tools for designers that can quantify
these trade-offs and assist with the design process [8].

groups and it’s important to be able to measure demographic
specific metrics. Also, while adding a large number of
services and amenities might improve a metric such as the
Walkscore, having a large number of businesses that provide
a certain service or amenity may not financially viable
without adequate demand. Thus, the design process requires
striking a balance between the availability of services and the
demand to sustain these services.

While many urban mobility simulators and urban design
tools exist, mobility aware urban design remains
challenging. State-of-the-art travel demand modeling
software like TransCAD [9] have detailed and sophisticated
travel demand models, and focus on the precision of
transportation modelling and forecasting processes. These
tools are intended to be used by transportation professionals
and traffic engineers and thus can be challenging to use for
non-specialized urban designers and planners. Large-scale
urban modelling tools are also computationally costly, and
sometimes require dedicated hardware to run. This makes it
difficult to employ these methodologies in design processes.
Further, their standalone character tends to separate the
design and simulation-based analysis processes. This lack of
interactivity between the two processes is not feasible for a
co-design process where immediate feedback on the effects
of their design choices is critical.

To facilitate the design of walkable and sustainable
neighborhoods through mobility-aware urban design, this
paper introduces a new modeling framework for Rhino3d
and Grasshopper that overcomes several of the previously
mentioned shortcomings. The tool is targeted towards urban
designers and planners working in early design stages and
aims to support design decision making that involves street
layout and program and density allocation. The provided
simulation feedback may then be used to make designs more
conducive to walking and improve other mobility areas. This
tool aims to bridge the gap between the design and
simulation process by creating an integrated fast-paced
design process that has an active feedback system for various
travel-related metrics. More specifically, the following
contributions are made: (1) Automated model setup from
GIS data sources such as NYC Open Data [15], Open Street
Maps [16] and Google Places API [17], (2) The ability to
create detailed models of the population via personas that
describe the needs and preferences of different demographic
groups, (3) Introducing an Amenityscore that describes the
demand for services at a particular amenity based on the
persona distribution, (4) A fully customizable mobility
toolkit that includes the ability to define customized
performance metrics.

Other tools are integrated in computer aided design (CAD)
software and compute simplified urban mobility metrics that
are more suitable in urban design. The Urban Network
Analysis (UNA) toolbox [10] for ArcGIS [11] and
Rhinoceros [12], allows designers to analyze urban street
networks using Geographic Information Systems (GIS) data.
However, UNA only computes spatial metrics like network
centrality measures (reach, closeness, straightness). While,
the above metrics are fast to compute and rely only on widely
available street network data, they do not incorporate key
urban design parameters such as program allocation,
amenities and attractions as well as the population density
distribution in the model.

2

METHODOLOGY

The Urbano tool allows designers to effortlessly build a
mobility model and run network analysis and transportation
simulations on the popular Rhinoceros3D [18] CAD
platform. The tool runs as a plugin to Rhino’s visual scripting
platform, Grasshopper [19] and a screen-shot of the toolkit
interface is shown in Figure 1

In order to identify walkable cities, efforts have been made
to rank them based on a shortest-distance analysis between
different points of interest. These walkability ratings,
commonly referred to as Walkscore [13], are computed on a
scale of 1-100 and include factors such as accessibility to
services and amenities like grocery stores, doctors, parks,
schools, hospitals, and public transportation. The Rhino3d
plugin Urban Modelling Interface [14] can compute the
Walkscore metric. The main challenge with this tool is to
provide the required inputs such as street networks, buildings
and the locations of amenities. While this data is readily
available online for most cities, the absence of a workflow to
easily gather and utilize the data in one place is one of the
major bottlenecks urban modelers currently face.

Figure 1 Urbano Grasshopper plugin toolbox

Setup

Design

Model

Figure 2 Urbano workflow

Furthermore, a simple metric like the Walkscore does not
provide adequate information to help improve the design
process. For example, the services and amenities that are
important to have walking access to, differ by demographic
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2.1 Tool Description

network initialization can become time-consuming with
larger study areas, the tool caches this information in the
Rhino file by baking all geometric objects with their meta
data. This workflow makes the setup persistent and allows
for both geometric adjustments and metadata edits in the
typical Rhino fashion.

The toolkit follows a four-step workflow that promotes
smooth transitions between the modeling steps (Figure 2.)
The model is initialized during the setup step by
downloading the necessary meta data files (e.g. roadnetwork from Open Street Maps) and executing some
preprocessing functions to read and process this data. This
step requires processing some large data sets and therefore
can be time consuming, but only needs to be done once per
network. Once a contextual model is initialized, in the next
three steps the designer can interactively change the design
and contextual model. After each modification, the tool can
automatically build the network analysis model and run
necessary simulations. These three steps have been
optimized for responsiveness to allow designers to iteratively
modify the model to improve the relevant metrics. An
overview of all elements that participate in an Urbano
simulation are given in Figure 3.

2.3 Design

The baked geometry in Rhino is the designer’s canvas to
seamlessly start modifying, adding to and deleting from. As
the buildings and streets are represented as curves with user
data, the design process is simply to edit the geometry. The
workflow here is the usual curve-editing workflow. The
toolkit further allows the designer to edit the embedded
metadata from within Rhino, thus establishing an
undisrupted design workflow.
2.4 Modeling

The modeling step builds the mobility system (a travel
model), from the given geometry and meta data. This step, is
responsible for a multitude of tasks.

2.2 Setup

The setup step includes establishing the built environment,
the existing condition of the study area. The two fundamental
requirements to build a travel model, are the street network
and building outlines with meta data. Urbano can import this
data from existing data sources such as shapefiles from
municipal GIS data [15] and OpenStreetMap (OSM) [16].
Both data sources usually have the minimum required
information to build the required geometry. The model setup
is made seamless by automating the process of network
initialization by parsing and processing the OSM files and
shapefiles. Additionally, the tool provides the functionality
to easily extract location information using the Google
Places API [17]. This allows modelers to build an up-to-date
contextual model including the different places or amenities
that can be found inside the study area’s buildings. The
metadata provided by Google, such as popularity ratings or
opening hours can be used to filter or influence the
simulations in the following steps. This allows users to run
simulations on an activity-based travel models without
having to manually add the most recent amenities data to
buildings.

The street network is processed to check for intersections in
streets and splitting the street curves into segments to
account for these intersections. A topological graph is built
using streets segments as edges and the intersections (and
endpoints) as vertices. This graph is later used for pathfinding. The street network is always in sync with the
underlying graph. As part of this processing, a shortest
distance path matrix is computed for all the vertices of the
graph using Dijkstra’s algorithm [20], which speeds up the
path-finding process during simulations.
The buildings are also processed to find the connection to the
closest street, which is the physical link between the
buildings and the street network. This computation for
connections avoids the problem of having the designer
ensure that every building has a connection to a street,
reducing logistical workload.
An elementary population synthesis step also takes place
where the size of the population in each building is
determined using common assumptions based on people per
unit floor area in residential and commercial buildings. As
the characteristics of the population are key to running
simulations in an activity-based travel model, these details

Once the input data is loaded, the tool runs several routines
to clean up the data and geometry to initialize the network
analysis model. Since, both input data gathering, and

Figure 3. Data that is used to build an Urbano model
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are intentionally not embedded within the buildings. This
gives the designer freedom to modify the characteristics of
the population during the simulation process and run
simulations for different types of populations. The tool also
provides the ability to define subgroups of people within the
population with different characteristics, which we call
personas. The modeling step is made as interactive as
possible to smoothen the iterative process between designing
and modeling, but speed depends heavily on the size of the
study area.

(2) The Walkscore was developed to evaluate the walkability
of neighborhoods in the context of static preexisting
networks, and its application in a design process requires
some thought. It is easy to increase the Walkscore arbitrarily
by adding more amenities to the neighborhood, but there is
both a cost of adding these amenities and the question of
whether there is enough user demand to sustain these
amenities. The more amenities the designer adds of a certain
type, the lower the demand will be for each of them and leads
to the question of economic viability as the customer base
thins out. To measure such effects, we introduce an
Amenityscore for each amenity that computes the overall
demand it should expect given the personas in the
population. During the Walkscore simulations, each trip that
is made from a building to an amenity carries with it a
specific population, which is determined by the population
size in the building as well as the distribution of personas.
These trips are used to determine how many people visit an
amenity during the simulation process. A way to interpret
these counts is to weigh them against a target value of a
desired occupancy. Default people densities can be derived
for each building and amenity type by using architectural
standards [22] [23] as well as architectural handbooks [24]
or building /fire codes. These density values are then used to
calculate maximum or desired occupancy for different
amenity types based on floor area which could further be
used to determine how much the demand for the amenity
differs from the baseline numbers computed from the
standards. This could indicate either excess demand or
supply of the amenity type. This counter-balancing metric
deters the designer from adding too many amenities to the
design to drive up the Walkscore.

2.5 Simulation

Once the model has been built, the designer can now run
simulations as required and visualize the results within the
Rhino/Grasshopper framework. The tool is designed
specifically to allow maximum extensibility in terms of the
different kinds of simulations that the user can run and the
metrics that can be computed. The model has functionality
to find the shortest path trip between two buildings or find a
trip to the nearest amenity for a specific activity from an
origin building. The tool also allows simulations to be run
based on the characteristics of the people (personas) inside
these buildings, like the list of activities that they want to do
during a day. This can be expressed using a population
model, which has a distribution of various personas. Using
the above functionality, the tool provides some simulation
components, but the authors recognize the need and room for
more work and extensions in this section of the workflow.
2.6 Metrics

The initial release of Urbano ships with three basic mobility
metrics: (1) It computes a building-specific modified version
of the Walkscore[13], a popular walkability metric that gives
a point score in the range of 0 to 100 based on the proximity
to amenities such as grocery stores, restaurants, shops, banks,
coffee shops, etc., and rewards higher street intersections and
lower average block length. A decay function (Equation 1) is
used to grade trips based on distance, with the score going
down to 0 with increasing trip length. While this metric is
initialized to consider a generic persona that has a certain set
of amenity preferences and corresponding levels of
importance, the tool allows the user to define persona
specific sets of activities that one wants to compute the
Walkscore for. Additionally, the tool allows the user to
specify a distribution of different personas, and the final
score is a weighted average of the scores for the different
personas, based on the distribution. This allows a large
amount of flexibility for the users as they can customize the
score to the target market that they are working on. At the
neighborhood-scale, a cumulative Walkscore for each
building as well as a neighborhood average can be calculated
to represent the overall condition of the design.

(3) The third metric is a measure of how many people use
each street, which is also computed during the same
simulations. This allows the designer to measure the
pedestrian utilization of each street, which is important to
know when deciding on things like sidewalk width, where to
put pedestrian crosswalks and even consider pedestrian only
streets. The computation time needed to perform these
simulations depends heavily on number of buildings,
personas and amenities.
2.7 Case Study Description

We show four case studies to demonstrate the workflow and
effectiveness of the tool that we have developed. The first
case study conducts a high-level comparison of two
neighborhoods in New York City to establish a benchmark
for the Walkscore metric: The study areas (1) Manhattan
Columbus Circle and (2) an outtake of Queens is shown in
Figure 4. The two neighborhoods differ in density, block size
and distribution of amenities. Data from NYC Open Data
GIS database as well as Google Places API was imported to
produce the models. In both cases the persona is querying
amenities of the following type:

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑥𝑥𝑥𝑥) = −17.15𝑥𝑥𝑥𝑥 5 + 89.45𝑥𝑥𝑥𝑥 4 − 126.37𝑥𝑥𝑥𝑥 3
+ 4.639𝑥𝑥𝑥𝑥2 + 7.58𝑥𝑥𝑥𝑥 + 99.5

Equation 1. Decay function for the Walkscore implementation

𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑥𝑥𝑥𝑥2), 𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑃𝑃𝑃𝑃, 𝑆𝑆𝑆𝑆ℎ𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜,
𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷, 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜, 𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, 𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷, 𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷.
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Table 1 provides an overview of all elements in the model
and the resulting neighborhood scores.

Figure 4. Neighborhoods for case study. a) Manhattan b) Queens
Table 1. Summary of the neighborhood model components
Objects in Model

Manhattan:

Queens:

Buildings

679

608

Streets

156

83

Amenities

987

55

Neighborhood Walkscore

95.7%

41.8%

Figure 5. Paris case showing distribution of amenities

In the second case study we analyze a region around the
Eiffel Tower in Paris that consists of 4,170 buildings and 815
streets (Figure 5). We query the model with two different
personas to showcase a potential use case of the personalized
Walkscore. Persona A travels to {school, library, café (x2),
fast-food (x3)} amenities while B looks for {restaurant (x2),
bar (x2), bank, cinema} amenities. In addition, the persona’s
street utilization is calculated using the above mentioned
Streetscore.
The third study presents an urban design use case that
investigates the impact of a mixed used development in an
area where amenities are scarce. The site model contains
34,556 buildings and a street network of around 3,070
segments. The as is condition is shown in Figure 6. The new
development is given in Figure 7. The site is located near a
highway that limits accessibility across it. Further, a
footbridge is inserted to improve site accessibility. Both
building level Walkscore and Streetscore are computed to
show the effects of these changes.

Figure 6. Urban design case showing distribution of amenities

In the fourth study we demonstrate how the Amenityscore
can be used to find a promising location for a new cafe within
the model of the urban design use case shown in Figure 6.
Four locations are compared and are labeled A, B, C, D.

Figure 7. New mixed-use development and its amenities
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Figure 8. Personalized Walkscore and resulting street utilization
3

RESULTS

Table 2 shows the number of hits received by a newly
inserted café at the four different locations labeled A, B, C
and D in Figure 6. Location B receives the most hits out of
the four locations. While there are no other cafes around
Location A, it is placed in a corner of the study area and isn't
accessible from the region on the left of the highway. Thus,
it receives hits only from the small region around it bounded
by the motorways, and some customers from the extended
region below the motorway. Location D has similar issues in
terms of extended accessibility to regions beyond the island
it is on. Location C is an area where there are already existing
cafes which causes the hits to get distributed amongst the
various cafes. Location B is positioned so that there are no
other cafes around to take away hits. Further, it is centrally
located to allow maximum accessibility in all directions.

Table 1 summarizes the high-level comparison between the
Manhattan and Queens based neighborhoods. The
Manhattan neighborhood is dense and has a good distribution
and quantity of amenities resulting in an average Walkscore
of 95.7. The Queens neighborhood has a lower density and
has a limited number of amenities yielding a lower average
score of 41.8.
Results of the personalized persona study are shown in
Figure 8. While both analyses were run on the same model
the results differ given the different interest in amenities
described in a persona. Persona A would ideally be at home
in the mid-eastern region of the map. Persona B would most
efficiently reach the desired amenities in the north-western
corner of the map. The Streetscore results are shown on the
right-hand side of the figure. Utilization rates for the streets
would also be different for each persona. However, overlaps
exist in arteries and important nodes.

Table 2. Amenity analysis. Hits per analysis for a café that is
placed in different locations in Figure 6

The urban design use case is shown in Figure 9. The upper
part shows the current condition of the neighborhood with a
north-western region that is underserved with amenities and
encircled by a motorway and water. Three overpasses exist
in the model and the two southern ones are utilized more
frequently as they connect to an area with a cluster of
amenities in the south. Along the motorway a hypothetical
mixed-use development is inserted. The mixed-use infill
significantly boosts the Walkscore in the north-western and
southern region, however, has no effect on the area across
the motorway. The addition of an additional overpass
significantly extends the catchment area of the newly
introduced amenities.

4

A

B

C

D

102161

157628

90605

88776

DISCUSSION AND CONCLUSION

The immediate value of the Urbano toolbox is that it provides
architects, planners, geographers and other scholars of the
built environment an opportunity to measure active
transportation indicators such as Walkscore and access
analysis for amenities and public transport such as the
proposed Amenityscore on spatial networks which currently
is prohibitively labor intensive without computers and
accessible software. The presented tool operates in the
widely popular CAD environment Rhino3d, that the targeted
user group is already familiar with. This facilitates tool
adoption and significantly lowers barriers of entry for non-
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specialized urban designers and planners. Applications for
network analysis measures and mobility aware urban design
tools offered in the toolbox are rapidly growing with the
increasing availability of geospatial data and improvements
in computational power. Such measures allow one to
investigate how urban form, program and people allocation
as well as activity patterns are interrelated and in
combination can become a significant part of urban life.

where an abundance of amenities leads to high Walkscore
are hardly a surprise for an experienced urban designer, the
other cases demonstrate the need for a tool that allows
designers to explore the more complex interrelationships
between urban network, availability and location of
destinations/amenities as well as user preference that may
differ substantially by demographic group. The ability to
quantify these qualitative differences between preferences,
neighborhoods or different design variations is of inherent
value and enables one to make a more informed decision.

The results computed by the Walkscore, Amenityscore and
Streetscore are intuitive and easy to understand since they are
in direct relationship with the density and distribution of
amenities as well as the connectivity within the network.
While the neighborhood scale results presented in Table 1,

A critical reader might object and say that such “simple”
metrics as they have been presented in the paper fall short in
realistically depicting urban life since they are not taking into

Figure 9: Design use case showing the impact of mixed use development on surrounding neighborhoods
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account other influential factors. Whether dwellers will
choose to walk within a neighborhood is not only dependent
on the distance to amenities but also on other factors such as
outdoor thermal comfort, exposure to pollution and safety.
Further, a pedestrian might not always walk the shortest
route but instead might select a path according to other
parameters such as shade, sun, number of other people as
well as attractiveness of amenities. While methodologies to
quantify street quality exist [21] that could potentially bias
route selection exist, further research regarding validity and
applicability needs to be undertaken for a generalized
implementation in an urban mobility tool. However, it is
important to mention that the proposed tool allows the user
to override the street length or street resistance in the network
analysis. This enables users to do custom what-if studies that
could incorporate biased route selection.

8.

9.
10.

11.
12.
13.

Hence, it is the authors’ hope that the presented tool
facilitates and promotes mobility-aware urban design to
improve urban design proposals and their inherent active
transportation potential.
5

14.
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growing sectors of urban transport (figure 1). The abundancy
of data they generate provides unprecedented opportunities
not only to improve their design but also to study human
mobility.

ABSTRACT

Computer-supported scenario analysis is a fundamental
practice in urban planning in which a decision-maker
formulates a question and a computer model simulates the
hypothetical scenario for subsequent assessment. This paper
concentrates on scenario analysis for sizing and rebalancing
tradeoffs for mobility on demand (MoD) systems.
Developing such models is challenging because trip patterns
are by definition random while rebalancing patterns require
first solving routing, a computationally intractable problem
even for medium-sized systems. Using Boston’s bike sharing
system as a case, we present a novel approach based on
reconstructing accumulation dynamics, showing that,
independently of system or trip pattern characteristics,
vehicle mass in MoD systems moves periodically between
two types of locations and accumulates between two other
types of locations. Following this, we present a method to
build data-driven system dynamics macromodels that allow
decision makers to interactively explore scenarios like: by
how much will traffic, fleet, or parking requirements change
for a marginal change in rebalancing work?

Sizing and rebalancing is the fundamental planning and
operations problem of deciding the optimal combination of
infrastructure size (number of vehicles, parking spaces, road
capacity) and rebalancing work (dispatches of empty
vehicles from full to empty locations) for serving a pattern of
trips. Increasing one, decreases the need for the other. In
transportation research, analyzing such tradeoffs requires
detailed discrete micromodels of transportation networks
that simulate accumulations of vehicles by first equilibrating
route choices [5], [6], [7], [8], [9], [10], [11], [12].
Developing such models is laborious, data intensive, and
computationally expensive, without always guaranteeing
results [13]. Estimating dispatch work depends on routing
but routing depends on assumptions about network structure
and trip demand, which, by definition, are random and
unknown. This makes micromodeling approaches
speculative. Another approach, from data science, is to
analyze and cluster data and subsequently fit a model, using
techniques such as data mining, machine learning, signal
processing, or network analysis [14], [15], [16], [17], [18],
[19], [20], [21]. Despite their usefulness in discovering data
patterns, these techniques work as black boxes without
explaining why data have been clustered one way or another
[22]. As such, they cannot substitute valid theoretical models
[23]. Unfortunately, there are no simple modeling methods
to understand sizing-rebalancing tradeoffs in MoD systems.

Author Keywords

Mobility on demand; Sizing and rebalancing; Data-driven;
System dynamics; Stock-flow models; State space
reconstruction; Trip pattern; Data Visualization; Time
series; Scenario analysis; Numerical integration.
ACM Classification Keywords

Model development and analysis; Modeling methodologies;
Systems theory; Interactive simulation; Visual analytics;
Dynamic analysis; Transportation; Decision analysis.
1

We present a novel approach to analyze sizing-rebalancing
tradeoffs by modeling MoD systems macroscopically, as
dynamic systems. Recent studies have shown that even
though individual trip patterns are random and unknown,
human mobility patterns are macroscopically consistent and
predictable,
suggesting
that
accurate
dynamic
macromodeling is possible [24], [25], [26], [27], [28], [29],
[30], [31], [32]. From a dynamics perspective, trip paths are
unimportant. If two trips between a pair of locations have the
same duration, their effect on accumulations at locations is
the same even if their paths are different. Likewise, exact

INTRODUCTION

Widely perceived as emerging modes of sustainable
transport [1], mobility on demand (MoD) systems utilize
shared vehicles, parking spaces, and advanced information
technology, allowing citizens to move from point to point on
demand while cities to reclaim back urban land [2]. With an
industry nearly doubling biannually, global fleets accounting
104K (2014) and 14M (2017) cars [3] and bikes [4]
respectively, and pilot autonomous vehicles already cruising
in streets of cities, MoD systems are one of the most rapidly
SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)
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topological relationships are irrelevant. Two locations may
have similar dynamics even if they are remote to each other.
What matters instead is where and when departures
(outflows) and arrivals (inflows) occur and, consequently,
which locations, at what rate, and to what extent, fill with or
empty from vehicles. These fluctuations determine minimum
sizing and rebalancing requirements.

build, simulate, and visualize interactive models directly in a
web browser. While there are several commercially available
SD solvers, we developed a custom solver for two reasons:
First, the necessary models and visualizations were either
impossible or too difficult to develop with existing software.
Second, we wanted to utilize web browsers as powerful and
broadly available engines to simulate and visualize data. The
code is still in development phase and therefore not publicly
available. However, in a future paper, our intention is to
open-source the code, allowing researchers to use it as a
flexible tool for SD modeling.

System dynamics (SD) is a physics-based macrosimulation
method to study behavior of complex systems in time, with
applications in urban studies [33], [34]. SD models lump
accumulations of materials into compartments representing
different states (called stocks), and compute accumulation
levels (called stock levels) by numerically integrating
inflows and outflows to and from each compartment over
time. By describing mathematically flow equations, SD
models can simulate interactively a variety of what-if
scenarios. Despite the potential of SD in scenario analysis,
there is no standard approach in literature on how to lump
vehicle accumulations to build sizing-rebalancing models for
MoD systems, as they lack organizational and operational
structure. A model with arbitrary compartmentalization will
simulate system behavior inaccurately. As a result, SD finds
no significant attention in the MoD research community.

2.2 Data

The study is based on two datasets that Hubway, Boston’s
bike share system, released in 2013 as part of the “Hubway
Data Visualization Challenge”. The datasets include 623,509
trips and 32,470,764 occupancy updates from 2012 in CSV
ASCII format. The study focuses on the month of June 2012
using Tuesday, 19th, as a reference day. During this month,
Hubway had 61 active stations, an average fleet of 550 bikes
in circulation, and operated two sprinter trucks. In the rest of
the paper, the terms stations and locations will be equivalent.
Each entry in the trips dataset consists of 13 attributes: “id,”
“status,”
“duration,”
“start_date,”
“start_station,”
“end_date,” “end_station,” “bike_nr,” “subscription_type,”
“zip_code,” “birth_date,” “gender.” An example is:

In this paper, working with data from Boston’s bike sharing
system, we show that vehicle mass in MoD systems moves
periodically between two types of locations, and accumulates
between two other types of locations, resulting in four
characteristic accumulation patterns. Next, we describe a
novel method to build data-driven, sizing-rebalancing SD
models, based on four compartments, that allow planners and
operators to interactively explore scenarios such as: by how
much will traffic, fleet, or parking requirements change for
a marginal change in dispatch work?

“8, Closed, 9, 2011-07-28 10:12:00-04, 23, 2011-07-28 10:12:0004, 23, B00468, Registered, 97217, 1976, Male”

Each entry in the occupancy dataset consists of 6 attributes:
“id,” “station_id,” “update,” “nbBikes,” “nbEmptyDocks,”
“capacity.” An example is:
“1, 3, 2011-08-22 16:23:33.557-05, 12, 5, 17”

The paper makes five additional contributions in the field of
urban modeling and simulation: 1) A method to reconstruct
accumulation dynamics of MoD systems by numerically
integrating trip data. 2) A method to mine dispatch flow data
by comparing trip and occupancy data. 3) A method to lump
vehicle accumulations in four compartments by comparing
incoming and outgoing trip volumes. 4) A method to visually
discover patterns in multidimensional accumulation
dynamics by reordering stacked time charts. 5) A method to
explore sizing-rebalancing scenarios by parametrically
modifying dispatch flows.

Figure 1. Typical station of a bike sharing MoD system in Boston.
Users can pick-up and-drop off from/to any location in the system.
3

The rest is organized as follows. Sections 2 and 3 describe
the tools data used in this study. Section 4 describe in detail
the methodological steps for constructing controllable state
space models from trips data. Section 5 demonstrates a
scenario analysis in Boston. Finally, section 6 discusses the
significance of the approach and the next steps of research.
2

DIURNAL CYCLES OF COMMUTING PATTERNS

Cities have diurnal cycles of spatiotemporal activities [35],
[36], [37]. During nighttime, urban population rests at
households; during daytime, employed population sojourns
at workplaces while the rest circulates throughout the city for
errands. These cyclic population movements cause flood-ebb
tidal patterns at vehicle accumulations: in the morning,
vehicles empty residential areas and fill commercial areas; in
the evening, the reverse pattern occurs (figure 2). While at
the city scale, daily population movements are balanced (if
they were not, households would change their number of
inhabitants), inside transportation systems inbound and

MATERIALS AND METHODS

2.1 System Dynamics simulation library

We developed a custom SD simulation library in JavaScript
and a data visualization toolset in D3.js that can be used to
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outbound trip volumes are often unequal, creating uneven
accumulations of vehicles. As a result, user-caused
accumulation dynamics in any MoD system take four
common patterns: valley-shaped and hill-shaped patterns,
that end the day with either a surplus, or a shortage.

event in the departures array of the origin location; add one
arrival event in the arrivals array of the destination location.
4) For each time-step, for each location in the locations array:
add the sum of all departures that occurred within the timestep in the outflows array; add the sum of all arrivals that
occurred within time-step in the inflows array. 5) End.

A visualization of occupancy data on a map over time indeed
reveals cyclic accumulation patterns but shows no trends
(figure 2). Occupancy data are combined results of user and
dispatch movements and thus do not reveal the
aforementioned four patterns. In order to reveal them, we
must reconstruct occupancies numerically from user trips.

4.3 Create dispatch inflow and outflow time series

To create dispatch inflow and outflow time series per
location, compare trip with occupancy data: 1) For each trip
in the trips array, for each accumulation change in the
occupancies array: i) If a trip departure (arrival) and a
negative (positive) accumulation change coincided, then the
change must be from users; go to next trip. ii) If a negative
(positive) accumulation change occurred without a trip
departure (arrival), then the change must be from dispatches:
add a dispatch departure (arrival) in the departures (arrivals)
array of the location; go to next trip. iii) If a trip departure
(arrival) occurred without an accumulation change, then two
opposite changes from users and dispatchers must have
happened concurrently: add a dispatch arrival (departure) in
the arrivals (departures) array of the location; go to next trip.
3) Continue steps 4-5 from 4.2.

Figure 2. Flood-ebb tidal patterns in Boston Hubway: Heat-maps
with average inventory levels at stations in morning (left) and
evening (right) for June 2012. Darker tones indicate lower levels.
4

STATE SPACE RECONSTRUCTION

A central concept in dynamic analysis and modeling is the
reconstruction of the state space of the system, which is the
collection of all the states that the system takes over a time
period [38], [39], [40]. The state of a system at each moment,
is defined by the accumulation levels of stationary and intransit vehicles. A dynamic system is defined by its inflow/
outflow time series, the difference equations (conservation
laws), and the state of the system at a reference time, known
as the initial state. Any state can be derived by the initial state
by numerical integrating inflows and outflows. A path of the
system in the state space is called a trajectory. By combining
data (uncontrollable input) with mathematical functions
(controllable input), we can build interactive data driven
dynamic models that can be used for scenario analysis. The
following eleven sections describe how to build a dynamic
model of a MoD system from trip and occupancy datasets.
Figure 3. Stock-flow diagram of a MoD system consisting of all
locations (represented by different stocks) and two stocks
representing vehicles in transit (by users and by dispatchers).

4.1 Create closed system of locations

The sum of accumulation levels in a closed system remains
constant over time. To construct a state space that conserves
mass, it is important that the number of locations and their
accumulation dynamics both derive from trip data instead of
occupancy data (otherwise the system may accidentally be
open). To create locations: 1) Create empty array for
locations. 2) For each trip in trips array, for each location in
locations array: if location is the same as origin or destination
location of trip, go to next trip; else, add origin or destination
location of trip in locations array, and go to next trip. 3) End.

The resulting system contains the set S of ! locations
(where ! is the size of S). Each location "# contains 4 timeseries with $ data points each (where $ is number of timesteps within timeline T): user outflows %# , user inflows &# ,
dispatch outflows %# , and dispatch inflows &# :
! = "( , "* , … , " , ∶ "# =

4.2 Create user inflow and outflow time series

To create user inflow and outflow time series per location: 1)
Divide timeline into timesteps. 2) For each location in the
locations array, create four empty arrays: departures,
arrivals, outflows, and inflows. 3) For each trip in trips array,
get origin and destination locations of trip; add one departure

%. = /( , /* , … / 0
&. = 1( , 1* , … 1 0

%. = /( , /* , … / 0

&. = 1( , 1* , … 1 0

4.4 Compute user accumulation dynamics at locations

The user accumulation level 2# of location "# , at time-step j,
is computed by adding and subtracting inflows and outflows
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Figure 4. State space reconstruction: Left: User inflow (top) and outflow (bottom) rates of Hubway locations on June 19, 2012 (10-minute
intervals, ordered by ID). Middle: User accumulation levels. Right: Stacked accumulation levels: most activity occurs between 6am-11pm

locations, in trucks, and in transit, and remains constant over
time. The graph in figure 5 shows all stocks stacked one over
the other. The grey color indicates the stock in transit. The
graph shows clearly that most of activity in the system occurs
between 6am and 11pm.

from 3 = 1 to 3 = 5, where 2# is the initial level (3 = 0):
2# (5) = 2# +

<

=>(

/# 3 − 1# 3

Likewise, the corrected accumulation level 2# of location "#
at time-step j is:
2# (5) = 2# +

<

=>(

4.7 Set initial values of accumulation levels

Initial values for accumulation levels may be obtained from
any known state of the system with backward numerical
integration. If no such state is known, then the minimum
initial level 2# of any location "# , is the opposite of the
minimum value 2#?@A that 2# had over timeline T:

/# 3 − 1# 3 + /# 3 − 1# 3

4.5 Compute accumulation dynamics of stocks in transit

The stock of vehicles in transit (stock-in-transit) contains
bikes in use by users. Since the system is closed, inflows to
stock-in-transit equal outflows from locations, and outflows
from stock-in-transit equal inflows to locations. In the model
diagram in figure 3, stock-in-transit’s compartment connects
to each location’s compartment through the departure and
arrival flow rates (pipelines). The level of stock-in-transit 2 0
at time-step j, is computed by adding and subtracting user
outflows and inflows from 3 = 1 to 3 = 5 for each of the !
locations, where 2 0 is the initial level:
2 0 (5) = 2 0 +

,

<

#>( =>(

2# = −2#?@A

2#?@A = B.C
=∈0

=

F>(

/# E − 1# E

The minimum parking capacity G# of location "# is the range
(max-min) of its accumulation level values over timeline:
G# = 2#?HI − 2#?@A

2#?HI = max
=∈0

4.8 Classify accumulation patterns

=

F>(

/# E − 1# E

To classify accumulation patterns over time, we define
occupancy as a metric. Occupancy (or average rent) is the
average amount of vehicle hours or parking hours required
to serve a pattern of incoming and outgoing trips. If 10
vehicles depart from a location and arrive after 8 hours, the
location will require 80 vehicle-hours of vehicle rent. If the
10 vehicles arrive and then depart after 8 hours, the location
will require 80 parking hours of land rent to accommodate
the temporary absence of vehicles. The occupancy M# of
location "# is the absolute value of the sum of the
accumulation levels that "# had in each time-step t in T:

1# 3 − /# 3

Figure 5. Top: user pickup and drop-off rates; bottom: stock in
transit. 10-minute intervals, June 19, 2012.
4.6 Stack time charts of accumulation patterns

The total stock of the system is the sum of the stock in
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M# =

0

=

=>( F>(

/# E − 1# E

To classify locations: 1) Order locations based on R in
ascending order; get first location with positive R following
a location with negative R; classify all previous locations as
residential; classify all following locations as commercial. 2)
For each set: order locations based on R T in ascending order;
get first location with positive RT following a location with
negative RT ; classify all previous locations as deficit
(negative trends); classify all following locations as surplus
(positive trends). 3) End.

Occupancy can be described as a function of the mean times
of arrivals $N@ and departures $O@ and the incoming PN@ and
outgoing PO@ trip volumes:

M . = $ %. ∗ P %. − $ &. ∗ P &.

The mean times for arrivals and departures per location are:
$N@ =

=∈0 /#

3 ∗3
=∈0 /# 3

$O@ =

RT . = PN@ − PO@

R . = $N@ − $O@

=∈0 1#

3 ∗3
=∈0 1# 3

The incoming and outgoing trip volumes per location are:
PN@ =

=∈0

/# 3

PO@ =

=∈0

1# 3

Figure 7. Classification of Hubway’s stations into residential
(yellow), commercial (blue), surplus (light), and shortage (dark)
areas in a map.

Thus, there are two ways to compare locations: by their daily
incoming and outgoing trip volumes, or by their mean
departure and arrival times. We define as residential (R),
locations in which the mean departure time is before the
mean arrival time (yellow color in figures). We define as
commercial (C), locations in which the mean departure time
is after the mean arrival time (blue color in figures). The two
terms are conventional and do not necessarily describe the
actual land uses at locations but rather indicate activities that
may dominate in their service areas. We define as surplus
(S), locations in which daily arrivals are more than daily
departures (light tone in figures), and as shortage or deficit
(D), locations in which daily departures are more than daily
arrivals (dark tone in figures). The two categorizations result
in four types of accumulation patterns: residential-surplus
(RS), residential-deficit (RD), commercial-surplus (CS), and
commercial-deficit (CD) (figure 6).

4.10 Add dispatch flows and reconstruct state space

To reconstruct the state space of the system with rebalancing,
we add dispatch inflows and outflows and recompute
accumulation levels. Stock-in-trucks contains bikes carried
by dispatchers (figure 8). In the model diagram in figure 3,
the stock-in-trucks compartment connects to each location’s
compartment through the truck departures and truck arrivals
flow rates (pipelines). The level of stock-in-trucks 2U at
time-step j, is computed by adding and subtracting dispatch
outflows and dispatch inflows from 3 = 1 to 3 = 5 for each
of the ! locations where 2U is the initial level:
2U (5) = 2U +

,

<

#>( =>(

1# 3 − /# 3

Figure 8. Top: dispatch pickup and drop-off rates; bottom: stock
in trucks. 10-minute intervals, June 19, 2012

Figure 9 shows the reorganized state space with and without
rebalancing. Each location corresponds to a compartment.
4.11 The reduced stock-flow model

The lumped stock-flow model in figure 10 represents a
generic MoD system and consists of six interconnected
compartments. At any moment, the bike stock of a MoD
system exists in any of three states: in locations, in transit,
and in trucks (stock in warehouse and stock in trucks are
assumed the same). Stock in locations is divided into stock
in residential (R) and stock in commercial (C) areas,
represented by the two boxes with dashed outline. Each of
the residential and commercial stocks is further subdivided
into surplus (S) and shortage –or deficit– (D). Each of these
four compartments (RS, RD, CS, CD) interconnects with the
two compartments that contain bikes in transit, by users and

Figure 6. Classification of accumulation (top), outflow (middle),
and inflow (bottom) time series patterns. In residential locations
(yellow) most departures occur before most arrivals. In surplus
locations, locations daily arrivals are more than daily departures.
4.9 Reorganize stacked time charts of accumulations

To classify locations in four types, define two comparator
functions: R compares locations based on differences of
arrival and departure mean times; R′ compares locations
based on differences of incoming and outgoing trip volumes:
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Figure 9. Reordered state space of Hubway’s accumulation dynamics on June 19 2012. Left: minimum bikes excluding rebalancing;
Middle: minimum bikes including rebalancing. Right: actual bikes including rebalancing. Yellow: residential patterns. Blue: commercial
patterns. Light tone: Surplus trends. Dark tone: Shortage trends. Dark grey: stock in transit. Black: stock in trucks.

the question: by how much will traffic, fleet or parking
requirements change for a marginal change in dispatch
work? To address this question, we define parameter k as a
multiplier of the dispatch inflows and outflows for each
location, such that:

by dispatches. The flow rates in each channel are regulated
by valves (circles with an X mark), which may be controlled
by a dataset or by a mathematical function.

2# (5) = 2# +

<
=>(

/# 3 − 1# 3 + V ∗ /# 3 − 1# 3

Parameter k controls magnitude of rebalancing flows –and
thereby rebalancing work– without affecting the hypothetical
paths that dispatchers follow or their durations. By
modifying k and the initial levels at each compartment,
different scenarios for the aforementioned question can be
computed interactively (figure 12). Table 1 compares
minimum sizes of each cluster for June 19 2012.

Figure 10. Reduced generic stock-flow model of a MoD system
consisting of four stocks representing stationary vehicles and two
stocks representing vehicles in transit (by users and dispatchers).

The interaction of the four compartments summarizes the
dynamics in every MoD system. Independently of trip
pattern or network topology, users always move vehicles
from residential to commercial areas in the morning, from
commercial to residential areas in the evening, and from
shortage to surplus areas throughout the day. For dispatches,
the opposite is true.
5

Cluster
Name

Bike domain
with
Rebalancing

Occupancy
Domain with
Rebalancing

Bike domain
No
Rebalancing

RS

[245, 47] (198)

[227, 84] (143)

[67, -173] (240)

RD

[209, 28] (181)

[183, 67] (116)

[17, -187] (204)

CS

[282, 34] (248)

[237, 77] (160)

[263, -16] (279)

CD

[183, 13] (170)

[133, 57] (76)

[107, -83] (190)

Table 1. Aggregate minimum and maximum values and ranges of
location accumulations with (left) and without (right) rebalancing
per each cluster. Middle: minimum and maximum values of the
average accumulation in each cluster with rebalancing.

SCENARIO ANALYSIS

Each column shows the domain of minimum and maximum
accumulation levels (in square brackets) and the minimum
parking size (in parentheses) for each cluster, for each of the
following three cases: The first column assumes existing

The reduced stock-flow model can be used for scenario
analysis by modifying flow rates from users and/or
dispatchers in each channel, and subsequently recomputing
dynamics. Here, we demonstrate a simple case for addressing
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Figure 11. Scenario analysis for each cluster with dispatch work ranging from 0% to 100% in 20% intervals. A reduction in dispatch work
increases the minimum parking requirements.

rebalancing (k=1) and shows the sum of the bike domains
and minimum parking size of each individual station in a
cluster, for each cluster. The second column assumes
existing rebalancing (k=1) and shows the minimum and
maximum accumulation levels of the average gross stock in
a cluster, for each cluster. The third column assumes no
rebalancing (k=0) and shows the hypothetical minimum and
maximum accumulation levels of the average gross stock in
a cluster, for each cluster. A closer look in the second and
third columns reveals that removing rebalancing would
cause the RC, RD, CS, and CD clusters to increase parking
size by 68%, 76%, 74%, and 150% respectively.

provides a solid groundwork for a robust theory of dynamic
analysis of urban mobility systems. Future work includes: (1)
criteria of reducibility and equivalence reduced models of
four compartments; (2) establishment of metrics of
complexity and performance and comparative analysis of
MoD systems; (3) modeling alternative scenarios for
rebalancing by modeling mathematically flows (4) abstract
land-use transport interaction (LUTI) mathematical models
that allow planners and researchers to explore the interplay
between urban form, land use, dynamics, and cost of
mobility; (5) identification of urban form land uses from trip
pattern datasets.

6

7

CONCLUSION & FUTURE WORK
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ABSTRACT

Dynamic urban development simulation models are usually
separate to urban planning tools making it difficult to test the
consequences of urban planning variants directly without
switching between expert tools. This paper presents an approach to integrating system dynamics simulation at various
scales and abstractions in the visual programming environment Grasshopper for Rhino3D. We demonstrate how Grasshopper may be used with additional customized components
as a flexible integrated urban planning and simulation framework. For this purpose, we present three urban planning
model examples: The first is a classical system dynamics
simulation that abstracts from spatial elements. The second
adds spatial relations in terms of distances between locations
in a grid. The third shows how to represent a city in more
details and adds a network analysis module for more precise
distance calculations. As result, we demonstrate a highly
flexible approach for integrating simulations for various aspects that predict the behavior of an urban system in order to
facilitate more sustainable urban planning processes. The
main drawback of this new level of flexibility is the relatively
slow execution time for complex simulations.
Author Keywords

System dynamics; urban metabolism; urban planning; urban
modeling; urban simulation; Grasshopper for Rhino
ACM Classification Keywords

I.6.1 SIMULATION AND MODELING; I.6.5: Model Development; I.6.7: Simulation Support Systems
1

INTRODUCTION

The motivation for this work was to contribute towards more
sustainable urban planning practice by providing advanced
digital planning assistance. We focus on the consumption of
resources when building new cities or transforming existing
ones. The explicit consideration of resource consumption is
a relevant aspect for achieving sustainability development
goal (SDG) 11: Make cities inclusive, safe, resilient and sustainable [22]. The fact that humankind consumes on average
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the resources of 1.7 worlds, and in highly industrialized
countries even 3 up to 5 worlds (based on data from the
Global Footprint Network National Footprint Accounts
2017) makes it clear how important this is. As shown by
Rhode and colleagues [18], urban morphology and thus urban planning has a considerable impact on resource consumption, making it a critical factor for global sustainability.
We start from the concept of urban metabolism introduced
by Richard Rogers [19], which proposes considering a city
as a self-sustaining organism. To approach the challenge of
estimating the resource consumption of urban planning proposals with digital models, we use system dynamics models
as introduced by Jay Forrester, who represented cities [4] and
finally the whole world as an abstract dynamic system. In
contrast to Forrester’s abstract models, we aim to model urban metabolism mechanism for very specific urban planning
aspects. The stocks and flows approach as exemplified by
Gerhard Schmitt [20], is a helpful analogy for representing
relevant aspects of urban systems on the right scale in order
to inform corresponding urban planning decisions on sustainability aspects. As a theoretical foundation, we understand urban metabolism as “a model to facilitate the description and analysis of the flows of the materials and energy within cities, such as undertaken in a material flow
analysis of a city. It provides researchers with a metaphorical framework to study the interactions of natural and human
systems in specific regions” [17].
The methodology for modelling urban systems that we introduce in this paper makes it possible to increase the level of
detail and the spatial resolution as a planning project becomes more specific. We start with the description of an abstract urban system dynamics model that may be useful for
planning the metabolic system for a region around a city including agriculture and energy production. For demonstrating the second level model, we introduce a grid-city in which
citizens and urban functions are located in grid cells and

AnyLogic [34] or NetLogo [31] provide a simplified programing language for implementing various kinds of simulations, and also offer a huge collection of simulation models.
Unfortunately, they are not easily combinable with tools
used in urban planning practice, where it is important to be
able to change planning variants flexibly and to work with
precise spatial representations. GIS based simulation frameworks like UrbanSim [28], or Urbanica [27] address this latter requirement but reviews of these land use transportation
models compare their features [29] and criticized the concept
of integrated urban simulation models [14, 23]. Nevertheless,
urban planners rarely use them, because they lack the flexibility required for creative urban planning and design. This
may be one reason for the recent development of more urban
planning oriented software such as UrbanCanvas [35] or Urban Footprint [36].

make their location choice based on distances to other locations. The third level model includes the full geometric details of a city and therefore makes it possible to use network
measures and specific capacities for individual locations.
These three levels allow the user to successively extend an
initial model with more detail, while using the same simulation mechanisms.
2

STATE OF THE ART

The first prominent advocate of a city as dynamic system was
Jay Forrester with his “Urban Dynamics” model [4]. It focuses on temporal changes but completely neglects the spatial aspects. Forrester’s model assumes an inner-city system
as a closed system without relationships to its surrounding
region. Inside this model city, one can test various hypothesis
on the dynamic relationships between employments, residential location choice and economic developments.

For our simulation approach, we use the parametric, visual
programming tool Grasshopper for the CAD system
Rhino3D developed by David Rutten over the past few years.
In the context of urban simulation, it is worth mentioning that
parametric design tools have a very different history to GIS.
Originally derived from the CAD realm, they permit the
specification of geometric constraints within a specified parameter value range. Parametric design tools accept variable
input data, establish mathematical relationships and produce
further data, including geometric information. The combination of a parametric tool with the visual programming environment Grasshopper makes it possible to define very flexible urban models including geo-referenced and semantic information in a custom data model.

Forrester’s model, however, contradicts the first law of geography by Waldo Tobler “everything is related to everything else, but near things are more related than distant
things” [24]. Therefore, most of the current urban models [1,
2, 30] are based on the causal structure introduced by Lowry
[15], which, put briefly, suggests that the development of
land uses depends on existing land uses and the distances between them. Traffic volume is modeled as interchange rates
between land uses.
From urban economics, there are models that capture basic
urban agglomeration forces. The two main opposing forces
are a centripetal and a centrifugal force [10, 13]. Centripetal
forces describe centralizing forces, which express the advantages and needs of a dense population (agglomeration effects). Centrifugal forces describe the advantages of decentralized locations, which are primarily the ample availability
of space and the absence of polluting emissions. Krugman
also introduced the first core-periphery model with multiple
regions, which he called the racetrack economy [11]. In this
model, several cities are arranged in a circle with each city
connected only to its direct neighbors. Solving the model numerically made it possible to show the effects of scaling [12]
on agglomerations of multiple cities or regions.

It is important to clarify that integration in our context means
the possibility to combine various simulations at various
scales and abstractions for the changing needs of an individual urban planning project. By contrast, the aforementioned
integrated land use transportation models try to include all
relevant aspects of an urban system in one comprehensive
large scale urban model.
To analyze the street network in one of our examples, we use
graph-based measurement methods to compute distance matrixes for all locations in the model. In addition to metric distances we use angular distances, which are based on the
Space Syntax [5–7] theory and measuring method [25, 26].
The distances in the network graph are used to define the accessibility of a location, which can be more or less important
for different urban functions.

The ability to understand a complex urban simulation model
quickly becomes very complicated when a few control parameters are introduced. Ideally, a sensitivity analysis shows
how the parameter-space (containing all possible combinations of control parameter settings) is connected to the solution-space (the solutions for all parameter combinations).
Daniel Zünd [33] demonstrates an interesting analysis
method in his thesis that uses hierarchical clustering to show
how probable it is that an urban simulation model ends up in
a certain category or type of result.

3

URBAN DYNAMICS MODELS

The objective of developing the following models was not to
come up with a very practice-oriented simulation for answering a specific urban planning question, but to offer a framework that can be easily adapted to various planning problems. Therefore, the following examples use abstract planning scenarios to illustrate the basic mechanisms of the simulations.

A number of dynamic urban models have been implemented
in the context of underlying research projects, but they are
not available as tools for urban planning practice [1, 3, 8]. To
overcome this situation, some simulation frameworks like
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(stocks). These stocks depend on various relationships between each other (flows) and on the available areas for the
corresponding land use. The model structure is illustrated in
Figure 3 as a classical system dynamics diagram and the
translation of this model as a Grasshopper program is shown
in Figure 2, with the core model inside the green box in the
center of the definition.

3.1 Wolf-Sheep-Predation Test Model

The first challenge was to translate the system dynamics
modelling approach to the visual programming logic of
Grasshopper. This is not a straightforward task, because the
data flow model of Grasshopper is not designed for implementing loop-structures by default. To enable loops in Grasshopper, we used the plugin Anemone by Mateusz
Zwierzycki. To test our implementation, we reproduced the
wolf-sheep-predation system dynamics model from the
NetLogo model library [32] in Grasshopper. We compared
both model outcomes (Figure 1), to verify that the population-graphs display the same dynamic progression. The top
row of Figure 1 shows the two different model representations in NetLogo and Grasshopper. The Grasshopper model
differs to that of classical system dynamics diagrams, but if
we consider just the main system dynamics part (in the green
box of Figure 1), we can see there are only four main components used in the core model.

Figure 3: System dynamics diagram for the abstract urban dynamics model with the three stocks “Population”, “Jobs”, and “Food”
and the corresponding flows between them.

Beside the control parameters of the model, the core of a system dynamics model are the flows that manipulate the stocks.
In our implementation, the flows are modelled by the six
Grasshopper components shown in the green box in Figure
2. For simple flow mechanisms, we use expression components and for more complicated ones the C# script component. An example of a simple expression for population
growth is:

Figure 1: The population-graph from NetLogo (bottom left)
shows the same dynamics as that of our Grasshopper implementation (bottom right). The top row shows the corresponding models
implemented in NetLogo (left) and Grasshopper (right).
3.2 Abstract urban dynamics model

Based on the wolf-sheep-predation model we implemented
an abstract urban dynamics model that includes the development of population size, number of jobs and food production

���� � ����1� � �����1� ���� �1 �

����1�
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(1)

where P is the population stock at time step t, ω is the density
weight, and AP is the available area for the population.

Figure 2: Abstract urban dynamics model implemented in Grasshopper. The core model components are shown in the green box in the
center . The control parameters are listed in the left half. The colored boxes on the left visualize the area input values that restrict the
growth or the stocks. The diagrams on the right show the dynamic behavior of the model (the development of the stocks).
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circle diagram in Figure 4, where each node of a branch contains 96 distance measures from a cell to all cells.

The flow mechanism for population decline is more complicated, since it depends on the existing population, the available food and jobs:

Based on the distances, we compute for each iteration the attractivity of a cell for new population or workplaces. The
left-hand columns in Figure 5 shows two exemplary attractivity maps.

�
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(2)

(3)

The decline of population P in the next time (t+1) depends
on the relationship of population stock P, the food factor ΔF,
and the jobs factor ΔJ. The food factor ΔF expresses in essence the relationship between available food F for the population P and the jobs factor ΔJ expresses the relationship
between available jobs for the population P. If there is not
enough food or not enough jobs for the population, the population will decline.
We do not explain all flow mechanisms of the model because
it serves only as an example implementation to demonstrate
how easily and quickly the model can be adapted and extended by adding or adapting Grasshopper components.

Figure 5: Grid-city model after t=100 steps. The diagrams on the
left show the attractivity values for population, and on the right for
population distribution. In scenario 1 on the top row, we assume
that people prefer to be at a distance to one another, and in scenario
2 on the bottom row that people prefer to be located close to others.
Blue represents minimal values and red maximum values.

3.3 Grid-city model

The next model includes some explicitly spatial aspects in its
dynamics, which are based on the causal structure of the
Lowry approach [15]. This means that the development of
land uses depends on existing land uses and the distances between them. In our grid-city model, we use only two land
uses, population and workplaces.

To compute the attractivity of a cell, we first normalize all
distances to the range [0; 1]
�� ��� �

The presented model uses a 12 × 8 = 96 cells grid as shown
in Figure 5. We begin by computing once the all-pair Manhattan distances between the cells. To process these distances, we use a data tree in Grasshopper as illustrated in the

����
��� �

(4)

where �� �� is the normalized distance between two cells i and
j. The influence V of a land use on cell j to the land use on
cell i is expressed by an exponential decline function, where
near things have a greater impact than more distant ones. The

Figure 4: The grid-city model implemented in Grasshopper. In the green box in the center are the core model components. On the left side,
the initialization of the grid and the distance computation is shown. The diagrams on the right side show the number of people (red) and
workplaces (green) per cell.
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places want to be located close to the population. In each iteration, we add 10 people and 10 workplaces. The capacity
of a cell is limited to 100 units, which can be any combination of workplaces and people. Following this model logic,
we find one large population cluster and one corresponding
attractivity cluster. Workplaces are not shown, but have a
similar distribution as the population as visible in the density
diagram in Figure 4.

following is a basic example of how population perceives
other residential land use:
��
��
����
� �� ���

(5)

By the power factor α, we determine how fast distant uses
become less important. In our example in Figure 4, we use α
= 7. The attractivity A for population P in a cell i is now the
sum of all influence values V multiplied by the amount of
people or workplaces that are located on a considered cell.
For scenario 2 in Figure 5 we assumed that people like to live
near to other people in order to gain advantages from central
urban function:
���
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Scenario 1 in the top row of Figure 5 shows the results for a
model where people prefer to not be too closely located to
one another. The attractivity function simply changes to:
��
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(6)

while the rest of the model remains unchanged. The population distribution in Figure 5 has no center and the corners of
the map, which are farthest away from everything, tend to be
the most attractive locations for the people.

This attractivity function covers the perception population to
population only. We can extend it easily to also include the
population’s need to be located near to or further away from
workplaces. For the workplaces, in turn we use a corresponding attractivity function.

In order to compare the two scenarios presented in Figure 5
we introduce a simple traffic estimation function:

The last step of an iteration of the simulation is to add workplaces or people to the model. This means they need to select
a certain location based on the attractivity map. For this purpose, we use the attractivity values A as weights for a roulette
wheel selection:
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The traffic T generated by population P in cell i is computed
as product of the amount of people P in this cell, the distance
di,j to a workplace Wj and the weight of workplace density at
the distant cell j, which is calculated as number of workplaces at a cell divided by all workplaces in the model. To
characterize a scenario, we simply add all traffic values Ti to
a Tsum value. Using this traffic estimation, we obtain the following values for the two simulation scenarios in Figure 5:

(7)

The weights ρi correspond to the size of a roulette wheel slot.
Now, we generate a random number in the interval [0; 1] and
test the slot it falls into in the roulette wheel. This slot defines
the location that is chosen. Using the roulette wheel method,
we distribute 10 people and 10 workplaces per iteration.

Scenario 1: Tsum = 6468
Scenario 2: Tsum = 5051

Figure 5, bottom row shows the result for scenario 2 after
100 iterations. In scenario 2, people attract people and work-

Figure 6: The net-city model implemented in Grasshopper. The core model components are in the green box in the center. On the left is
the initialization of the population and workplace placements and a reference to the network distances. The right diagrams show the number of people (red) and workplaces (green) per cell after 100 iterations.
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This means that distributions with separate clusters of workplaces and population produce less traffic than distributions
where workplaces and population are more randomly mixed.
The random mix in scenario 1 results in 1417 more trips, corresponding to approximately 27% more traffic than in scenario 2. We did, of course, assume a random link between
the workplace location and place of residence of a typical
citizen. Nevertheless, this result would merit some more detailed investigations on the effects of mixed-use cities in contrast to the modernist principle of separation of land uses.
3.4 Net-city model

We called this model net-city because, in contrast to the gridcity, we use now the real geometry of a city and compute the
distances between locations by means of shortest paths in the
street network. For this demonstration, we used the central
part of the city of Weimar in Germany. The Grasshopper
model for the simulation is very similar to that of the gridcity (compare Figure 4 and Figure 6).
The network centrality measures are computed using the DeCodingSpaces toolbox for Grasshopper [37]. It makes it possible to combine metric (meters between two locations) and
angular distances (angular turns between two locations) [26]
to compute the shortest paths in a network. We use a
weighting of 0.8 for angular and 0.2 for metric distances. The
in-centrality measure of a location is the sum of this location
with respect to all other locations (in our case street segments) in a network. The resulting centrality map is shown
in Figure 7, top row. The underlying all-pair shortest paths
in the network replace the Manhattan-distances from the
grid-city model in our simulation (Figure 6).
Based on the in-centrality map, we compute the attractivity
of each location. Therefore, we adapt equation (6) to add
nearness to workplace as an attractivity factor for the population:
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(10)

The factor VPW expresses the perception of workplaces W by
population P. It is computed in the same way as VPP in equation (5). The weighting factor γ relates both influence vectors
V to each other. For the example model run in Figure 7 we
used γ = 0.1. The resulting population distribution in Figure
7 shows that the people prefer to be located in the center,
because the distances to other people as well as to workplaces are in average shortest here. This is the nature of high
in-centrality values in a network and the reason why the population distribution tends to follow the centrality map.

Figure 7: Net-city using Weimar as the base map. Top row: Incentrality measures computed for the street network (left), and
centrality values mapped to the parcels (right). Middle row: Attractivity maps for the initialization of the simulation (left) and after 100 steps (right). Bottom row: Distribution of the population
(left) and the workplaces (right). For all maps, blue represents
minimal values and red maximum values.

For the attractivity map of workplaces, we use the equation:
��
��
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(11)

which means, that workplaces are ideally set apart from the
population to minimize exposure to the emissions they may
produce. At the same time, workplaces are attracted by each
other to share infrastructure. To define their attractivity map,
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AW workplaces must therefore consider the population P, expressed by VWP as well as the workplaces W, expressed by
VWW and the weighting factor β, for which we chose β = 0.5.
The VWW force has a relatively small impact on the resulting
distribution of workplaces but leads to some additional clustering (Figure 7).

model now to test urban planning options that immediately
show the corresponding effects on the potentials of locations.
In a future extension, we may use the potential of parcels as
input value for the next level of detailed urban design in order to specify the building typology. For this purpose, we
plan to apply procedural building models [9, 16].

4

The simulation methodology presented here is of most potential for the planning of new cities, for example in fast-developing countries in Africa, South-East Asia, or SouthAmerica. It intends to overcome the current situation in
which urban planners develop sustainable metabolistic concepts for complex urban systems without the tools to check
their functionality quickly and easily.

DISCUSSION

The simulations introduced here are certainly far from being
realistic. The models we present can rarely reproduce a realistic distribution of population and workplaces, since we abstract from too many other factors. However, the model is
very good for revealing certain potentials for developments
assuming various scenarios. We take the view that every
good model needs to abstract from many real world aspects
in order to reveal some relevant basic mechanisms [21].
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be aware that the simulation results represent only an abstract
tendency of the model and it is therefore not meaningful to
investigate the model behavior in too much detail.
5

All models presented in this paper can be downloaded at:
http://decodingspaces-toolbox.org/urban-simulation-withgrasshopper/
REFERENCES

1. Batty, M. 2005. Cities and Complexity: Understanding
Cities with Cellular Automata, Agent-Based Models,
and Fractals. MIT Press.

CONCLUSIONS AND OUTLOOK

2. Batty, M. 2013. The New Science of Cities. The MIT
Press.

We mentioned at the outset that the modelling approach introduced here has the advantage of being able to start with a
much reduced, abstract, non-spatial model and to successively add more and more details. Comparing the three models we present here, we can see that the first one exhibited a
more complex dynamic behavior, represented in the graphs
of changing stocks. In contrast, the two last models have just
a linear growth of stocks (workplaces and population), because there is no mechanism implemented that would reduce
the stocks. This aspect could be added, by limiting the attractivity using some density relationships or by introducing a
threshold of attractivity, below which workplaces or people
would leave the city. This, however, goes beyond the scope
of introducing a basic dynamic modeling approach for Grasshopper that makes it possible to use urban development simulations more interactively within urban planning and design
processes.

3. Dynamische Simulation und Visualisierung räumlicher
Prozesse:
http://www.entwurfsforschung.de/alt/RaumProzesse/DS
VPro.htm. Accessed: 2017-12-30.
4. Forrester, J.W. 1969. Urban Dynamics. MIT Press.
5. Hillier, B. 2007. Space is the machine: A
configurational theory of architecture. Space Syntax.
6. Hillier, B. 2007. The Common Language of Space: A
way of looking at the social, economic and
environmental functioning of cities on a common basis.
7. Hillier, B., Leaman, A., Stansall, P. and Bedford, M.
1976. Space syntax. Environment and Planning B:
Planning and Design. 3, 2 (1976), 147–185.
8. Koenig, R. and Bauriedel, C. 2009. Generating
settlement structures: a method for urban planning and
analysis supported by cellular automata. Environment
and Planning B Planning and Design. 36, 4 (2009),
602 – 624. DOI:https://doi.org/10.1068/b34025.

In this paper, we have tried to prove that using a very simple
model with only two land uses can already produce some
meaningful results in terms of indicating more or less attractive locations for the analyzed land usages. We can use the

299

Use-Transport Modeling: How Many More Dreams
Before We Wake Up? Moving Through Nets: The
Physical and Social Dimensions of Travel. K.W.
Axhausen, ed. Elsevier. 219–248.

9. Koenig, R., Miao, Y., Knecht, K., Buš, P. and Mei-chih,
C. 2017. Interactive Urban Synthesis Computational:
Computational Methods for Fast Prototyping of Urban
Design Proposals. Computer-Aided Architectural
Design. Future Trajectories. G. Çağdaş, M. Özkar, L.F.
Gül, and E. Gürer, eds. Springer. 23–41.

24. Tobler, W.R. 1970. A Computer Movie Simulating
Urban Growth in the Detroit Region. Economic
Geography. 46, (1970), 234–240.

10. Koenig, R. and Mueller, D. 2011. Cellular-automatabased simulation of the settlement development in
Vienna. Cellular Automata: Simplicity behind
Complexity. A. Salcido, ed. INTECH. 23–46.

25. Turner, A. 2001. Angular Analysis. 3rd International
Space Syntax Symposium (Atlanta, 2001).

11. Krugman, P. 1993. On the number and location of cities.
European Economic Review. 37, 2–3 (Apr. 1993), 293–
298. DOI:https://doi.org/10.1016/0014-2921(93)900175.
12. Krugmann, P. 1991. Increasing Returns and Economic
Geography. Journal of Political Economy. 99, (1991).

26. Turner, A. 2007. From axial to road-centre lines: a new
representation for space syntax and a new model of
route choice for transport network analysis.
Environment and Planning B: Planning and Design. 34,
3 (2007), 539 – 555.
27. UD_InfraSim Urban development simulations &amp;
infrastructure demand assessment - AIT Austrian
Institute Of Technology: 2017.
https://www.ait.ac.at/en/research-fields/smart-andresilient-cities/projects/ud-infrasim/. Accessed: 201712-30.

13. Krugmann, P. 1996. The Self-Organizing Economy.
Blackwell.
14. Lee, D.B. 1973. A requiem for large scale modeling.
Journal Of The American Institute Of Planners. 39, 3
(1973), 163–178.

28. Waddell, P. 2002. UrbanSim: Modeling Urban
Development for Land Use, Transportation, and
Environmental Planning. Journal of the American
Planning Association. 68, 3 (Sep. 2002), 297–314.
DOI:https://doi.org/10.1080/01944360208976274.

15. Lowry, I.S. 1964. A Model of Metropolis. Rand
Corporation.
16. Miao, Y., Koenig, R., Bus, P., Chang, M., Chirkin, A.
and Treyer, L. 2017. Empowering urban design
prototyping: a case study in Cape Town with interactive
computational synthesis methods. Protocols, Flows and
Glitches, Proceedings of the 22nd International
Conference of the Association for Computer-Aided
Architectural Design Research in Asia (CAADRIA)
(Hong Kong, 2017), 407–416.

29. Wegener, M. 2004. Overview of land use transport
models. Handbook of transport geography and spatial
systems. 5, (2004).
30. Wegener, M. 2005. Urban Land-Use Transportation
Models. GIS, Spatial Analysis and Modeling. D.
Maguire, M. Batty, and M.F. Goodchild, eds. ESRI
Press. 203–220.

17. Pincetl, S., Bunje, P. and Holmes, T. 2012. An
expanded urban metabolism method: Toward a systems
approach for assessing urban energy processes and
causes. Landscape and Urban Planning. 107, (2012),
193–202.
DOI:https://doi.org/10.1016/j.landurbplan.2012.06.006.

31. Wilensky, U. 1999. NetLogo. Center for Connected
Learning and Computer-Based Modeling, Northwestern
University.
32. Wilensky, U. 2005. NetLogo Wolf Sheep Predation
(System Dynamics) model. Center for Connected
Learning and Computer-Based Modeling, Northwestern
University.

18. Rode, P. et al. 2017. Resource Urbanisms: Asia’s
divergent city models of Kuwait, Abu Dhabi, Singapore
and Hong Kong.

33. Zünd, D. 2016. A Meso-Scale Framework to Support
Urban Planning. ETH Zurich.

19. Rogers, R. 1997. Cities for a small planet. Faber and
Faber.

34. https://www.anylogic.com/

20. Schmitt, G. 2015. Information Cities. ETH Zurich,
Chair of Information Architecture.

35. http://www.urbansim.com/platform
36. https://urbanfootprint.com/

21. Starfield, A.M., Smith, K.A. (Karl A. and Bleloch, A.L.
(Andrew L.. 1994. How to model it : problem solving
for the computer age. Burgess International Group.

37. http://decodingspaces-toolbox.org/

22. Sustainable Development Knowledge Platform:
Sustainable Development Goal 11: 2017.
https://sustainabledevelopment.un.org/sdg11. Accessed:
2017-12-29.
23. Timmermans, H. 2006. The Saga of Integrated Land

300

Quantifying the Urban Experience: Establishing Criteria for
Performance Based Zoning
Luc Wilson1 , Jason Danforth1 , Dennis Harvey1 , and Nicholas LiCalzi1
1

KPF, New York, USA, lwilson@kpf.com

ABSTRACT

Exponential growth is pressuring cities around the world to
reevaluate their management of new development. Challenges stemming from such growth, including crises in affordable housing and transit accessibility, see cities responding by constructing ever greater densities, a process limited
by current zoning regulations. Traditional zoning frameworks
are rigid and slow to adapt, making it difficult for development to keep pace with greater density requirements. By establishing certain baseline urban metrics tied to a set of performance standards, performance-based zoning allows cities
to proactively accommodate growth and demand while mitigating potential negative externalities.
One of the primary challenges for a truly performance-based
zoning methodology is defining and calibrating desired performance standards. Cities must consider criteria associated
with, for example, comfort, mobility, and activity in such a
way that defines achievable, goal-oriented benchmarks– a difficult task given the complexity of urban systems. In proposing a process for creating a performance-based zoning framework, this paper: 1) explores urban analysis methods, focusing on urban comfort, mobility, and activity, to create new
urban performance datasets for Manhattan for use in establishing new zoning protocols, and 2) develops new visualization techniques that can more effectively engage stakeholders, make data understandable and accessible for decisionmakers, and broaden the discussion to involve a wider range
of non-specialist participants.
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INTRODUCTION

The crafting and timely updating of zoning regulations represent a perennial challenge for municipal governments, even
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more so when said regulations attempt to guarantee that goals
of sustainable growth are met and an equitable urban experience is ensured. The density of development required
to keep pace with contemporary growth rates is unprecedented [1]. Traditional standards and practices for a city’s
continued function and evolution, largely based on historical
patterns and outdated work-flows, are no longer adequate.
In response to exponential population growth and economic
demand, cities are rezoning for ever-greater densities. Many
zoning regulations, for example those of New York City, however, are based on prescriptive zoning, established more than
100 years ago as a Progressive-era reaction to industrialization. This legacy form of regulation is inadequate for proactively addressing rapid densification and is often complex,
opaque, and notoriously slow and difficult to change.
Contemporary zoning must move away from traditional, prescriptive methodologies. One alternative is a performancebased system: establishing specific performance measures directly related to desired outcomes. When organized around
computational methods, the process is data-driven, based on
easily visualized analyses, and legible to non-specialist stakeholders. Ensuing increases in legibility and engagement will
result in an innovative and responsive urban fabric, one capable of dynamic adjustment in response to changing spatial
and temporal conditions.
1.1

Performance Based Zoning

Performance-based zoning requires two components: a description of the goal, and a set of standards that can be used to
a) measure whether said goal is achieved and b) to set impact
thresholds to which individual properties must adhere [3].
This stands in stark contrast with typical prescriptive zoning
strategies where a stated goal exists without a paired measurable input correlating with desired outcomes. Instead, a set of
prescriptive rules is applied, which very often do not directly
relate to the desired outcome.
For example, one of New York City’s stated goals in constructing its bulk regulations is ”to provide for access of light
and air to windows and for privacy... by controls over the
spacing and height of buildings and other structures,” (ZR 2100 (f)) [7]. The rule established to regulate this outcome, the
sky exposure plane (Fig. 1), does not measure light or air and

is based on the width of streets rather than light at windows.
If the stated goal is to ensure access to light and air, why is the
desirable amount of light not mandated, or even specified?
The core of performance-based zoning is metric-based criteria that directly relate to the stated goals, leveraged in order to evaluate potential and ensure desired outcomes. Explicit goals such as access to light, air, transit, public services, safety, and economic opportunity can be established
and quantified. Performance-based zoning can have certain
advantages over traditional zonings [8]: encouraging innovation in form and land-use; allowing for greater densities
while mitigating impact on light and air; enabling dynamic
adjustments; and increasing transparency through clear goals
and metrics. Rather than relying on static, compartmentalized, and deterministic zoning rules, dynamic metrics offer
an adaptable means of civic management, one better suited to
the volatile transformations of the 21st century urban condition.
There have been attempts at a performance-based zoning
framework in various forms since the 1950s, mostly concerning specific land-use and daylighting controls within otherwise traditional frameworks. Many applications have been
abandoned due to the resources required to determine and
enforce compliance, which present a greater administrative
burden than traditional zoning. Little research has been conducted toward establishing a framework for performancebased zoning, or even in compiling an overview of municipalities that have implemented such criteria [3]. In contrast
with previous attempts at performance-based zoning, we propose a framework and methodology that are based in rigorous
urban analysis and thorough visualization of existing conditions to link performance to experience and comfort.
One previous study of note is ”Simulation-based daylighting analysis procedure for developing urban zoning rules,” in
which the authors utilize annual climate based-daylight simulation methods to interrogate block typologies in New York
City, demonstrating the benefits of a performance-based zoning framework [13]. Our work expands on this approach, including a daylighting measure paired with new analysis methods to drive a holistic approach to defining outcome criteria.

1.2

Framework & Contributions

While performance-based zoning is clear in concept, its
crafting and implementation are technologically demanding.
We propose the following as a framework toward realizing
performance-based zoning:
1. Define clear goals based on desired outcomes.
2. Perform exhaustive, fine-grained urban analysis of several
metrics to establish appropriate measurements.
3. Define performance criteria.
4. Test and calibrate criteria at the parcel and street segment
level.
5. Create accessible and validated tools for assessment of
compliance and enforcement.
This paper focuses on the first two steps of the proposed
framework. While it is relatively easy to set individual performance criteria, like current daylighting requirements in
Boston (Fig. 1) and China within a traditional zoning framework, it is challenging to define comprehensive performancebased criteria across an entire zoning code. To address this
challenge, we ran an exploratory analysis of all tax lots
(42,686) and street segments (13,237) in Manhattan, focusing on three categories of urban analysis that deal with how
to control density, bulk and use in a performance-based system:
• Comfort: Urban daylight access - How should density and
bulk be controlled?
• Mobility: Transit accessibility - Where might more density
can be appropriate?
• Activity: Diversity of use and active uses over time - How
will density be calibrated?
Through this process we create data-rich visualizations to better understand the qualities of urban space and create a new
and unique dataset for Manhattan with visualization to facilitate stakeholder engagement in establishing performancebased criteria. We have made the datasets for mobility and diversity available for exploration through SimAUD and a custom built web app, link below, offering an example of how
data can become interactive for stakeholder engagement.
http://hay-stack.s3-website-us-east-1.amazonaws.com/#!/?set=PerformanceBasedZoning

2

Figure 1. NYC Sky Exposure Plane (left), Boston shadow regulation analysis (right)
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URBAN DAYLIGHTING

The regulation of FAR1 , height limits, and mandatory setbacks are the primary mechanisms in the traditional zoning
toolkit, used to control the density and bulk of new development. However, we posit that relying on these legacy indicators is insufficient as they merely govern built form rather
than outcome or the guarantee of daylight availability. To understand the expectations of street-level daylight embedded
in current rules, we applied a daylight availability analysis to
1
Floor Area Ratio or FAR, is the ratio of total building floor area to
the area of its zoning lot. For example, on a 10,000 sqft lot with a
maximum FAR of 3, the allowed built area is 30,000 sq ft.

Figure 2. Daylight Availability analysis of street segments in Manhattan. Broadway between 164th and 165th Streets (left) and 42 other segments (right). Lower
Daylight outcomes exist in areas of increased Density (FAR), but correspond more directly to variations in form– offsets, setbacks, street wall heights, etc.

every street segment in Manhattan, teasing out insights into
the relationship between daylight and density.
Methodology
We evaluate street-level daylight availability using a technique called sky-dome analysis [14], which measures the percentage of visible sky from a set of specified points. Methodology:
1. Choose an analysis surface and subdivide it (in this case
every street segment in Manhattan (13,237)) [12].

a testament to the need and opportunity for a more nuanced
evaluation system for new development. Since limitations on
FAR and height alone do not strongly correlate with daylight
availability, we must turn to a more flexible, design-reactive
criteria. The promise of performance-based zoning as applied
to daylighting is this: we seek to demonstrate that under such
2
The coefficient of determination, measured on a scale between 0
and 1, tells us how reliably we can predict the dependent variable
(in this case Average Daylight Availability) based on knowledge of
the independent variable (Contextual Built FAR).

2. Project a half-sphere skyward from each subdivision.
3. Subdivide the half-sphere by 1 degree increments and cast
rays through subdivision centerpoints.
4. Test for occlusion with the built context [11] to return percentage of sky visible and amount of available daylight.
The resulting score is paired with density and land use data
from the NYC Department of City Planning PLUTO [10]
land-use database for adjacent buildings to explore relationships between daylight, density and use.
Analysis
Had the zoning regulations accomplished their intended
goals, there should exist a causal relationship between Built
FAR and the Average Daylight Score for a given street segment. Our findings demonstrate that one exists, but the correlation is much looser than anticipated. Our study returned a
coefficient of determination (R-squared value) of .452 , telling
us that access to daylight decreases somewhat following increases in density, but a performance-based zoning methodology could guarantee more direct results (Fig. 3). Some
very dense areas in Manhattan have high daylighting scores,
while there are more sparse areas that score poorly. This is
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Figure 3. Scatterplot demonstrating the moderate correlation between Density and Street-level Daylight Availability in Manhattan. A performancebased zoning code could create a more significantly causal relationship between input (Built Form) and outcome (Daylight Availability).

regulations buildings can, in a form-dependent manner, grow
taller and larger without affecting the quality and quantity of
daylight that permeates to the street. In order to set performance criteria, a comprehensive analysis of urban daylight
availability is necessary. Urban daylighting, as a measure for
managing density and bulk, can be paired with our Mobility
metric to understand where density is appropriate, and with
our Activity metrics to develop criteria for how that density
is programmed and used.
3

MOBILITY

Locating urban density around quality public transportation,
a strategy known as Transit Oriented Development (TOD),
has many benefits: reduced commute times, minimized environmental impact, accessibility for the elderly, economic
development, and increased overall quality of life [2]. The
creation of a performance-based zoning metric around TOD
will help to distribute benefits equally to citizens. Given the
complexity of New York City, we must first achieve a thorough understanding of the city’s current transit network.
This paper proposes a hybrid of the typical urban planning point/radius representation of travel with the multimodal
evaluative tools of new platforms like Google Maps. By visualizing all sites accessible from a given point and incorporating all means of available transportation, we can produce a
transit-oriented metric that is robust and intuitive. The metric
provides a basis for the informed allocation of density and a
more thorough understanding of mobility across the city.
Methodology
For every lot in Manhattan, a unique score is generated based
on the distance to each individual subway station within a half

mile radius, a distance widely utilized in TOD standards, with
the total score summing all available train lines3 Generating
mobility scores across Manhattan creates the opportunity to
better align density and transit (currently, these two factors
are not strongly correlated (Figure 5)), and this
methodology can be adapted to provide a more nuanced
understanding of any one urban point’s connection to the
greater metropolitan whole (Figure 4), outlining how far an
individual can travel in a given amount of time, various
transit types and stations avail-able, the total count of
buildings linked, and their respective uses and floor areas.

Figure 5. Scatter Plot demonstrating the weak correlation between Mobility
and Density in Manhattan.
3
Mobility Score Calculation: for all individual subway lines within
1/2 mile radius (2,640’) of lot center point (P), Dn = distance of nth
subway’s closest stop to P, and Score (S) = sum(2640/Dn). The minimum value for Dn is limited to 1,320’ in order to avoid extremely
close subway stops from exerting an unreasonable influence on the
score.

Figure 4. Diagrammatic View of Mobility Analysis (left). Mobility Analysis at various points along Broadway in Manhattan, contrasting the remarkable transit
connectivity of downtown with the far less robust condition at the Northern portion of the island (right).
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Analysis
From an analysis standpoint, this fine-grained level of inquiry
can provide City Planning departments with dynamic new
tools to assess infrastructure, economic development, affordable housing, and preparations for the future. In particular,
this study illustrates the dramatic difference in transit access
between northern and southern Manhattan (Fig. 4). Within
ten minutes, an individual at Times Square has access to thirteen subway lines and can access 5,550 buildings with over 45
million square feet of built area. At the intersection of 125th
Street and Manhattan Avenue, a major commercial thoroughfare in Harlem, a person is limited to four subway lines and
3,500 buildings, totalling 25 million square feet. If Manhattan
is to absorb significant additional density, the majority will
likely need to be north of 59th Street and new transit options
and cross-town subway linkages will be critical.
4

ACTIVITY

With Daylighting determining urban density and access to
Mobility positioning it, the next step is defining corresponding Activity: what diversity of uses should be encouraged,
during which hours of the day, and how would this represent
better and more efficient use of space?
4.1

Diversity

The creation of vibrant urban places requires an overturning of traditional separations between residential, commercial, and manufacturing activities. By mixing functions like
housing, shopping, offices, services, schools, cultural institutions, restaurants and entertainment, residents and visitors
are drawn in for multiple reasons at various times of day [5].

Such mixed-use development supports dynamic neighborhoods and better aligns with the expectations of 21st century
urban dwellers [2].
Methodology
In order to foster the desired diversity of uses, it is first necessary to develop a methodology that quantifies existing conditions. Continuing Jane Jacobs’ organicist conception of
the city, this paper utilizes the Shannon-Wiener Diversity Index [6] (originally developed under the framework of information theory, but often applied to measure species diversity
in native habitats) to calculate the evenness of how various
Land Use Categories [9] are distributed within a ten minute
walk of a given lot4 . The resulting analysis provides both
a high-level overview of the varying degrees of use diversity throughout Manhattan and a targeted assessment of any
given lot in terms of urban place: density, number and size of
buildings, programmatic diversity, and shifts in neighborhood
character (Fig. 6).
Analysis
New York City features several prominent Central Business
Districts of startling density, such as Midtown Manhattan
(Fig. 6). While this currently fosters a disparity in correlation between diversity of use and density, the programmatic
analysis undertaken in this paper provides planners and urbanists with a framework for injecting the desired degree of
4
Given the following variables: H (Shannon’s diversity index), S
(sum of all Land Use Areas), Pi (the proportion of the Ith Land Use’s
Area to S), Eh (Evenness). H = -sum(Pilog[Pi]) Eh = H/Hmax =
H/log(S)

Figure 6. Diagrammatic View of Diversity Analysis (left). Diversity Analysis at various points in Manhattan, demonstrating a lack of diversity in the highest
density neighborhoods. Clockwise from upper left: Midtown (high density, primarily office), Hell’s Kitchen (medium density, mixed-use), Upper East Side (high
density, primarily residential), West Village (low density, mixed use)
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tion will likely have opening hours, while a Starbucks’ corporate headquarters will likely not. Unfortunately, the Google
Places dataset is not comprehensive and cannot be used to
quantify the absolute number of open businesses for any hour
of the day. Even taking that flaw into account, the Places data
can be used to understand the relative number of open businesses between neighborhoods within a city or across cities,
and in doing so understand relative quantities of activity at
different times of day. Additionally, Google assigns a primary
type to each of the places which, despite not corresponding to
traditional use types, can actually afford one a more granular
image of the uses on a site.

Figure 7. Number of open businesses per street segment for each hour of the
day in the Financial District of New York City.

variety into urban places. When applied as part of a larger
performance-based zoning metric, the quantification of use
diversity can incentivize new development opportunities, encourage active, self-sustaining, 24-hour neighborhoods, or
even track the growth or decline of individual neighborhoods
in real time and dynamically adjust performance measures in
response.
4.2

Time

Performance-based zoning ensures desirable outcomes by
limiting intensity of use. Intensity can be measured in decibel levels, where some degree of quiet is desired hours of
daylight, where access to light is desired; or quantity of pollutants emitted, where clean air is desired. However, in most
performance-based zoning, time is not included as part of the
measurement. Because performance-based zoning seeks to
regulate use in a manner more nuanced than the blunt tools of
traditional zoning, time could be used as a means to set limits
and measure outcomes.
Time has previously been excluded because there is very little
data available. The land use maps maintained by municipalities or counties only contain data about general use, not the
times when those uses are taking place. However, with new
datasets being generated in both the public and private sector,
planners can better understand how different districts within
a town or city are used throughout the day.
Methodology
We used data from the Google Places API to analyze when
different uses are most active in Manhattan [4], including
businesses, attractions, parks, and public and private institutions. Many of these places identify their hours of operation,
but those that are open to the public are more likely to display opening hours. For instance: a particular Starbucks loca-
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We associated the Google Places data with Manhattan street
lines to concretize the impact that uses have on the public
realm throughout the day. Each street is split into segments
(approximately 50 meters), and the number of businesses
open on that street segment are summed for every hour of
the day (and normalized over the length). By aggregating the
data to street segments instead of parcels, it allows us to understand how the intensity of use impacts public space. To
visualize this data, we developed a representation technique
that shows the quantity of places on a 3 dimensional map.
Each street segment is extruded to reflect the density of open
places on that specific segment for that specific hour of the
day (Fig. 7). This allows the intensity of use to be visually
compared between different neighborhoods for the same hour
of the day. As an example, we have compared the Financial
District with the East Village at both 12pm and 9pm (Fig. 8).
Analysis
A single land use category can include a broad range of activities that have different impacts on adjacent uses at different times of day. Commercial uses, for instance, could
range from office districts to nightlife districts, with each seeing the most activity at different times of day. In Figure 9,
we compare the traditional land use categories that represent
commercial uses (commercial and mixed-use), with the time
based analysis of commercial businesses using the Google
Places data.
When looking at the traditional zoning map, the Financial
District appears to have more commercial activity than the
East Village based on the large area of commercial only
parcels. The Google Places data confirms this in showing
that the Financial District does have a higher quantity of open
businesses at 12pm. However, when looking at the number of
open businesses at 9pm, the East Village has more open businesses, demonstrating an increase in commercial activity later
in the day and highlighting the breadth of the area’s nightlife
offerings.
These findings show that there is great potential in using time
to inform performance-based zoning and as a means of regulating uses. Uses can be made adjacent based on the times
at which they are active. For instance, if Midtown is largely
vacant on weekends, there could be recreational or cultural
uses that are more active on the weekend. They can take advantage of the reduced traffic to utilize the street space and
be more accessible. Another potential example is regulating

Figure 8. Traditional land use data on the left is shown in contrast to time-based Google Places data on the right. The traditional land use only shows strict
categories, while the time-based analysis shows the intensity of use and how that intensity changes throughout the course of the day.

potential nuisances based on time of day: rather than simply
limiting noise to a specific maximum decibel level, regulators
could set different maximum decibel levels for different times
of day.
5

DISCUSSION & NEXT STEPS

Relationships and Trends between our Metrics
A more nuanced approach to analyzing performance criteria
means that performance-based zoning can take advantage of
relationships between different metrics. For instance, both
urban comfort and activity are time dependent. Therefore, it
is suboptimal to prioritize sunlight in a park at a time that
the park is sparsely used. Instead, times of direct sunlight
can be coordinated with times of peak activity. Being more
specific about when a park gets access to sunlight may make
it possible to add significant amounts of density while also
ensuring that sufficient sunlight reaches the park at the times
of highest use.
Increased coordination can also improve the relationship between mobility and activity. Because planners are concerned
about overburdening transit infrastructure, they often limit
density through establishing bulk regulations and a maximum
FAR. However, creating additional density for an area may
be appropriate when there are different uses happening at different times of day. If these different users utilize transit at
different times, transit no longer becomes the limiting factor
in establishing a maximum density.
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From our analysis of what we call ”activity,” we provide a
more nuanced understanding of use than what is shown in
traditional land use maps. While traditional land use classifications are intended to separate uses into single use districts, our criteria measure how uses come together to create
a diverse ecosystem. By using these criteria in performancebased zoning, uses can be brought together in a manner that
is mutually beneficial. Co-dependent businesses can be colocated, or uses can be diversified in a way that activates the
street at all times of the day.
Beyond Manhattan
While Manhattan’s density and mix of uses make a good test
case, there is much more to learn from expanding this research into the lower density boroughs of New York. For
instance, transit accessibility becomes more diffuse and, as
a result, more critical in zoning considerations. Some land
uses, like manufacturing, have little presence in Manhattan,
but are more commonplace in the outer boroughs. The diversity of uses varies widely in New York’s other boroughs, from
vibrant, mixed-use neighborhoods like Downtown Brooklyn
to the almost exclusively residential neighborhoods in Staten
Island that more closely resemble suburban towns. More precise tools for analyzing the built environment would allow
this diversity to be more clearly understood.
Including Other Transit Modes in Mobility Metric (biking, AVs, bus, etc.)

Future development of the mobility metrics presented in this
paper will expand to include a wider array of transit options: bus, commuter rail, bike shares, and other systems currently unavailable in New York City (street cars, for one), and
even future modes of transportation like autonomous vehicles. That said, our analysis reveals that nearly every point in
Manhattan qualifies as TOD by traditional standards (access
to at least a single subway stop within a half mile). This result
makes clear the necessity of more nuanced TOD benchmarks,
and the computational methods outlined in this paper can be
adapted to incorporate new inputs such as differences in wait
times, reliability, number of destinations, and overcrowding.

2. The Fourth Regional Plan: Making The Region Work
For All of Us. Tech. rep., Regional Plan Association,
2017.

Need for a True Urban Comfort Analysis

5. Jacobs, J. The Death and Life of Great American Cities.

The metric for measuring daylight availability used in this
paper is one part of a larger system for quantifying true urban comfort. An analysis harnessed to inform future zoning
regulations should incorporate other metrics like wind, humidity, solar radiation and temperature levels in order to more
comprehensively assess the experience of the individual at the
street level and understand how that might be improved.

6. Maryland Seagrant College. Biofilms and biodiversity:
How to calculate biodiversity, Accessed December
2017:
http://ww2.mdsg.umd.edu/interactivelessons/biofilm/diverse.htm.

From Analysis to Implementation
Performance-based zoning provides a proactive framework
for cities to confront the challenges of the 21st century. Based
on a flexible, analytic methodology, regulators can dynamically adjust metrics at the building, parcel and street segment level, responding to changes in the urban environment
in real time rather than reactively addressing crises. The
process of implementing performance-based zoning will require multiple steps (as listed in Section 1.2), and in this paper we focused on establishing goals and performing analysis. In developing a set of criteria and tools in order to
accomplish our analysis, we illustrate a methodology for
administering performance-based zoning enabled by digital
workflows. While the administrative burden has historically
been a significant hurdle to performance-based zoning, the
prevalence of analytic software allows for automating the
enforcement process for new developments. Instead of requiring officials to pour over print-outs of zoning drawings
on a building by building basis, 3D models could be uploaded directly to performance analysis software that evaluates how the proposed buildings perform in a simulated urban environment. Such automation would overcome some
difficulties that kept performance-based zoning from past
implementation– namely, a lack of deep technological literacy or capacity on the part of the regulator.
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Given the considerable time and financial efforts required to
collect data and setup an energy model for even a single
building [3], it is typically not feasible to scale this traditional
whole building energy simulation approach to the scale of a
campus that may include hundreds of buildings. Over the
past few years, a new genre of urban building energy models
(UBEM) [4] has been utilized by municipalities and utilities
to develop suitable energy-efficiency policy measures and to
assess broad-scope carbon-emission reduction strategies.
Similar urban modeling approaches can be employed by
owners of large building portfolios, such as university
campuses, to develop an understanding of the existing
energy use [5], and to assess the energy saving potential of
possible energy efficiency measures.

ABSTRACT

Owners of large building portfolios, such as university
campuses, increasingly rely on physics-based building
energy models, calibrated to historic energy data, to explore
energy efficiency retrofits. These calibrated models, which
require substantial effort to originally set up, are then
typically only used once for analyzing a series of upgrade
options. This paper presents a methodology for the
development of a continuous energy performance tracking
system that expands the point-in-time analysis capabilities of
conventional urban energy modeling platforms. The goals
are to enable university campuses to manage their building
energy-use over time by automatically tracking their actual
performance against earlier defined targets, updating
individual building energy models following the
implementation of any upgrades and evaluating potential
future retrofit strategies. A key innovation is the
development of easy to implement workflows that are
cognizant of current flows of information and that allow the
mapping and display of changes and their consequences.

A common trait of this methodology, however, is that the
engagement with the stakeholders is limited to a single
moment in time and the analysis of results is limited to
evaluating static proposals. This type of analysis can help
university administrations to understand what is technically
feasible and to ground aspirational greenhouse-gas emission
reduction targets on scientific realities. However, campus
level transformations have a built-in inertia that may stretch
over decades, from retrofitting and solarizing programs for
buildings to streetscape and façade renewal efforts. Campus
conditions are also in constant flux as building uses change
and student populations fluctuate.

Author Keywords

building energy simulation; automatic energy model
calibration; energy efficiency retrofits; urban energy
modeling; continuous performance tracking
1

INTRODUCTION

Along with a societal obligation to commit to a low carbon
economy, established university campuses typically have a
portfolio of aging buildings with a significant opportunity for
energy efficiency retrofits but a limited implementation
budget. To reduce their building energy use, long identified
as a key contributor to global greenhouse gas emissions [1],
university administrations require a prioritization plan for
upgrades with a high degree of certainty in expected
greenhouse-gas emission reductions. To better understand
costs and benefits, decision makers frequently rely on a
simulation-based assessment of a building retrofit strategy,
based on well-established whole building energy modeling
programs [2] that simulate heat and mass flows in and around
buildings, and calculate energy use for different end-uses
required to meet the building’s programmatic requirements.
SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

This paper proposes a methodology for the development,
implementation, and validation of a campus-level energy
performance tracking system that complements the point-intime analysis capabilities of current urban energy modeling
platforms. The immediate goal is to help a university campus
to document and manage the development of their building
energy-use portfolio over time and to track its performance
vis-à-vis a set of earlier defined targets. A key innovation is
the development of easy to implement workflows that are
cognizant of current flows of information and that allow the
mapping and display of changes and their consequences.
Using metered energy data from 100 MIT campus buildings,
the authors have worked with the Institute’s Office for
Sustainability to implement the proposed framework for the
MIT campus.
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2

FLOW OF INFORMATION

2.1 Data Collection

The foremost goal of the proposed continuous planning tool
is to provide information on the historic energy use
breakdown and predict potential changes in energy use with
any identified building retrofits, at the campus and individual
building scale. Collecting historic and current energy use
data for all buildings is, therefore, at the core of the tool. In
addition, location-specific weather data is collected regularly
from an on-site weather station and automatically processed
to generate up-to-date EnergyPlus [6] Weather (EPW) files.

There are a few key components interacting in the backend
of the tool that ultimately result in the finished product. The
driver and central component of the project is the server set
up for data handling. The server, an Amazon Web Services
EC2 instance running Ubuntu 16.04.3 LTS [8], is responsible
for data aggregation, data conversion, and data delivery to
the user interface.
Measured Energy Data

Currently, there are two different sources for energy use data
for the MIT campus. MIT provides the breakdown of energy
use, by building and by energy type (chilled water, steam,
and electricity) in monthly intervals through PostgreSQL [9]
tables, and 5-minute interval OSISoft [10] data maintained
by the MIT Office of Sustainability. The server queries both
datasets directly and the information is automatically
converted into consistent units before further processing.

Using accurate energy use and weather information, detailed
EnergyPlus building energy models, developed using
established UBEM data input and model generation
techniques, are automatically calibrated to reflect individual
building performance characteristics using previously
developed surrogate model driven auto-calibration methods
[7]. The resulting calibrated building-by-building energy
models incorporate existing parameters for envelope
configuration, internal loads and usage profiles across the
building stock, and therefore, can reasonably simulate the
effects of a large range of energy conservation measures,
from campus level strategies to specific building retrofits.

Weather Data

MIT has a weather station installed on campus that records
weather data in 5-minute intervals using a system called
Hobolink [11]. This data is accessed through automatic oncedaily transfers of comma separated value (CSV) files from
Hobolink via a file transfer protocol (ftp) setup on the server.
The collected global horizontal solar radiation is then postprocessed using the Daysim program [12] and converted into
equivalent direct normal and diffused radiation for each
recorded hour. Finally, a scalar vector average of wind
direction using wind speed as the length of the vector
calculates average wind speed and direction for the hour.
These conversions are set to run automatically every day to
create an EPW hourly format file, which is then saved into a
sqlite [13] database on the server.

Finally, a web-based user interface presents the aggregated
building energy-use data and associated useful statistics at
the campus and individual building levels. In addition, the
interface allow users to select potential upgrades at the
campus level, specific building measures, or even partial
building retrofits; runs the energy models in the background,
and presents in real-time the predicted energy-use and
greenhouse-emissions impact of evaluated upgrades on
building and campus energy use. Figure 1 schematically
illustrates this flow of information.
SERVER

WEB CLIENT

AWS EC2 UBUNTU INSTANCE

Energy
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Figure 1. Schematic diagram illustrating the flow of information protocols employed to collect actual measured energy use and weather data,
to develop and auto-calibrate urban building energy models, and to deliver processed data to a web client
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2.2 Auto-Calibrated UBEM

2.3 Data Delivery

The UBEM incorporates a combination of several datasets
including climate data, building geometry, construction
standards, usage schedules, and loads and systems
parameters to simulate individual building energy use. A
campus-wide Geographic Information Systems (GIS)
database was utilized to automatically generate extruded
massing models of the campus. Additional envelope data,
which consisted of floor heights, fenestration configuration,
window opening ratios, and construction assemblies, was
based on architectural drawings or on visual inspection
where drawings were not available. The building stock was
then abstracted into four predominant programmatic
archetypes that represent a group of buildings with similar
non-geometric properties. Figure 2 presents a graphic
rendering of the campus energy model showing distribution
of academic, laboratory, ancillary and residential archetypes.
The UBEM is developed for EnergyPlus whole building
energy simulation program using the Urban Modeling
Interface (UMI) [14].

The collected as well as simulated energy use data, and all
relevant statistics, are delivered by the server to a web client
using a RESTful API [15] coded with the web microframework Flask [13]. In production, the server uses nginx
[16] to reverse proxy and serves all web requests to the Flask
web server for handling. The static historical data is saved
for each year in a JSON [17] file and shipped to the web
client. The web client allows users to evaluate upgrades to
buildings, and displays model predicted output for those
upgrades. The web app is built using React [18] and Redux
[19], in addition to Babel [20] to build the bundle. The
components heavily rely on flex-boxes, or the display: flex
property of CSS [21]. There are three main components in
related to data display:

ACADEMIC

LABORATORY

ANCILLARY

Campus Map

The Campus Map shows a map of all buildings built using
Leaflet.js [22] and GeoJSON. By default each building is
colored based on its current energy use intensity. An
alternate display changes the color gradients to compare
energy use based on the building type. Additionally, the
colors can be filtered by individual energy type to compare
only the electricity, chilled water, or steam use of buildings.

RESIDENTIAL

Campus Overview

The campus overview displays a bar graph showing campus
wide historical energy use data for past years. The displayed
data can be broken down by month, or by energy type, based
on user selection. Additionally the campus overview filters
based on the filters selected in the campus map, and allows
for interactions like hovering over months, or select groups
of months to see total energy use of the selected months.
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Building Overview

Finally, when a user clicks on a specific building on the
campus map, the overview pane switches to data specific to
that building. Additionally, it displays metadata on the
building including building id, floor area, etc. The building
overview compares the measured energy use data to the
predicted results from the EnergyPlus simulations, and
allows users to compare results for various upgrade
scenarios.

ENTATIVE CAMPUS BUILDING

Figure 2. Graphic rendering of MIT campus UBEM showing
distribution of programmatic archetypes

Variations for envelope configuration, lighting and
mechanical systems, and occupant behavior are incorporated
at an individual building scale where this information is
available. When detailed information regarding some
performance characteristics is not easily accessible, the input
parameters are fitted based on the local weather data and
known measured energy use for each building. Surrogate
models [7], a class of machine learning algorithms, are
employed to create mathematical approximations of the
physical behavior of building systems based on the known
performance characteristics and measured energy use data.
These approximation models are then used in combination
with optimization routines to estimate the properties of
unknown building performance parameters, without the need
for computationally expensive iterative energy simulations.
This auto-calibration procedure regularly monitors the
collected data and updates EnergyPlus input parameters to
maintain up-to-date energy models.

Figure 3. Screenshot of web user interface mock-up showing
the campus map (left), and the overview pane (right)
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Radiant Image-Based Data Post-Processing and Simulation
Navid Hatefnia1, Marjan Ghobad2
1

A precise methodology to capture and analyse environmental
data provides a possibility to improve the spatial design
regarding its comfort condition. In this regard, this paper
aims to improve the understanding of environmental
parameters by employing the cutting-edge recording and
analytical image-based data post-processing methods. The
image data processing method is used to capture and analyse
the radiant ambient data. These methods provide a detailed,
comprehensive database to simultaneously capture different
ambient parameters like geometrical features, surface
radiation, surface temperature, etc. in a high-level resolution
manner. Subsequently, the resulting database can be
accessed for more in-depth analyses which could assist
architects or urban designers to determine the most effective
parameters on the thermal comfort. In addition, the database
significantly expedites the process to estimate the involving
factors in comfort at any time of the year. The presented
technique optimally measures and records a large amount of
data to distinguish the role of the environmental parameters
and prepare a comprehensive foundation for further
simulations. Consequently, all the information needed to
estimate the thermal comfort at different points of an outdoor
or indoor space over a year can be calculated by this
technique using only few input data.
Author Keywords

2

Image data processing; image base simulation; RAI
method; radiation; data analysis

METHODOLOGY

This paper proposes how the evaluation of the embedded
data in the captured image from the radiant environment can
improve the assessment of the comfort level in indoor and
outdoor spaces through data acquisition of the image by postprocessing method. Furthermore, it shows how the collected
data from this post-processing of the radiant ambient images
can be the initial foundation for further environmental
simulations.

ACM Classification Keywords

I.4.7: IMAGE PROCESSING AND COMPUTER VISION
(Feature Measurement)
INTRODUCTION

Through the history of camera development, the opportunity
to record the images has been provided even for primitive
types of camera. However, the direct interference of the
human was always required to interpret the images. Since the
creation of digital cameras, the formation of the direct
association between the cameras and computers has provided
the opportunity to process the embedded information in the
recorded images automatically. The digital image processing
has been a study field of computer science which recently
has taken into more consideration. The simultaneous

SimAUD 2018 June 05-07 Delft, the Netherlands
© 2018 Society for Modeling & Simulation International (SCS)

PJCarew Consulting
Cape Town, South Africa
Marjan.Ghobad@gmail.com
evolution of the technology in the digital recording of the
cameras and the data processing of the computers has led to
gather, store and analyze a large amount of captured data.
These data are used in different fields of studies like satellites
map, medical images (X-ray, MRI and CT scans) and
autonomous cars. One of the examples in the field of
environmental design is the calculation of Sky View Factor
from fish-eye photographs. A digital camera with fisheye
lens is used to take the in-situ observation. The images then
converted to a black and white image to determine the
portion of the Sky by relative equations [1, 2]. However, the
image processing is limited to extract very basic information
which is the Sky factor. More advanced method of image
data post-processing, which is also used as part of this paper,
is developed in the field of daylight. When series of digital
photos are converted to a high dynamic range (HDR) photo
by Photosphere allows in-time analyses to determine the
luminance from each pixel [3, 4]. To extend the image data
processing potentials, this paper shows how capturing
ambient data and employing the image data processing
provides the valuable outcome and how it can be an initial
foundation for further simulations which lead designers to
the next level of environmental perception. In another word,
in-situ observation with enough data recording can be used
to simulate other time of the year in same or location around
the origin point of observation.

ABSTRACT

1

2

Technical University of Munich
Cape Town, South Africa
Navid.Hatefnia@tum.de

As the simulation modelling relies on different parameters
with lots of variables, series of assumptions and a certain
level of simplifications should be applied to ease and
accelerate the computation process. When the number of
these variables and parameters increase, naturally the
accuracy of the simulation results becomes less credible.
Since the results of the analyses depend on these simulations,
the resolution of the represented outcome is affected and its

315

sensitivity is accompanied by the deviation and becomes less
accurate.

have a negative impact on the RGB aspect of the image as
gold and copper do. Moreover, silver does not oxidise as
quickly as aluminium. The amount of the reflection of the
highly-polished silver hemisphere has been assigned based
on its material in the evaluation of the radiation level, which
its minimum level belongs to the radiation spectrum with
lower wavelength.

In this paper, one of the objectives of the implementation of
the simulation process is to precisely understand the effects
of the environmental parameters on the human body
radiation heat exchange. It should be taken into account that
the simulation is an analytical process and it is not the design
procedure by itself. It enables to comprehend the
performance of the effective parameters which leads to
suggest beneficial strategies to improve the design. It might
be used to predict the performance of the unbuilt structure or
to improve the efficiency of the existing structure.

3.1 A triple photo

In RAI method, the aim is to obtain full spectrum
thermography to record and analyse the radiant environment.
The outcome of this imaging procedure is an HDR image by
OpenEXR properties with EXR (Extended Dynamic Range)
extension, which is developed to use in computer imaging
process [6]. This EXR file can include information about
daylight, longwave or short-wave radiations. In addition, the
recorded data in the captured image embeds information
about the physical and geometrical status of the ambient
space. This information can be used in two sections; first, in
the geometry of the space and second, in the physics of the
space. Subsequently, by accompany of the typical
meteorological year (TMY) data, the captured information
becomes the basis for the annual analysis of the space.

The in-situ measurement technique can be employed in
different stages of the design process, either in the initial
design phase by analyzing series of case studies in the same
micro-climate or, after the construction phase for
development of the existing condition. The outcome of the
majority of the measurement methods depends on the
examined location and time, and the achieved result cannot
be extended to analyse the corresponding conditions in
different locations with similar micro-climatic status and
another time period of the year. This paper articulates that
how the recorded data from applying advanced in-situ
measurement method in one selected point in the site
location can be the basis for simultaneous analysis of
different points in different time periods.
3

The monitored images from the highly-polished silver
hemisphere in the RAI method provides two HDR images
that have been processed by Photosphere software; the first
one has been captured by presence of IR-Cut filter in order
to predict the wavelength in each pixel and the second one
has been captured without IR-Cut filter from the CCD
(Charge-Coupled Device) sensors to create the image that
includes the visible wavelength and near-infrared (NIR). The
third photo was taken with the infrared camera to record the
amount of longwave radiation flux.

RADIANT AMBIENT IMAGING PROCESS

The image data processing is used in Radiant Ambience
Imaging (RAI) method to record and analyse the radiant
information of the environment for the in-situ measurement.
The RAI method is an approach to understand the thermal
environment, which should be processed through the
photography procedure in the favourable site location [5].
The vital equipment for the photography setup is the highly
polished Silver hemisphere that should be located in 1.1m
above the ground level in the point of interest, which
indicates the centre of gravity in the human body. The reason
to choose the hemisphere is to provide the opportunity to use
Numerous Vector (NV) as a numerical method to calculate
the projection of the surrounding geometries and form factor
for each surface.

The captured IR photo by the FLIR tool software has the
capability of being exported to CSV (Comma-separated
values), which with high accuracy level records the
information of each pixel in data format. Then, this recorded
data is converted into an HDR image with EXR file format.
OpenCV libraries are used in Python codes to align the
recorded information to the related pixel accurately [7, 8].

To set up the photography equipment, the camera is located
in 0.5m above the Silver hemisphere to capture the required
images. In this respect, the thermal information of the
ambient radiant is recorded at a specific point within the
specified time. The embedded information in the captured
images should be processed in the further steps to provide
information about the Radiation flux density, View Factor
and Mean Radiation Temperature (MRT) for each desired
point.

Figure 1. Series of initial photos (a) HDR with the IR-cut filter
(b) HDR without IR-cut filter (c) IR photo

Thus, extracting data from these three photos can be used to
create the full spectrum image in EXR to accurately show the
Radiation flux density on each pixel. In these three images,
only the limited circular area of the mirror is under
consideration. In the next stages therefore, to accelerate the
process, the perimeter of the circular shape of the image has

The highly-polished silver has been allocated for the outer
layer of the hemisphere because it is one of the existing
materials that regarding the reflection capability, reflects
wide range of daylight spectrum. In addition, Silver does not
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been identified by Python algorithm to be cropped and then
the whole image is limited to a square format (Figure 1).

luminance=(38R+128G+13B)/Exposure

(2)

As the Efficiency has a direct association with wave-length
with CCD sensors response, the dominant wavelength of
each pixel should be estimated to find the Efficiency. Hence,
the related information of RGB colour model of each pixel
should be read. RGB includes three different parameters that
represent different levels of the Red, Green and Blue colours
in a coded system and the provided information in a
3Dimensional space should be sorted in the linear visible
spectrum between 380-780nm wavelength (Figure 3.a). In
this regard, it is required to convert RGB into HSV, where H
stands for Hue to show the value between 0 and 360, S
indicates the Saturation dimension and, V indicates the
Value dimension to represent the level of darkness and
brightness. It is required to use the gained value of Hue to
estimate the allocated wavelength to RGB.

In the image post-processing, for better understanding the
monitored image, computer code has been scripted to expand
the captured fish-eye image from the hemisphere mirror into
panoramic image or 360-degree image. This mathematical
algorithm is based on transformation equations between the
Cartesian coordinate and Polar Coordinate (Figure 2).

To achieve the visible spectrum wavelength for each pixel, it
is not enough to only remap the H range 0-300 to 380-780
because the distribution of HSV spectrums and sunlight
spectrum are not similar (Figure 3.b). Therefore, the
alignment should be employed for HSV spectrum. As it has
been shown in Figure 3, the spectrum of HSV has been
categorized into the smaller domain to accomplish the
alignment process. The outcome is to provide an appropriate
estimate of the demonstrated wave-length to find the
wavelength efficiency (Figure 3c).

Figure 2. (a) and (d) are made by converting (b)and (c) to a
panoramic image

The next step is to align these three images with each other.
For taking the first two images, the camera location was
fixed, and the only change has happened is to replace the IRCut filter. As a result, the outline of the captured images does
not have that much difference, and the alignment can be dealt
easily. However, the last image has been taken with a
separate camera with different features such as different
resolution. Thus, it should be aligned with the first two
images by employing respective codes from image
processing Python libraries (Figure 1). Reading the
embedded information on the three images starts after
alignment of each pixel.
Figure 3. (a) Daylight spectrum (b) converted and remapped
RGB to HSV distribution (c) aligned RGB to wavelength

3.2 Radiation Flux Density

One of the intentions of the analysis of these images is to
calculate the amount of the Radiation flux density from the
surrounding environment that leads to indicate the amount of
total mean radiant temperature (TMRT). MRT is one of the
most important parameters of human thermal comfort. To
achieve this important purpose, the recorded information
should be read in a systematic procedure. In order to
calculate the Radiation flux density for Visible Light the
following equation is used:
Watt = luminance/(683 × Efficiency)

Therefore, the RGB information of each pixel should be
read, and the specific wavelength that has been allocated to
that RGB should be identified. Afterwards, by consideration
of the CCD sensor response, the identified wavelength
determines the level of efficiency on each pixel. As a result
of this process, by placing the amount of the Luminance and
Efficiency in the formula (1) the rate of Watt, which comes
from the Radiation Flux, from each pixel can be determined
for shortwave radiations.

(1)

For an indication of the Radiation flux density of the longwave radiation, it is sufficient to read the related information
of the infrared images that now is recorded in a high-dynamic
range EXR image. It should be read for each pixel according
to the Boltzmann law; E=δ.ε.T4, where δ is a Stefan–

The amount of luminance for each pixel can be accounted by
using the Exposure setting in the HDR image. To undo any
scaling that has been done to the pixel values by Photosphere,
the following equation is used.
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Boltzmann constant which is 5.67x10-8, ε is the used
emissivity in an infrared camera that in this study is equal to
0.95 and, T is the temperature of each surface based on
Kelvin. The important point that should be considered is that
the achieved image does not necessarily show the surface
temperature of the surrounding surfaces in an accurate way.
However, it indicates the incoming Radiation flux density to
the selected point. As the primary intention of this
examination is to reach the amount of radiation that comes
from the surrounding surfaces, the evaluation of the amount
of the Radiation flux density is required to meet this target.

never can be seen in the taken image by the camera. Thus,
for the evaluation of these blind point, the information from
their nearest points is replaced for them accordingly.

Figure 4. view field is increased by increasing the ratio of
camera height to mirror radius.

To calculate the Radiation flux density of the human body
(𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) and the mean radiant temperature (𝑇𝑇𝑇𝑇mrt ), the
subsequent formula should be used [9]:
𝑇𝑇𝑇𝑇MRT = 4�(𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 /(𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝 𝜎𝜎𝜎𝜎)) − 273.15
𝑛𝑛𝑛𝑛

𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

𝑖𝑖𝑖𝑖=1

in ⁰𝐶𝐶𝐶𝐶

𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛼𝛼𝛼𝛼𝑘𝑘𝑘𝑘 � 𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝 � 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛼𝛼𝑘𝑘𝑘𝑘 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 𝐼𝐼𝐼𝐼

As the result of a geometrical process, it becomes clear that
if the points distribute homogeneously in the space, how they
would pass into the camera through the mirror and then, they
transform into an image. Hence, the corresponding pixel can
be found for each distributed point on an imaginary sphere.
These achieved coordinations are the exact pixels that their
corresponding data should be read from the overlaid image.
The distribution level of the points in the image of the mirror
changes based on the distance of the camera from the centre
and the radius of the mirror. It should be considered that the
assumptions for using the average of the gained information
and the simplified sinus and cosines coefficients do not have
the sufficient accuracy for the required image postprocessing in the presented method and should be avoided.

(3)
(4)

where σ is the Stefan-Boltzmann constant equal to 5.67×108
Wm-2 K-4, εp is the emissivity of the human body with the
standard value of 0.97, and Sstr is the mean radiant flux
density of the human body, which depends on the short-wave
and longwave radiant fluxes [9], 𝛼𝛼𝛼𝛼𝑘𝑘𝑘𝑘 is the absorption
coefficient for short-wave radiation with the standard value
of 0.7, 𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖 and 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 are respectively the short-wave and longwave radiation fluxes of radiant surface 𝑖𝑖𝑖𝑖 in Wm-2, 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 is the
view factor of surface 𝑖𝑖𝑖𝑖 with respect to the reference point,
and 𝑛𝑛𝑛𝑛 is the number of surrounding surfaces, Fp is the view
factor of sun and I is, the sun radiation.

As a result, the essential points that their information should
be read are defined and the 𝑇𝑇𝑇𝑇mrt can be achieved by reading
the mean of Radiation flux density based on equation 3,4.

3.4 Applied methodology

Figure 5 shows the application of the presented image data
process and the result from the analytical method for a
selected point in a courtyard. Section (a) is the panoramic
view from the area which is converted from the original
circular photo. Section (b) shows the Radiation flux density
from each direction and, in this case, it varies between 200
W/m2 and 600W/m2. The total mean radiant temperature
(TMRT) equals to 34⁰C based on the image post-processing
results. The result can then be separated into 8 different
directions as it is shown in Figure 5c. The result indicates
that higher flux from the west and south-west directions, by
approximately 38⁰C, and the lowest from the north by 28⁰C.
In addition, the role of each surface can be seen separately
from the total. Figure 5d examines the role of four main
surfaces, the shade, Sky, floor and buildings facades which
are shown in Red, Blue, Green and Black respectfully; to find
the effect of each one. MRT for Red, Blue, Green and Black
surfaces are, 44.98⁰C, 1.87 ⁰C, 35.03⁰C and 30.54⁰C with the
view factors of 0.2932, 0.0699, 0.3861, 0.2285 respectfully.
In summary:

The next step is to find the coordinate of the points, which
their information is required to be read to calculate the TMRT.

3.3 View factor

The Numerous Vector (NV) method shows that how it is
possible to generate a series of vectors from the origin of the
unit sphere to the homogeneously distributed series of points
on the surface of the sphere [10]. Afterwards, by extension
of the generated vectors to the surrounding ambient surfaces,
the vectors hit the surfaces, and consequently, series of
intersection points would be reached. The number of these
intersected points on each surface is the basis for calculation
of View Factor (FV) of that surfaces [11]. At this stage, a
large sphere with homogeneously distributed points on it has
been assumed to apply the NV method, to find the
coordination of the required points and, to calculate the
amount of TMRT.
The specific amount of distributed points on an imaginary
sphere can only be seen based on the distance from the
camera to the origin of the hemisphere mirror and the radius
of the mirror. As it can be seen in figure 4 by increasing the
distance of the camera from the mirror, the View Field also
increases and consequently, the more substantial number of
points can be captured. It should be taken into account that
there is always a blind point underneath of the mirror that

45 × 0.29 + 1.87 × 0.06 + 35 × 0.38 + 30 × 0.22 = 34 ⁰C
Almost 30% of the condition is affected by the RED surface
and 40% is affected by the floor. Interestingly, the result
shows the high range of radiation from the shade itself which
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was designed to reduce the radiation. Also, it is shown how
the sky view factor (SVF) can be achieved by using this
method to use for urban climate investigation. In this case,
the SVF is almost 0.007.

and second, the coordinate of one point in each plane. On the
other words in each pixel (R, G, B) = (X, Y, Z).

Figure 7. (b) normal vector of each plane, (c) the coordinate of
one point in each plane as RGB

In this regard, the coordinate of each pixel in a 3Dimensional
space is reached. The outcome can be illustrated as a point
cloud, which includes coordinate and RGB of each point
(Figure 8a). Alternatively, the presented RGB code can be
visualized by replacing the data that has been previously
gained such as long-wave, short-wave, luminance or
Radiation flux density (Figure 8b).
Figure 5. applied RAI method and image post-process to analyse
the environmental parameters. TMRT=34 C⁰. The MRT of the
Blue, Green, Red and Black surface are 1.87C⁰, 35.03C⁰,
44.98C⁰, 30.54C⁰ with the view factors of 0.0699, 0.3861,
0.2932, 0.2285 respectfully.
4

PREDICTION OF THE 3D GEOMETRY

Since an image is taken from a space, it does have certain
geometrical aspects. Especially when the photo includes
almost all the view fields. These potentials allow to add
another step to the analytical process and provide suitable
foundations for advanced simulations.

Figure 8. Point cloud from the original image

Also, it is possible to record all the achieved data into series
of mathematical matrices for further evaluation in the later
stages. Alternatively, the point cloud can be converted to 3dmesh for further common simulations. However, in the
following sections, it is shown that converting to mesh is not
necessary and the point cloud data itself can be used as an
initial data to solve the geometrical aspects in simulations.

Simultaneously and in parallel to the image process, a
specific direction to each pixel is assigned in one reverse
geometric calculation. As it has been illustrated in Figure 6
the captured image from the hemisphere mirror can be
rearranged based on the pixels directions. Figure 6a shows
the pixels back to their location on the hemisphere and Figure
6c displays their virtual position on the view field sphere.

The provided point cloud includes precise data from the
coordinate of the points and the ambient geometry. In
addition, it can contain the achieved data from the previous
analyses. The point cloud with the stored data and TMY
information can be an appropriate basis to simulate the
appointed space in different times and different locations
with different purposes.

Figure 6. The captured image from the hemisphere mirror can
be rearranged based on the pixels directions

5

IMAGE-BASED SIMULATION

The prepared point cloud regarding geometry can be
converted into a mesh for further analysis by using computer
software like MeshLab, or it can be used as a list of the
points’ coordinates without changing into three-dimensional
form. Figure 9 presents a simulation prototype of daylight for
different hours of the year for the point cloud without
converting it into the mesh. In this example, the sky was
simulated by Perez Sky Model based on TMY data [12]; the
method of backward ray tracing has been applied for each

4.1 Achieving the Point cloud from an image

By having the particular direction of each pixel, the next step
is to return the taken information of each pixel to the point
that it has been received from. The geometrical information
of each surface in surrounding environment can be employed
to return the related data of each pixel to its position. The
geometrical information of each surface can be added by two
series of data as RGB; first, the normal vector of each plane
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pixel (or points) to determine the amount of light on each
point [13].

In the following example, different ideas have been applied
to accelerate the evaluation process through omitting the
extra calculations such as to mitigate the points from the
point clouds that are situated lower than the point of interest
or in the same surface with the point of interest. In addition,
for more simplification, the surfaces that their normal vector
with the sun vector makes the angle, which is more than 90°
have been omitted from the daylight calculations in this
example, however, they have been evaluated in the backward
raytracing calculation for other points.

The approach of the backward raytracing method is based on
the collected data from hitting the rays with the point cloud
to indicate which one has or does not have a confrontation.
This creative approach leads to the desired outcome without
using the common complicated geometrical calculation of
creating a mesh for the ambient surfaces. Hence, the point
cloud itself is used to solve the geometrical aspects of
different challenges like backward ray tracing.

Figure 9. a-h daylight simulation from 7 am to 7 pm in 21st of December in Nelspruit South Africa

According to what has been illustrated in figure 9, it can be
seen how to accumulate the materiality features of the
ambient surfaces to the simulation procedure. In this
example, a material with high reflectivity has been selected
to simulate the reflected light. For the pixels that are situated
in the surfaces with this type of material, the amount of
radiation should be assessed based on the distance of the
radiation vector from the core of the hemisphere mirror. The
backward ray tracing method should be applied only in one
point, which is the core of the hemisphere. Moreover, the
first step of the hits are the points that the point cloud has
been formed based on them. Hence, the first series of hit has
been already done, and this loop for the points of the point
cloud should be repeated.

by consideration the angle of radiation and reflection. This
coefficient can be used in estimation of the amount of the
reflection on each point or on each pixel in the further
simulation in the later stages.
6

CHANGING THE ORIGIN POINT

The technique to achieve the point cloud provides the
potential to employ the simulation process for the other
points of the given space by consideration to the geometrical
features of the space. Figure 10 represents that how the
acquisition of the embedded information on the captured
image enables to analyse the other coordinates of the space.
This figure indicates that how the point B(x,y,z) can be
analysed based on the data acquisition from the image in the
point A(0,0,0). Calculation of the proper coordinate of the
point B(x,y,z) should be accounted by geometrical
understanding of the captured image in the point A,
�����⃗, and by reusing the geometric
consideration of the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
equations for placing the recorded points in the image taken
at point A. The process that should be applied is discussed in
detail as follows.

Figure 9 illustrates the prototype simulation in different
hours of December 21st. By the application of the same
method, the amount of radiation density, and diffused and
direct solar radiation can be assessed. The significant point
that should be taken into account is that the total interactions
of all the surrounding environment have been recorded in the
initial captured image. In other words, the initial image
shows the collection of the impact of many different
parameters in a real world that have effects on each other
such as the geometry of the space, properties of the material
like their reflection level and so on. Based on the recorded
information, direction and amount of solar radiation, in
addition to applying the backward approach; it is possible to
determine the coefficients that indicate the ratio of the
amount of radiation of each pixel to the source of radiation

Each recorded pixel in the point A (origin point), based on
the distance of the camera and the radius of the hemisphere
mirror, indicates the direction that shows the hitting point of
the point C from the point cloud. At this stage, it is feasible
�����⃗. The geometrical way that
to measure the length of the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
how the point C is imaged on the mirror at point B can be
�����⃗, which 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
�����⃗=𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
�����⃗-𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶
�����⃗ . Then, by attaining
achieved via the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
the entered direction to the mirror in the imaginary point B
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METHOD
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���� ���������� ��������� ��� ������ ������� ���� ����������
���������������� ����� ��������������������� ��������������� ����
������������������������������������������� ������������������
����������

����������� ������������ ���������� ����� ��������� ����
������������ ���������� ���� ����� ������� ���� ���������� ��������
�������������������� ������������ ����������������������������
��� �� ������� ������������ ���������� ���� ��� ����� ������
������������� ���� ��������� ��������� �������������� ����������
���� ������ ��� ���� �������� ���� ����� ������������ ����� ��������
���������������������������������������
��� ������������ ���� ��������� ��������� ����� ������ ��������
���������� ����������� (𝐼𝐼𝑐𝑐 ) �������� ���������� ��� ������ ���
incidence (α). The equation of angle of incidence (α) uses
��������������� �������� ������������������������I�������������
the cosine α ���������
𝐼𝐼𝑐𝑐 = 𝐼𝐼 ×

1

cos 𝛼𝛼

�

�

�

����

������� ������ ��������� ���� �������� ������� ��� ������ ������
��������������������������������������������������������������
������� ��������� ������������� �������������� �������� ���������
������� ���� �������� ���� �������� ������� ��� ����� ���� �����
������������������ ����������������� ��� ���� ��������������������
���������������������������

�
Figure 2. �����������������������������������
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3.1 Intensity Correction
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Figure 3. ������������������������������������������������������
�������������������������������������������

�������������������������������������������������������������
��������������������α) (see Figure ��������������������������
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��������� ����� ������� ��� ����� ������������ ���� ������ ������
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Figure 5. �����������������������������������������������������������
3.3 Calculation of the albedo values
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Figure 4. �����������������������������������������������������
����������������������������������������
3.2 Segmentation of datasets
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RESULT AND DISCUSSION

����������������������������������������������������������������
�������������������������������������������������������������
��������� ����� ��� ��������� ������ ������ ����� �������� �����
���������� �������� ��� ����� ������ ��� ����� ���� ���� ������� ��� ����
�������� ����������� �������� ����� ���� ����������� ��� ����� �����
��������������������������������������������������������������
�����–���������� ����������������� ����� ������������� �����������
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Intensity values
A (0.0 – 0.39)
����–�����
����–�����
����–�����
����–�����

Point density
44.641
����
����
������
�������

Percentages
2%
���
���
����
����

B (0.39 – 0.78)
����–�����
����–�����
����–�����
����–����

426.374
�������
��������
��������
�������

22%
����
����
����
����

C (0.78 – 1.17)
����–�����
����–�����
����–�����
����–����

589.637
��������
��������
��������
��������

31%
����
����
����
����

D (1.17 – 1.57)
����–�����
����–�����
����–�����
����–����

859.999
��������
��������
��������
������

45%
����
����
����
��

Table 1. ���������������������������������������������������������
��������
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Figure 6. �����������������������������������������������������������������
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Figure 7. ������������������������������������–���������������������
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based plug-ins) provide an advanced method to update 3-D
models according to changes in GIS shapefile data from sitebased surveys. Because it is possible to import
contemporaneous GIS data, these tools can support decision
and design processes in close to real time. The workflow we
created is useful for any location for which GIS data are
available. This model can be incorporated into the urban
building energy modeling platform – the Urban Modeling
Interface (umi) – which is a Rhinoceros-based design
environment for architects, engineers, and urban planners
interested in modeling the performance of neighborhoods
and cities with respect to operational and embodied energy
use, walkability and daylighting potential [10, 11]. The
objective of this paper is to present a workflow to integrate
building location and thermal-physical data with tree data to
create a 3-D model of an urban environment with a dense tree
canopy, and provide preliminary results describing the
impact of the vegetation on building energy consumption.
Energy consumption for residential cooling and heating is
affected by tree placement, which can modify temperatures
by casting shade [6]. The umi model is well suited to enable
better understanding of the climatic and energy benefits of
urban trees [12].

ABSTRACT

Building energy simulation is of considerable interest and
benefit for architects, engineers, and urban planners. Only
recently has it become possible to develop integrated energy
models for clusters of buildings in urban areas. Simulating
energy consumption of the built environment on a relatively
large scale (e.g., such as a neighborhood) will be necessary
to obtain more reliable results, since building energy
parameters are influenced by characteristics of the nearby
environment. Therefore, the construction of a 3-D model of
urban built areas with detail of the near-building
environment should enhance simulation approaches and
provide more accurate results. This paper describes the
process of integrating urban forest inventory data into a 3-D
energy model for a US Midwest neighborhood, including
building footprint, parcel and tree data. This model was
prepared for use in the Urban Modeling Interface (umi) tool
to analyze the effect of tree shading on building energy
performance. We used Grasshopper 3-D, the Meerkat plugin, and GIS to integrate these datasets for model generation.
Author Keywords

Urban building energy simulation; urban forest inventory;
urban 3-D modeling; urban trees and shading; algorithmic
modeling

STUDY AREA

3

TREE INVENTORY

The Capitol East neighborhood in Des Moines, Iowa was the
pilot study area for this urban energy simulation. It was
chosen as a test case primarily because of social and
economic characteristics that limit residents’ capacity to
regulate temperatures in their homes. This neighborhood is
situated just east of the State of Iowa Capitol complex, near
downtown Des Moines. In this paper, we integrate spatially
explicit data from a complete inventory of existing trees in
the neighborhood (both yard and street trees) to incorporate
1142 trees and 340 buildings in the simulation (Figure 1).

ACM Classification Keywords

I.6.1 SIMULATION AND MODELING, I.6.5 MODEL
DEVELOPMENT
1

2

INTRODUCTION

Advances in information technology have provided a wide
array of new digital tools to support urban energy modeling.
3-D models of existing cityscapes, which can be updated,
corrected, and augmented, allow for visualization of
proposed and approved additions [1]. Although the effects of
urban trees on building energy consumption have long been
recognized [2, 3, 4, 5], integration of trees in dynamic energy
modeling is a fairly recent endeavor [e.g., 6, 7] and examples
of visualization are rare. Several tools are available to create
3-D models of urban environments, but for most of them it is
not possible to rapidly integrate subsequent changes that alter
the initial data set used for modeling. The model extensions
Grasshopper 3-D [8] and Meerkat [9] (both Rhinoceros-

Tree data were collected in an inventory of a portion of the
neighborhood during summer 2017: 1142 neighborhood
trees were catalogued using a Trimble Geo 7X Handheld
GNSS receiver. Data collected include tree species, trunk
diameter, tree height, canopy shape/height, canopy width in
two dimensions, and latitude/longitude coordinates.
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Rhinoceros, so it is necessary to center the data at a 0.0.0
point. In order to work with all three shapefiles and create
the entire model in one Grasshopper file, three “Parse
.mkgis” modules were needed to address the files for
building footprints, parcels and trees separately.
4.3 Grasshopper 3-D

After importing shapefiles through Meerkat to Grasshopper,
the next steps of the process were performed in the
Grasshopper interface. The “Area” module was used to
create the center point of the bounds in point space using the
“Construct Point” module. Using these two modules and a
“Vector2 Point” module, we were able to move the center
points of all geometries to an origin point in the Rhino
canvas. The vector repositioned all points to a visible Rhino
workstation via the “Move” module. After establishing
center points of all geometries, the “Polyline” module was
used to create line work from the points. These steps led to a
similar base map for all necessary geometries (buildings and
trees). The same process was used to locate building
footprints, parcels, and trees.

Figure 1. Area of complete survey for trees and building data,
Capitol East Neighborhood, Des Moines, IA. Map: Google 2017.
4

WORKFLOW

Grasshopper 3-D, the Meerkat plug-in, and GIS shapefiles
were used to create the 3-D model of the buildings in the
neighborhood. The first phase of model creation was the data
collection process for the two major input sources for the
model. Geographic Information System (GIS) files for
building footprints and parcels (maintained by City of Des
Moines’ Assessor’s office) and for urban trees.

5

4.1 GIS Shapefiles

GEOMETRIES

5.1 Building Parcels

A shapefile (.shp or .dbf) is a simple, non-topological format
for storing the geometric location of geographic features.
The workspace containing shapefiles may also contain
dBASE tables, which store additional attributes joined to the
shapefile features [13]. In our model development process,
the GIS shapefile for Capitol East Neighborhood buildings
(building footprints, elevation, and parcel) was obtained, and
the tree data were subsequently integrated with it.

Building parcel 2-D outlines were created in polyline.
5.2 Buildings

To extrude single line segment data for the buildings at their
correct elevation, building height was extracted from the
.mkgis file connected to the “Parse .mkgis” module. In the
“Panel” connected to “Field Names” building heights were
saved using index number 1. The “List Item” from “Field
Values per Shape” and index number 1 were used to collect
building heights and a Z-vector was used to determine the
direction for buildings to be elevated. The “Extrude” module
containing the base of building footprints was combined with
the Z-vector to create building heights. The “Cap” module
was used to close the polysurfaces (Figure 2).

4.2 Meerkat

After preparing shapefiles for buildings and trees, which
contained required information to create the model, we
imported them into Rhinoceros 3-D. To do so, we used
Meerkat (a GIS data-parsing plug-in) to import shapefile data
into Rhinoceros 3-D. This plug-in allows selection and
cropping of shapefile layers for a specific area of interest.
The result is a layered collection of 2-D line work that can
then be further manipulated in Grasshopper or Rhino [9].
First, to reference GIS shapefiles by Meerkat, the “Import
Shapefile” module connected to a “Boolean Toggle” was
chosen. By turning the Toggle to “True”, the Meerkat
interface was activated. After Meerkat was launched, the
shapefiles created in the previous step (building footprints,
parcel and tree inventory data) were added to the Meerkat
map interface by selecting the “Add Shape File” menu item.
We then used the “Crop Shape File” function in Meerkat to
save the three .mkgis files.
We next linked the .mkgis files to the “Parse .mkgis”
function through a “File Path” module. All information
included in the shapefile was transferred to the Grasshopper
interface under .mkgis format. By default, Meerkat locates
the GIS information in a place far from the origin space of

Figure 2. Workflow components for the creation of 3-D buildings.
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Paraboloid Tree Canopy Template

Paraboloid canopies were created as semi-ellipsoid shapes.
First, the process for creation of spherical canopies was used.
To create trees with spherical canopies, two inputs - the base
and the radius of the sphere - were needed. A “Match Text”
(“TMatch”) input command was used to choose only those
trees with paraboloid canopies using the “List Item” from
“Field Values per Shape” by index number 4 (tree shape) and
panel letter Pa* (an abbreviation for paraboloid-shaped
geometry). To include measurement of canopy radius for
each tree, outputs of the “TMatch” module were multiplied
by the outputs of the “List Item” module with index number
7, which included average N-S and E-W dimensions for each
sphere diameter, and then divided by two to get the radius.

Figure 3. Eight geometries were used to represent tree canopies.
5.3 Trees

The tree inventory included eight canopy shape categories:
spheres, ellipsoids, cylinders, cones, horizontal rectangular
cuboids, vertical rectangular cuboids, umbrella shapes, and
paraboloids (Figure 3). The “Tree Shape” category in the tree
shapefile was used to extract shape information using the
“List Items” by index number 2 in the “Parse .mkgis”
module. Here, workflow components for creation of tree
trunks (cylinders) and paraboloid canopies (most common
canopy type) are described in detail. Other shape categories
follow the same process (see accompanying data set), with
each shape category requiring their own creation “Module”.

Then, using the “Surface Split” and “Deconstruct” modules
we halved the spheres, and a “Dispatch” module was used to
remove the bottom part of the spheres. Semi-spheres created
in this step were converted to semi-ellipsoid shapes using a
“Scale NU” module with a defined value (ranging between 1
and 1.5) to stretch each semi-sphere in the Z direction and
create a semi-ellipsoid. Semi-ellipsoids had a bottom tangent
line located at ground level, so they were adjusted such that
their top tangent line fit to the top of the trunk using a
“Multiplication” module to merge “TMatch” module output
with the “List Item” index number 5 (containing tree
heights).

Trunks

Tree trunks were represented by cylinders. We created a
cylinder module using three inputs, the base location (point
data created in the “Move” module), trunk radius (based on
data for tree diameter), and tree height. By looking at the
“Panel” module connected to “Field Names”, tree diameter
and height were added in columns 3 and 5 inside the .mkgis
file. As the “Cylinder” module is based on radius, we divided
DBH (diameter at breast height) using a “Division” module
after the “List Item” module. A Cap module was then used
to close the polysurfaces (Figure 4).

We next used a “Subdivision” module to adjust the height of
each paraboloid in the Z direction equal to its radius and fit
the top tangent line of paraboloids to the top of the trunk. A
“Cap” module was then used to close the polysurfaces
(Figure 5).

Figure 5. Components used for trees with paraboloid canopies.

Figure 4. Components used to create cylindrical tree trunks.
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6

RESULTS AND DISCUSSION

The model provided input into umi to simulate the energy
performance of each building in the selected neighborhood
area for two scenarios, with and without trees. Simulations
were performed assuming typical meteorological year
(TMY) conditions using the TMY 3 data set for Des Moines
[14]. For the initial simulation, each building was assigned a
template for construction type and condition of the building
(generated using the GIS and assessor’s data). Templates (37
of them) were created in umi for buildings by combining
construction information to describe the material properties
and performance of an entire structure. According to the
assessor’s data for the 340 buildings, 259 of them had active
air conditioning systems and 81 were naturally ventilated. In
the templates, air infiltration rate was set in a range between
0.34-0.75 ACH and insulating material resistance (R-value)
differed between 1 and 4 m2K/W. We created a visual
simulation to illustrate annual cooling energy demands for
buildings in the model with the presence of trees, based on
construction template, location, and orientation (Figure 7).

Figure 6. Final “Baked” visualization model in Rhinoceros.
Baking Grasshopper Model to Rhinoceros

The Grasshopper modules containing the buildings and trees
were then exported to Rhinoceros 3-D using the “Bake”
command to create a visualization (Figure 6).

Figure 7. Shadow range analysis (May-September). Hours of direct sunlight received by buildings increases from dark to light colors;
buildings indicated in blue are those with more than 5% reduction in cooling demand for the scenario with trees.
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One potential drawback of this technique is the amount of
effort required to collect comprehensive tree inventory data.
Although many municipalities have such data for street trees,
there are relatively few comprehensive urban forest
inventories that include such data for trees on private
property. It may be that development of specific empiricallybased models will allow calibration of models using other
available data (such as LiDAR imagery with detail for tree
canopy shape and size) in the future. Another drawback is
use of generic weather files, which in our case did not allow
us to account for urban heat island and specific microclimate
effects in the vicinity of the buildings, which would also be
necessary to further refine the thermal environment.
However, the method presented here does provide the
opportunity to easily update shapefiles using the Meerkat
plug-in, and incorporate additional information in the model
to include these phenomena. We expect to update the tree
shapefile to include trees in a larger portion of the study area,
and to incorporate more refined weather and building
parameter information. Continual updates will allow us to
extend the model and generate more accurate results.

Figure 8. Close-up of a group of buildings with more than 5%
reduction in cooling demand.

For this simulation, the trees were considered simple shading
devices in order to monitor their effects on total operational
energy and cooling demands based on their location and the
size and shape of their canopies. The preliminary positive
impact of trees as shading devices was confirmed in the umi
model for annual cooling energy consumption. Trees
resulted in 1% to 20% potential active cooling energy
savings for spring and summer months (May to September).
There were approximately 40 buildings with potential
cooling energy savings more than 5% (shown in blue,
Figures 7 and 8). Buildings with significant cooling energy
savings (5-20%) typically had templates with envelope Rvalues greater than 3 (m2K/W), which were high compared
to other building templates in the simulation. Nearly all
buildings showing substantial differences in cooling demand
in the model with trees are well shaded by trees, especially
those located south of buildings (Figure 8), which limit
exposure to direct sunlight. It is important to note that umi
also incorporates the effect of nearby buildings as shading
devices in calculation of cooling demand by each building.
Many buildings in this neighborhood do not have active
cooling systems, so the primary impact of trees is reduction
of air temperature and mitigation against overheating in these
structures (rather than energy savings); further investigation
of other relevant building characteristics is ongoing.
7
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ABSTRACT

Solar irradiance and illuminance are important renewable resources that can significantly increase buildings’ energy efficiency, associated to solar passive and active techniques and
use of daylighting. In addition, it is widely acknowledged
that the presence of natural light and some sunlight indoors
is essential for inhabitants’ well-being. This paper presents
a new method to assess solar and daylight availability in the
built environment at different scales. The method is based on
two types of images where the mutual obstruction between
neighbouring buildings is represented over stereographic projections of the sky vault. The images can be used in two ways,
either for the visual assessment of the examined surface(s) or,
to be processed as to obtain a series of numeric performance
indicators. In both ways, they can be combined with similar
projections of the sun path or sky radiance/luminance distributions, for considering locations’ latitude and climate, respectively. To exemplify the use and relevance of the tools,
especially at the early-design stages, the method is applied
to compare the proposals submitted in a masterplan competition. The five finalists are examined in relation to the performance of their façades and roofs, as well as their impact on an
existing façade. Last, a targeted analysis showed a good correlation between performance indicators, readily computed
by the method, and predicted annual energy demands.
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INTRODUCTION

There has been an increasing awareness among architects and
urban designers of the significance of solar and diffuse radiation for achieving comfortable and energy-efficient buildings, and promoting occupants’ satisfaction and wellbeing.
Since solar and daylight availability in the built environment
is strongly related to buildings’ geometry and configuration,
the solar and daylight potential is decided to a large degree
during the early stages of the design process. Hence, rather
than performing solar and energy analysis for a predefined
building or urban design in the late stages of its development,
it would be more effective and creative if designers could obtain immediate performance feedback on their early decisions
as to optimise them. A major restriction to the consideration of solar and daylight accessibility, and to making deliberate decisions for its modification and exploitation, is the lack
of appropriate to professionals’ needs tools, especially at the
early-design stage [9].
This paper introduces a new method for assessing solar and
daylight access on building envelopes, to support design decisions regarding the geometry and positioning of new buildings. It is based on two types of images, visualisations of
the mutual obstruction of urban surfaces on a stereographic
projection of the sky vault, which can be also processed to
compute a series of relevant performance indicators. Therefore, the method provides means for quantitative assessment
of the performance of building façades and roofs, as well as
the visual comparison of the obstruction caused by different
designs. Compared to more sophisticated simulation-based
methods (e.g. [4], [5]), the proposed one does not require further assumptions, such as about building construction, equipment, etc., relevant only to a later stage of the design process,
to produce results.
The paper consists in two parts. The first part presents the
proposed method, and more specifically, the two types of images and solar/daylight performance indicators computed by
processing them. The second part focuses on an application
example where the method is employed for assessing the performance of façades and roofs of five design proposals submitted in a masterplan competition. Except for the solar and
daylight potential of their buildings, the proposals were also
examined with respect to their impact on an existing façade,

adjacent to the site. The paper completes with a brief investigation on the correlation between energy simulation results
and performance indicators’ values derived from the analysis of
the five designs.
2

OUTLINE OF THE METHOD

The proposed method is intended to facilitate the decisionmaking process for architects and urban planners in the earlydesign phase where buildings’ shape and position within the
site are explored to be optimised. Accordingly, the digital
3D models of urban areas used in the method are of LOD1
or LOD2 level of detail [8]. The input information required
are: (i) the geometric definition of the building envelopes (i.e.
façades and roofs), and (ii) a series of sample points spread
over grids located just in front of the surfaces for which solar/daylight access is to be evaluated. In order to generate
these files, t h e 3 D b uilding g e ometry n e eds t o b e modelled
using common CAD tools and then, exported in appropriate
formats using specific t r anslators. T h e m o dels p r esented in
the second part of this paper have been generated using the
free, 2017 version of SketchUp Make software and a specific e x port p l ug-in a s sociated t o t h e C i tySimPro
software (www.kaemco.ch).
2.1 Multi-Shading Masks and Effective Envelope Area
Pictures

At the next stage, the files containing the 3D model and
sample points information are combined to compute ”multishading masks” (MsM) and ”effective envelope area
pictures” (EEAP) (examples provided in Figure 5, 7 and 8).
Their com-putation is feasible by specifically developed
programs which are based on the RADIANCE open source
ray-tracing
soft-ware
(http://radiance-online.org/).
Both types of im-ages represent ways of ”mapping” the
buildings’ geometry onto a stereographic projection of the
sky vault. It should be noted that the pictures produced
retain only the geomet-ric information that is useful for
evaluating the solar/daylight access.
For a given surface or group of surfaces, the corresponding
”multi-shading mask” contains pixels whose value Mp ranges
from 0 (black) to 1 (white) indicating the proportion of the total surface area considered that has an unobstructed view to
the sky patch associated to each pixel. The concept of ”effective envelope area picture” is slightly different: it contains
pixels whose value Up is calculated as the total area of the
surface/surfaces considered that is seen from the corresponding sky patch in the sky vault. More precisely, the area that
is ”seen” is the projected area of the surfaces on the plane
normal to the direction of the patch. In other words, the actual surface area is ”scaled down”, multiplied by the cosine of
the normal of the surface and that of the patch. The formulas
used to compute Mp and Up values are detailed in Annex 1.
In order for the geometric information aggregated in MsMs
and EEAPs to be assessed for a specific l ocation, i .e. latitude and climate, the images can be combined with similar stereographic projections of the sun path and sky radiance/luminance distributions. The latter are known as ”sky
model pictures”, and generated by processing hourly climatic
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data, i.e. diffuse and direct irradiance values, for selected time
intervals [2]. Irradiance values can be obtained either from
a dedicated software, such as Meteonorm (www.meteonorm.
com), or databases (e.g. http://satel-light.com). The time
interval for which a sky model is produced is related to the
design objective examined. For instance, if the objective for
a new project is to maximize solar irradiance on the building façades during the heating season, the EEAP containing
all façades’ surfaces should be compared to the sky model
picture computed for the respective interval, i.e. heating season. (Figure 3 shows three sky models of a Swiss location,
used later in the application example). Simply put, the solar
objective is best achieved if visually, the brightest zones of
the EEAP match well the brightest zones of the sky model
picture. This intuitive assessment forms the core idea of the
method: the urban solar resource results from the combination of a purely climatic component, as contained in the sky
model picture, and a man-built component, as contained in
the EEAP. The combination of the two pictures involves their
superimposition, using pixel-by-pixel multiplication. The resulting ”product picture” encapsulates all that is needed for
the computation of global irradiance (Ig ) or irradiation (Gg )
values.
Overall, this new method based on MsM and EEAP presents
several advantages among which, major ones are:
• The method offers great flexibility regarding the surface/surfaces to be examined. Depending on the users’
needs, it can be applied for a single point, a plane (e.g.
a window, façade or roof), a set of similar elements (e.g.
group of windows, façades, or roofs) or even the entire external envelope of one or many buildings.
• As MsM and EEAP map the visibility between building
surfaces and the sky vault, when visually observed, they
provide a graphical mean to qualify in precision the ”overall orientation” of multiple surfaces, such as the façades
of a new urban development. Although there is extensive
reference to ”good”, ”bad”, ”best” orientations regarding
buildings, on the urban scale, the orientation of built forms
remains very loosely defined up to now.
• The readiness of tools involved in the method makes it
appropriate for demonstration purposes in the urban and
architecture education context. MsM and EEAP are produced independently of location, which allows a library of
images for typical urban forms to be created. Similarly, a
library of sky model pictures can be produced in advance
for a series of locations. The combinations of images from
these two sets and their products can illustrate the interaction of built forms’ geometry and location-specified data.
2.2

Performance Indicators

Several indicators characterizing the provision of daylight or
sunlight can be computed from the MsM and EEAP (Figure
1). These indicators fall into three categories: those that are
com-pletely independent of the location, those that are
latitude-dependent, and finally, those that depend on the
location’s specific climate. Some of them are directly
inspired by [7]. The next three sections present the
indicators, later used in

Climate-dependent indicators

Mean global solar irradiance Ig and irradiation Gg can be estimated by combining EEAPs with sky model pictures computed for various time intervals (e.g. the whole year or the
heating season) for a given location. These indicators are
used to assess the potential of the building envelope considered in the EEAP for integration of active or passive solar systems, such as PV modules, solar thermal collectors or simply
window openings.

Figure 1. Schematic drawing illustrating how input data is processed to
obtain MsM, EEAP and sky model pictures, next used in computing various
indicators.

Section 3, by category. The formulas for their calculation are
provided in Annex 2.
Indicators independent from the location

The average sky component (ASC) indicator is used to evaluate the provision of sufficient daylight. It is computed as the
ratio of the illuminance received directly from the sky (assuming a standard CIE overcast sky luminance distribution)
at the sample points’ locations to illuminance received on a
horizontal unobstructed plane. For vertical façades, the indicator ASC matches the ”Vertical Sky Component” as defined
in [7]. For a horizontal unobstructed surface, the ASC value
is 1, whereas, for a vertical unobstructed façade, it is equal to
0.396.
The sky view factor (SVF) is computed similarly to ASC,
but considering a uniform sky luminance distribution. Its
value expresses the fraction of the considered area that has
an unobstructed view of the sky vault. For a horizontal unobstructed surface, the SVF value is 1, whereas, for a vertical
unobstructed façade, it is 0.5. A recent study has shown that
SVF can serve to assess the average annual solar irradiance
received by building façades [1]. Furthermore, SVF affects
the long wave infrared exchanges between the urban fabric
and the sky, and thus, it can be also used as indicator of the
urban heat island effect.

Latitude-dependent indicators

The potential sunlight exposure (WSE) indicator is intended
to quantify the provision of sunlight, mainly in term of its
amenity for the inhabitants. WSE derives from summing daytime hours, i.e. hours between sunrise and sunset, weighted
by the values stored in the multi-shading mask. For instance,
if for a specific hour, the multi-shading mask contains a value
equal to 0.5 for the corresponding sunray’s direction, then,
this hour is weighted by 0.5 in the sum. In other words, the
particular hour is accounted just half because half the surface
considered is sunlit.

HEQ is computed as the number of hours during which at
least 50% of the considered surface(s) can potentially benefit
from sunlight during an equinox day. This indicator makes
sense only for a single façade or group of façades of the same
orientation, and is more likely to be usable for locations found
in middle latitudes. It is meant to assess if a façade is sufficiently exposed to direct sunlight to satisfy the inhabitants.
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Figure 2. The area by the lake between Bienne and Nidau, in Switzerland,
where the competition site (1) and the existing façade (2) considered in the
analysis are shown.

Figure 3. Stereographic representation of the sky models of Bienne, used in
the application example.

3

APPLICATION EXAMPLES

This section presents the application of the presented method
to assess design proposals submitted for a masterplan competition. The purpose is to exemplify the use of the MsM and
EEAP for evaluating the solar and daylight performance of
new building developments, as well as their impact on existing buildings, and thus their immediate relevance to the purposes of the early-design stage.
The competition was held in the context of the AGGLOlac project, and concerns the creation of a new district between the Swiss towns, Bienne and Nidau (lat. 47.14◦), by the
lake Bielersee (Figure 2). The site was a former area of the
National Expo, and the masterplan proposals had to en-visage
a mix-used neighbourhood, of high urban qualities, in a
sustainable manner. After the evaluation of the initial
submissions, five design proposals were selected for the second phase of the competition, in which the participant teams
were asked to refine a nd evolve t heir d e signs. D rawings and
perspectives of those projects became available to the public online (www.agglolac.ch). The present study made use

Figure 4. Ground maps of the five design proposals. The red lines outline the area of the analysis and, MsMs and EAAP were generated considering all the
buildings within them (blue colour).

of that information in order to reproduce the proposed 3D
building geometries in SketchUp and then, compare them in
terms of daylight and solar availability using the proposed
method. For the analysis, three sky models were produced
based on the local climatic data: year, heating season and
cooling season (Figure 3). Heating season refers to the period
of the year during which solar gains are considered beneficial
as they may offset energy demands for buildings’ space heating. Cooling season covers the rest of the year, when heat-ing
systems are presumably off and solar gains may cause
overheating in buildings. However, it is noted that, during this
”cooling” season, the use of active cooling systems is not
necessarily, or systematically required. Figure 4 depicts the
ground maps of the projects, i.e. Citélac, Laridae, Les Îles de
la Vie (referred to, hereafter, as simply Les Îles), Marais, and
Open Lac (in an alphabetical order). The analysis focuses on
the area outlined in red, which is mainly reserved for residential use and features a relative continuity and homogeneity, in
all the proposals.
3.1 Applying the MsM and EEAP Method
Comparison of new buildings’ solar and daylight potential

MsMs and EEAPs were generated for each proposal, considering façades and roofs within the analysed area separately.
Processing the obtained images, performance indicators related to daylighting, sun exposure and solar gains/energy potential were computed. Table 1 presents the values of performance indicators, as computed for the new buildings in the
five p roposals. F açades a re e xamined i n t erms o f daylight
potential, welcome solar gains in the heating season, and unwelcome ones in the cooling season. Roofs are examined for
their annual solar irradiation for PV and solar thermal systems’ implementation. Along with the indicators’ values, basic geometric metrics derived from the analysis are provided
for comparison.
Both for façades and roofs, the indicator values are found to
correlate with respective SVF values. Considering the meaning of the SVF measure, this can be interpreted as: the more
open the surfaces to the sky, the higher their solar and daylight potential. With respect to the façades, it is observed that
Les Îles and Marais have the highest and lowest values, respectively, in all indicators examined. This means that Les
Îles is the design that performs best in relation to daylighting
and solar gains when these are needed, but at the same time,
its façades receive on average more solar radiation in cooling
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period, associated to overheating risks indoors. The opposite
applies in the Marais project which is ranked last in terms
of daylight potential and solar gains over the heating season,
reduced respectively by 12% and 9% compared to the bestperforming Les Îles. In the cooling season though, Marais
performs best in preventing unwelcome gains, reduced by
11% compared to Les Îles.
The difference between the two projects becomes evident
comparing their MsMs and EEAPs provided in Figure 5, and
particularly by the contour lines plotted on them which indicate that the brightest areas in both types of images are
larger for Les Îles that for Marais. (The scale followed by the
contour lines in both types of images is shown in Figure 6).
The 3D perspectives of the two proposals that accompany the
images are informative, and reveal the role of geometry. In
Marais, the building volumes are more in number, and their
design is more complex resulting in many façades being at
a small distance to each other. In contrast, the Les Îles design features fewer and more regular in shape building blocks,
which ensures greater distances between opposite buildings.
For assessing the performance of different design proposals
in absolute terms, the indicators’ values could be compared
to relevant guidelines and threshold values found in the literature. For instance, [7] suggests 0.24 as minimum ASC value
for ensuring adequate daylight indoors, at latitudes between
45◦ and 50◦ . Based on that, all the design proposals seem
to provide -on average- adequate daylighting conditions on
their façades, as their ASC exceed 0.24. Similarly, threshold values can be used to assess the suitability of façades for
implementation of solar passive and active strategies [2].
Examining the performance of the design proposals in terms
of roofs’ annual solar irradiation, the Les Îles project is found
again to outperform the competitor designs, achieving the
highest PV energy potential. In this case, the proposal with
the worst performance is Citélac. The higher degree of obstruction of the roofs of Citélac becomes apparent comparing
especially the MsMs computed for the roofs of the two designs (Figure 7). As seen in the 3D perspective, the
buildings in Citélac are formed by smaller volumes of
varying height, with the taller ones to obstruct and
overshadow the lower roof levels.
Assessment of the impact on an existing façade

Citélac
Laridae
Les Îles
Marais
Open Lac

Volume
[m3 ]
234503
237157
266672
241293
251776

Geometric metrics
Roof area Façade area Envel. area/Vol.
[m2 ]
[m2 ]
[m−1 ]
13312
41849
0.235
15580
38108
0.226
15164
36375
0.193
26817
44389
0.295
29019
43541
0.288

SVF
[-]
0.37
0.37
0.40
0.34
0.37

ASC
[-]
0.32
0.32
0.33
0.29
0.31

Façades
Ig [W/m2 ]
Heating Cooling
85
116
85
115
92
123
76
109
83
115

SVF
[-]
0.86
0.95
0.95
0.93
0.90

Roofs
Gg [kWh/m2 ]
Year
991
1095
1108
1064
1043

Table 1. Indicators’ values computed for façades and roofs of five proposals, and basic metrics of their geometry.

Figure 5. Best- (Les Îles) and worst- (Marais) performing designs in relation
to façades’ solar (referring to overheating season) and daylight performance:
3D perspectives of their models, façades’ MsMs and EAAPs.

Figure 7. Best- (Les Îles) and worst- (Citélac) performing designs in relation
to roofs’ solar irradiation: 3D perspectives of their models, roofs’ MsMs and
EEAPs.

sented in Table 2, along with those corresponding to the existing situation, i.e. assuming completely unobstructed façade.
As before regarding façades’ and roofs’ performances, the decrease of indicators’ values for the existing façade -caused by
different designs- follows the decrease in the SVF: the lower
the SVF, the lower the values of the indicators.

Figure 6. Scale of the contour lines, for both types of images.

Apart from the daylight and solar potential on new buildings’
envelopes, the method can be equally applied to compare the
impact of new developments on existing buildings’ daylight
and solar rights. To demonstrate that, the south-west façade
of an existing building in close proximity to the analysed area
is selected (Figure 2), and MsMs and EEAPs were
generated for it considering successively the different
proposals. Their effect on the façade was examined in terms
of ASC, referring to daylight conditions, and HEQ, referring
to solar exposure. The ASC and HEQ values obtained for the
five cases are pre-
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The proposals which cause the most and least obstruction on
the existing façade are Laridae and Open Lac, respectively.
As seen in the perspective view in Figure 8, in Laridae, a new
building is placed just opposite to the existing façade, at about
9m distance, whereas, in Open Lac, a large open area is created in front of it. The great difference between the two cases
is visualised by the contour lines in the MsMs and EEAPs.
Compared to Open Lac, the ASC and HEQ of the existing
façade in Laridae are reduced by 44% and 53%, respectively.
If considering the reduction to the existing situation, the percentages rise to 53% and 56%. Is this a significant difference?

What about the other proposals? Seeking for an answer to the
question if the owner of the existing building can find some
grounds for opposing any of the designs, we apply two different approaches. In the first one, we examine the indicators’
values against suggested values for ensuring adequate daylight conditions and insolation in buildings [6]. With respect
to daylighting, 0.24 ASC is suggested, and regarding solar
exposure, 4 hours of insolation on the equinox day. (It is
noted that the paper refers to possible sunshine hours based
on climatic data, while here, HEQ is calculated as potential
sunshine hours considering clear sky conditions). According
to them, all but the Laridae project allow for sufficient daylight and sunlight on the existing façade.
Another way to examine if the change that the projects will
bring about is significant or not, is to use the magnitude of
change measure, m, defined as [3]:
m(X1 , X2 ) =

log(X2 /X1 )
log(a)

(1)

Where X1 , X2 are the values of the same indicator X, a > 1
is a coefficient whose value depends on the indicator X. The
a value used for ASC indicator is 1.5, and for HEQ, 1.25.
If the absolute value of m, |m|, is higher than 1, then the
difference between X1 and X2 values is considered significant. |m| values were calculated testing the values of the indicators against the existing values (ASC=0.4 and HEQ=8.4),
|m(X)ex |, and against the best values achieved by Open Lac
(ASC=0.34 and HEQ=7.9),|m(X)b |. As seen in Table 2, the
deterioration in the case of Laridae is significant not only
when compared to the current unobstructed conditions, but
also compared to the Open Lac values, both in terms of daylighting and particularly solar exposure. Citélac, the proposal
with the second greatest impact, is also found to cause a significant reduction in ASC and HEQ values of the existing
façade with |m| being higher to 1 in all the cases, except for
one in which it is 0.9, i.e. close to be significant. Therefore,
summing up, there is strong evidence that the Laridae proposal will exert a profound impact on the daylight and sunlight access on the existing façade, and changes in the design
are definitely recommended for mitigating its obstruction effect. Citélac may meet the suggested indicator values, but
the magnitude of the change that it brings about is noticeably
great. Finally, the Les Îles proposal passes successfully all
the tests and may be considered an equally good solution to
Open Lac.
3.2

Correlation of indicators with building energy demands

Lastly, correlations between indicators computed by the proposed method as well as simple geometric parameters, and
building energy demands were briefly examined. The hypothesis is whether readily available information at the first
stages of the design can be associated to building energy use
and thus, employed for the comparison of different design
solutions. Energy simulations were performed in CitySimPro
software using the weather file of Bienne. The input values
required for running the simulations were kept constant in all
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Figure 8. The design proposals with the smallest (Open Lac) and greatest
(Laridae) impact on the daylight and solar access on the existing façade: 3D
perspectives of their models (in which the existing façade is red-coloured),
MsMs and effective EEAPs of the façade in each case.

the designs, as to focus on the effect of their building geometry and configuration. Wall, and roof constructions as well as
glazing properties were set to comply with the latest building
energy standards applied in Switzerland (SIA380/1). Related
to the occupancy pattern, the building use was defined residential.
The discussion of the simulation results focuses on heating energy demand per floor a rea [ kWh/m2 ]. F igures 9a-c
demonstrate the scatter plots and linear trendlines, for heating
energy demand values against total envelope area (i.e. sum of
façade and roof surface area) -to-volume ratio, façade SVF,
and façade global irradiance in the heating period. Interestingly enough, all three relationships are significantly strong
with R2 being above 0.7. The envelope area-to-volume ratio
expresses in a negative way the compactness of the built form;
the larger the envelope area for a given volume, the less compact the volume is. In this way, the positive relationship of
the ratio with the heating energy demand is justified by that
a higher ratio implies greater heat exchange with the ambient environment (heat losses). The other two correlations are
found to be negative. As pointed out previously, the openness to the sky, expressed by SVF, is associated positively
with daylight and solar access on façades and roofs. Its negative relationship with heating energy demand can be hence
interpreted as that higher SVF means more solar gains offsetting the need for heating. However, the increased strength
of the relationship may be also related to the strong nega-

existing
Citélac
Laridae
Les Îles
Marais
Open Lac

SVF[-]
0.50
0.25
0.20
0.33
0.30
0.39

ASC [-]
0.40
0.24
0.19
0.30
0.27
0.34

|m(ASC)ex |
1.3
1.8
0.7
0.9
0.4

Existing façade
|m(ASC)b | HEQ [h]
8.4
0.9
5.3
1.5
3.7
0.3
6.9
0.5
6.4
7.9

|m(HEQ)ex |

|m(HEQ)b |

2.1
3.7
0.9
1.2
0.3

1.79
3.4
0.61
0.94
-

Table 2. Indicators’ values computed for an existing façade comparing the impact of the five design proposals on its daylight and sunlight access, and magnitude
of change (m) absolute values in relation to the existing situation, |m(X)ex|, and the highest achieved among the projects, |m(X)b|.

tive correlation of SVF to the envelope area-to-volume ratio
(R2 =0.748), as the more undulated and complex a building
form is, the higher the ratio and the lower the SVF. The same
applies to the relationship between façades’ solar irradiance
over the heating season and heating energy demand, which is
the strongest among those examined. Their negative correlation is reasonable and may be also forced by the negative association of solar radiation availability and the envelope areato-volume ratio (R2 =0.731).
To summarise, compactness of built form, SVF and solar
gains in the heating season were found to interrelate to each
other, and to strongly correlate with heating energy demands.
The significance of this finding lies in that simple measures,
such as those derived from applying the proposed method,
can be considered at the early stages of the design process instead of complex and time-consuming energy simulationsfor assessing different design concepts.
4

(a)

CONCLUSIONS

Two ways of visualising the mutual obstruction of urban surfaces to the sky vault, multi-shading masks (MsM) and effective envelope area picture (EEAP), are introduced as integral
parts of the proposed method. The method allows architects
and urban designers to assess daylight and solar access in
the urban environment, visually as well as quantitatively, in
a convenient way. It is developed to meet their needs in the
early phase of the design when various building geometries
need to be tested, and is flexible to be applied on all kinds and
scales of urban surfaces, and groups of them. In this paper,
the focus was on the application of the method on building
envelope surfaces, i.e. façades and roofs; however, it can be
equally used for outdoor spaces [3]. Furthermore, the correlation of indicators derived from the processing of the MsM
and EEAP with building energy demands highlights their relevance to optimising the built geometry for achieving more
energy-efficient buildings.
Finally, the method can considerably contribute to exploring
the orientation effect at the urban scale. In a study to be published in the near future, MsMs and EEAPs have been produced for a series of generic urban models, varying their density. Due to the regularity of the models, in the produced
images prominent façades’ and streets’ orientations are identified. Their comparison with sun path diagrams reveals the
significance of the symmetry of the urban form, latitude and
built density in amplifying or offsetting the impact of the orientation on the solar access.
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(b)

(c)
Figure 9. Scatter plots and trendlines for heating energy demand against
envelope-to-volume ratio (a), façade average SVF (b) and solar irradiance
over the heating season (c).
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vis(p, k) is a function characterizing the visibility between
sky patch p and sample point k of the grid. The latter is equal
to 1 if a light ray coming from sky patch p can reach point k
without any obstruction and 0 otherwise.
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The potential sunlight exposure indicator (WSE) and the potential sunlit hours at equinox indicator (HEQ) are both computed from multishading masks for a specified latitude:

MP (lattitude,t) in [hours] (7)
W SE =

Annex 1: Multi-shading mask and effective envelope area
picture

First, a grid of N sample points has to be defined in front of
the building envelope elements (i.e. façades or roofs) that are
being analysed. A grid is defined by the x, y, z coordinates
of each point as well as the xdir, ydir, zdir components of the
direction vectors normal to the surfaces to which the points
belong. Since each sample point is used to characterize the
solar/daylight access over a tiny patch of a building envelope
element, its area Ak has to be provided as well. Thus, the
total envelope area considered is defined as:
Atot =

N


Ak

in [m2 ]

(2)

k=1

where: k is indexing the grid points and N is the total number
of points in the grid.
A multi-shading mask stereographic picture is formed by pixels whose values are computed as:
Mp = N −1 ·

N


vis(p.k)

in [-]

(3)

HEQ =
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s(MP (lattitude,t) , 0.5)

in [hours] (8)

t∈equinox day

where: P (latitude, t) is essentially a solar geometry function
returning the patch’s index where the sun is located at time t.
The sum is computed for every hourly time step indexed by
t which belong to the time interval ∆t (in hours) considered.
s(v, w) is a ”step” function which takes value 1 when v ≥ w
and 0 otherwise.
The global irradiance Ig is computed from the pixel-by-pixel
multiplication of an EEAP by a sky model picture for a specific location:
1 
·
[Up · Rp · Ωp ] in [W/m2 ] (9)
Ig =
Atot p
k

where: Rp is the sky global radiance in [Wm−2 sr−1 ] at patch
p for the location and the time interval ∆t considered. Typically, the distribution of the product Rp · Ωp in [Wm−2 ] on
the sky vault is stored as a ”sky model picture”.
The global irradiation Gg is easily computed by:

k=1

where: p is indexing all pixels which are tiny patches by
which the entire sky vault hemisphere is subdivided, and

t∈∆t

Gg =

Ig · ∆t
1000

[kWh · m−2 ]

(10)
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without ever directly measuring daylight availability. This
has been criticised as antiquated [3, 4], as recent advances
in computing infrastructure and building performance
simulation software [5, 6] allow us to compute annual
climate-based daylight performance metrics for urban
environments accurately, in high spatial resolution and in a
timely manner. This is straightforward for projects that are
in the design process where only the impact of the proposed
structure is evaluated. However, to manage the right to light
more effectively, cities need to include environmental
performance indicators in their GIS datasets. This kind of
public information would render municipalities more aware
of daylight-deprived buildings, allowing them to take
appropriate counter-actions, such as implementing
incentives for improvement, performance-based zoning, or
amending property taxes based on these metrics.

ABSTRACT

Recent trends promote living and working in high-density
urban areas. Increased urban density, however, leads to a
conflict between space-use efficiency and daylight access.
Daylighting has been linked to energy efficiency and health
and is often mentioned in relation to quality of space and
real estate value. As daylight is becoming a resource of
growing interest, cities need to include daylighting related
performance indicators in their GIS datasets. To manage
daylight related conflicts, cities have traditionally relied on
zoning guidelines proposing simple, two-dimensional
geometric evaluation techniques without ever directly
measuring climate-based daylight availability. While
simulation tools to model urban daylight availability exist,
GIS datasets often lack key information needed for the
simulation setup. This paper presents an approach towards
building urban daylight models using GIS data and semiautomated image processing to capture window to wall
ratios of building facades. As a case study, a speculative
urban daylight model (UDM) for West Village in New
York City is presented.

Environmental performance indicators such as daylight
availability are straightforward to compute at the building
scale. Several validated software tools [7][8][9] and
dedicated daylighting metrics [10][11][12] exist. However,
even with increased availability of computing power,
calculating daylight performance indicators at an urban
scale remains challenging due to the effort required setting
up the model. Workflows that can automatically generate
UDMs based on GIS data are needed (Figure 1). In
addition, key modelling inputs required to set up simulation
models automatically, such as window to wall ratios,
window geometry and layouts are often unknown or not
part of municipal GIS data sets.
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INTRODUCTION

Urbanisation rates have been steadily rising, drawing more
people to cities, and increasing the density of city cores.
Growing urban density, however, leads to a conflict
between space-use efficiency and daylight access, a
resource that is of growing interest. Daylighting has been
linked to energy efficiency and health and is often
associated with quality of space and real estate value.
To manage daylight-related conflicts, cities have
traditionally relied on zoning guidelines proposing simple,
two-dimensional geometric evaluation techniques [1, 2],
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Figure 1. From public geospatial data to model
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Hence, this paper explores the feasibility of creating an
urban scale daylight availability map and presents a
methodology that uses publicly available GIS data, streetlevel images from Google Street View (GSV), model setup
automation and a tool to harness digital on-demand
workforces like Amazon Mechanical Turk to capture
essential data inputs required to generate a high-resolution
urban daylight model (UDM). As case study a UDM of the
West Village neighbourhood in New York City is presented
in this paper.

that was available for this study. Indeed, many of the
images require careful effort from the operator to be
classified correctly. We hence, return to an interactive
model-based approach to derive accurate window
geometries without a shape-grammar structure, while also
generating a dataset that can be used for automated image
processing later. Tracing over the window and façade
geometry for all images in the area of the interest would
make this method very time consuming, and subject to
availability of images for all buildings. Instead, we propose
to capture the geometry for a random sample of buildings
from the neighbourhood of interest and infer the windowto-wall ratios for the remaining buildings using
classification carried out by an on-demand workforce.

1.1 Related work

Window geometry and interior partitioning data can be
found in architectural drawings, yet are typically not
available to the public, nor are always in uniform,
computer-readable format. While inference of interior plans
is limited to complex laser-scanning methods [13], window
geometry can be extracted from street level or aerial images
of building façades [14]. Availability of oblique aerial
photography varies significantly between cities and is prone
to data loss in areas with skyscrapers, which block views of
adjacent façades. Street-level photos of buildings are,
however, highly available due to the advent of services like
Google Street View, making them suitable for window
geometry extraction at scale. Their quality is, however, also
impacted by occlusions (object or tree in the way), specular
lighting, reflections and distortions from image stitching.

We model the facade as a rectilinear shape with floor
subdivisions and rectilinear window openings. To account
for buildings with storefronts, lobbies and other nonresidential space, the first (ground) floor is excluded from
calculations (Figure 2). Similar interactive methodologies
exist in commercial software, such as Gim International’s
UrbanModeller and ESRI’s CityEngine, but are aimed
towards high-detail modelling of individual buildings,
rather than automated large-scale generation.

Façade reconstruction from images is an active topic of
research in the field of computer vision, and various
methodologies have been developed to create 3D models
and data trees of façades from images. One class of
methods is model-based, and uses prior knowledge, e.g.
structure or architectural style about the buildings being
processed. For example, [15] recover a coarse building
model using a library of window and arched doorway
templates. Others [16] extract window geometries from
street-level images by making use of vertical and horizontal
symmetry of windows. More recently, procedural methods
have demonstrated better results. These state-of-the-art
approaches identify lower-level elements that make up the
building and analyse the image by segmenting it into a data
tree corresponding to the facade structure using these
elements. Procedural façade segmentation has been done
both using an underlying model (most commonly shape
grammars) [17–19], as well as using a model-free approach
[20]. The majority of these methods exclusively use streetlevel photographs, but methods incorporating aerial images
and digital elevation models [21, 22], or a combination of
both aerial and street-level imagery [23] have also shown
promising results. Although most methods present
algorithms for automatic processing, user-involved methods
have also been used [16, 24]

Figure 2. Example of labelled and excluded features for a West
Village building
1.2 Overview

Figure 3 shows an outline of our methodology. The
approach is to use a combination of publicly available GIS
data, and GSV imagery to extract information about the
window to wall ratio (WWR) of buildings and use it to
generate an UDM at neighbourhood scale.
Since manual processing methods are labour intensive and
do not scale well, we aim to minimize the input required by
the operator. For this reason, the dataset is processed in two
steps: 1) manually classifying all buildings into clusters by
predefined window typologies; 2) labelling a training set
that will be used to calculate the typical WWR ranges for
each class. In addition to providing the final daylighting
model output, and illuminance profiles that could be added
to the GIS dataset of a municipality, our process generates
several useful intermediate outputs. The manually labelled
subset provides rectified images that could be later
processed automatically, if a robust enough method is

Although image processing using automated techniques
based in machine learning and computer vision have been
used to extract façade geometries, these techniques proved
to be insufficiently robust to cope with the noisy dataset
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found; additionally, a LoD1 + windows model of the
neighbourhood is created that may be used by practitioners
for other types of simulations such as energy models.
2

with each type. The fritted and custom category accounts
for less common window configurations or those where
architectural elements in front of the window might offset
the WWR if it was calculated using our method. Unlike for
other categories, fritted and custom is not likely to have a
consistent or predictable WWR.

METHODOLOGY

This section describes the preparation work and each of our
workflow in detail. An overview of the implemented steps
is given in Figure 3.

An operator inspects the façade images and assigns each the
class closest to its window layout. If the retrieved image is
not clear enough (trees or other occlusions, image includes
multiple buildings), they may inspect the image in the
labelling tool, which allows interacting with GSV and
moving the camera position and view angle. If the window
typology cannot be determined, the building is discarded.

2.1 Data acquisition and pre-processing

The two key datasets used in this paper are street-view
imagery from Google Street View (GSV), and tax parcel
data (PLUTO) provided by the NYC Data municipal
database.
In this study we focus on residential buildings and hence,
the PLUTO dataset is filtered to exclude land uses such as
Industrial & Manufacturing, Transportation & Utility,
Parking Facilities and Vacant land. Note that due to
discrepancies in the public dataset, we were not able to
exclude all non-residential buildings. Façade imagery
corresponding to each building was then downloaded via
the GSV API by finding the nearest viewpoint on the street
that the building is located on. The camera heading is set to
direct at the building centroid, and the pitch is set at 30° to
account for taller buildings. Due to the high variability of
street layouts, street-view coverage, building height and
also construction, these parameters do not always yield a
complete image of the building of interest; manual checks
still have to be made by the operator (see Quality control in
Section 2.2).

Once all buildings in the set have been classified, the
typical WWR range for each window typology must be
calculated. The operator selects a random sample of
buildings from each class and calculates the WWR using
the labelling tool (Figure 6). This is a 3-step procedure:
1.

2.

2.2 Building classification

To estimate the WWR of buildings from the selected
neighbourhood, we first classify them by facade typology
(Figure 4). The classes we used are based on common
facade types found in West Village and relate to the
approximate window to wall ratio that is commonly seen

3.

Quality control: To calculate the WWR from a
street view image, the photo must contain at least
75% of the building envelope and contain minimal
or no occlusions or objects in the way. If the image
passes, the operator goes onto the next step. If not,
another random image is selected.
Cropping and rectification: The image must then
be transformed for labelling. The operator drags
four handles to match the corners of the front
façade as close as possible. Our tool uses a
perspective transform to rectify the image to a
regularized 2D façade photo.
Window labelling: Operator then draws window
bounds matching the windows on the image as
close as possible, accounting for occluded
windows. Windows on the first floor are labelled

Figure 3. An outline of the proposed methodology.
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differently from others so they can be excluded
from calculations to account for possible nonresidential space on the first (ground) floor of
many residential buildings. Finally, we calculate
the ratio by dividing the sum of the window area
over the rectified image area in pixel space.
2.3 Estimating WWRs

After the random sample has been labelled, we calculate the
mean and standard deviation for each window typology
class based on the WWR values. These values are then
validated against another random sample of similar size and
are then assigned to the remaining buildings based on the
class they have been assigned.

Figure 4. Screenshot of building classification tool

2.4 3D Urban daylight model

We now model the neighbourhood in Grasshopper for
Rhino3D, using NYC’s OpenData [25] building outline
shapefile, PLUTO data for floor count and the building
height as well as WWR that we have estimated based on the
building classification from the previous step. Reflectance
values for surfaces are assumed to have a uniform
reflectance of 20% according to [26]. Although these values
are different for every building and street, we found that
inferring this from images alone is unreliable and prone to
errors and hence apply a conservative assumption.
Buildings do not contain interior partitions and openings are
applied to street facing and unobstructed facades. This
includes facades that were not visible to the GSV captures.
Both circumstances introduce significant uncertainty to the
daylighting models, but more accurate representations of
the urban geometry cannot be built with currently available
data. Window geometry is created based on the WWR class
allotted for each building, and the simulation assumes a
visible transmittance of 70% for the glazed surfaces. The
Daylight Autonomy (DA300lx) is computed using
Radiance/DIVA [27] [8].

Figure 5. Window typologies used in classification

Figure 6. Screenshot of manual labelling tool

Table 1. Building count by class
Window typology

Building count

Narrow and tall

2612

Sparse narrow & tall

188

Horizontally stretched

217

Factory-style

47

Fully glazed

37

Fritted and custom

94

Outliers

133
Figure 7. WWR distribution by class, assuming normal
distribution
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Figure 8. Façade typologies and estimated window to wall ratios by building. West Village NYC.

3

RESULTS

in West Village is fairly homogenous due to a relatively
small amount of newly constructed buildings and strict
zoning.

Based on the 100 manually labelled samples, we see that
the five predefined groups have a distinct WWR, except for
horizontally stretched and
factory-style
window
configurations, where the mean and standard deviation
values vary by less than 3%. The probability distribution
functions, assuming a normal distribution are shown in
Figure 7. As for the entire area of interest, which was
classified by an operator based on façade images, the
majority of buildings fall into the “Narrow and tall” class
(Table 1), which follows the premise that the building stock

This idea is reinforced when plotting the results spatially.
Most of the buildings classified as “Narrow and tall” are the
narrow low-rise row houses commonly found in West
Village’s historic districts (Figure 8). Factory style, and
horizontally stretched building classes primarily hold larger
residential projects (e.g. 302 Mott Street or 24 5th Ave) or
renovation projects of historical buildings. Almost all fully
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Figure 9. Validation of the proposed method for a randomly selected set of buildings in West Village, NYC

glazed buildings were new projects, and many were not
residential in their primary use (e.g. Wolfe Center, Coles
Sports Center), but rather included in the dataset due to
incorrect markings in the PLUTO database. We validated
the classification of building samples by comparing the
predicted WWR to one calculated by hand during the
labelling process. 74% of 93 buildings had an error less
than 10%, and only 4 buildings exceeded an error of 20%
(Figure 9). Examining these occurrences, some were
attributable to labeller error (e.g. erroneously drawing
overlapping windows yielding an overly large WWR) and

occurred when a building had an atypical window
configuration, but the correct typology (e.g. windows fit
“Narrow and tall” type, but the façade is proportionally
much larger than usual, see Figure 10).
To ensure the accuracy of our methodology, further
validation is still necessary. In addition to comparing
classified buildings to hand-labelled ones, the WWRs
derived from GSV images should be compared with true
WWRs calculated from architectural drawings or on-site
measurements. Such validation was not carried out as part
of this paper due to time restrictions.
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4

DISCUSSION AND CONCLUSION

The workflow we have discussed in this paper provides an
avenue for building neighbourhood-scale daylighting
models with better accuracy than standardized values. Our
process demonstrates that gathering data about the built
environment is still a complex problem despite
advancements in computer vision. Although the approach is
labour-intensive, it is low-cost, and does not require any
equipment to be deployed or on-site presence in general.
The digital nature of the data collection process facilitates
scaling and the integration with online on-demand work
platforms. The tools developed as part of this project can
serve as a basis for extracting data from street-level
imagery, and could be expanded to extract window
geometry, other façade features like colour and materiality.

Figure 10. Example of building that fits “narrow and tall”

window typology but with an atypical façade configuration.
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Chairs Biographies
Miktha Farid Alkadri
Miktha Farid Alkadri is a PhD researcher with Design Informatics, at the Department of
Architecture and Engineering Technology, TU Delft under the supervision of Prof. Sevil
Sariyildiz and Asst. Prof. Michela Turrin. His research stands at the intersection of building
performance technology, computational design and 3D scanning technology. The central idea
of his research focuses on the application of 3D point cloud data as an input for development
of solar geometry in the urban context. His PhD research is financially supported by the
Indonesian Endowment Fund for Education (LPDP). In 2017, he was also involved with the
Light House Project funded by 4TUBouw (The Project of Reprinting Heritage, led by Prof.
Carola Hein). Together with the Indonesian Architects community, he is actively participating
in the Indonesian Diaspora Network, Netherlands, with the taskforce of Liveable Cities.

Armin Amirazar
Armin Amirazar is a Ph.D. student in the Interdisciplinary Infrastructure and Environmental
Systems (INES) doctoral program at University of North Carolina at Charlotte, and works as
a research assistant at the Integrated Design Labs, Energy Performance Laboratory of the
UNC Charlotte School of Architecture. Previously, he completed a B.S. in Architecture and
a M.S. in Construction Management. His research focuses on how the built environment
affects human comfort and well-being in general, and the use of measurable methods and
techniques for integrating sustainable design principles into architectural practice and design
in particular. His research interests mainly revolve around the design tools in the early stages
of the design process, design implications of effects of light on circadian photoreception and
health, and advanced glazing and shading systems. Currently he is studying the visual comfort
and circadian potential of an office building, with an emphasis on the experience of building
occupants.

Dorit Aviv
Dorit Aviv is a Ph.D. student in the Computation and Energy track at Princeton University’s
School of Architecture. Her research focuses on the relationship between thermodynamics,
geometry and material properties. Her recent projects include co-curation of the energy pavilion
of the 2017 Seoul Biennale for Architecture and Urbanism and a Tides Foundation grant to
build a passive cooling prototype at the Andlinger Center for Energy and the Environment at
Princeton. She has previously taught architecture at The Cooper Union and Pratt Institute
in New York and worked with Tod Williams Billie Tsien Architects and KPF New York and
Shanghai. She earned an M.Arch from Princeton in 2014 and a B.Arch from The Cooper
Union in 2009.
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Paolo Bonato (MSc) graduated in the field of energy engineering from Politecnico di Milano,
Italy. After a short work experience at Fraunhofer ISE, Germany, he is working as a researcher
in the Institute for Renewable Energy at EURAC Research, Italy. His work involves the
development and the assessment of the energy performances of innovative facade systems
where additional functions such as ventilation or RES production are integrated in the building
envelope. He is currently working on a local project in collaboration with a building façade
manufacturer and on the European Horizon 2020 project “Energy Matching”. He is also
member of the IEA Task 56 on solar envelopes, which is focused on the critical analysis,
simulation, laboratory test and onsite monitoring of envelope systems entailing elements that
exploit and/or control solar energy. His research interests include decentralized ventilation,
building-integrated solar thermal applications and, more generally, the numerical simulation
and modelling of energy systems.

Gulben Calis
Dr. Gulben Calis received her Bachelor of Science degree in Civil Engineering from Istanbul
Technical University, Turkey. She continued her studies at the Department of Civil Engineering
at Ege University, Turkey, where she obtained her MS and PhD in 2004 and 2009, respectively.
She worked as a postdoctoral researcher at the University of Southern California between
2010 and 2012. In 2013, she joined Ege University, Turkey as an Assistant Professor. Dr.
Calis’s research focuses on the data acquisition and analysis of the data needed for intelligent
and interactive built environments, and formalization of data representation and visualization
to improve human-building interaction as well as built-environment efficiency, sustainability,
and maintainability. She is advising several Ph.D. students, several masters and undergraduate
students in the “Intelligent Built Environments” focus area. She serves as reviewer for
several journals including Automation in Construction, ASCE’s Journal of Computing in Civil
Engineering and Journal of Management in Engineering. She is involved in several research
projects funded under the EU Framework, including Horizon 2020 and COST. Dr. Calis also
has been working as an external expert at the European Commission since 2015.

Christina Chatzipoulka
Christina Chatzipoulka is an architect (Dipl.), researcher and teacher with a specialization
in sustainable architecture and urban design. She holds a Master in Science (Dist.) in
Environmental Design of Buildings from Cardiff University and recently completed her doctoral
studies at Kent University. Her research interest focuses on the significance of urban geometry
for promoting urban environmental sustainability associated to building energy performance
and human thermal comfort. She has been published in several international journals and
presented at academic and public events. She also has four years of teaching experience in
architecture schools and is an Associate Fellow in the British Higher Education Academy. Her
latest post was that of the main researcher in the INDALUX project at the Smart Living Lab
in Fribourg, Switzerland.
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Aikaterini Chatzivasileiadi

Aikaterini Chatzivasileiadi is Research Associate at the Welsh School of Architecture,
Cardiff University. She earned her M.Arch. from the Aristotle University of Thessaloniki and
her M.Sc. in Environmental Design of Buildings and Ph.D. in Architectural Science from
Cardiff University. In her Ph.D. research she investigated the integration of battery storage
technologies in buildings. Sitting on the Technical Committee of the Institution of Engineering
and Technology, she contributed to the development of a Code of Practice for Electrical Energy
Storage Systems, which was published in 2017. She has also secured funding from the British
Council to participate in international workshops on renewable energy and energy security
in the built environment. Her previous roles include working as an architectural assistant
on sustainable building design at A. Tombazis and Associates Architects and as a teaching
assistant in Cardiff University. Her current research focuses on an inter-disciplinary project on
enhancing the representation of architectural space in 3D modeling environments.

Alex Christodoulou
Alex Christodoulou is a Building Engineer and Computational Analyst working for Arup in
Amsterdam, specialized in using advanced computation to enhance decision-making in
engineering and design. He graduated from the Civil Engineering department of the University
of Patras in 2010 with a specialisation in Structural Engineering and pursued a second
Master’s degree in TU Delft, with a specialisation in Building Engineering and a Thesis project
on Parametric Massing Optimisation, which he concluded in 2013. Since then he has been
working for Arup in Amsterdam, predominantly on parametric building design optimisation
and computational building stock analysis projects. Some of his recent computational building
optimisation projects include the projects Valley, Sax and Ijburg Agora designed by MVRDV
architects. His most recent publication was titled ‘Automated building stock data mining and
classification using open source data’ and was presented in the International Association for
Shells and Spatial Structures (IASS) conference in Hamburg in September 2017.

Joseph Choma
Joseph Choma is an Assistant Professor of Architecture at Clemson University and the founder
of the Design Topology Lab, an interdisciplinary design research practice. He is the author of
Morphing: A Guide to Mathematical Transformations for Architects and Designers (Laurence
King Publishing, January 2015) and Études for Architects (Routledge, May 2018). As a
researcher, his interests lie at the intersection of mathematics, folding, structure and materials.
As an educator, he is invested in the advancement of design pedagogy through computational
thinking. His work has been shown in four solo exhibitions and sixteen group exhibitions
internationally. In recent years, he has given invited lectures at Cornell University, Georgia Tech,
Boston Architectural College and taught a workshop at Carnegie Mellon University. In 2013,
he was awarded the Emerging Voices citation by AIA Atlanta. In 2017, Choma lead a team
which was awarded First Place in the Composites in Architecture Design Challenge presented
by the American Composites Manufacturers Association. He completed graduate studies in
design and computation at Massachusetts Institute of Technology. Currently, Choma is a PhD
candidate at the University of Cambridge, where he is a Cambridge International Scholar.
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Francesco De Luca (Architect, PhD) is Research Scientist at the Department of Civil Engineering
and Architecture of Tallinn University of Technology (TTÜ) in the field of daylight, solar design
and urban microclimate. His research is situated at the intersection of performance-driven
design and computational design for architecture and planning. He has been appointed
Research Assistant and Lecturer at the Faculty of Architecture of the University Sapienza
of Rome (2001-2006) and Visiting Associate Professor of Architecture at the Faculty of
Landscape Architecture of Tallinn University of Technology (2010-2014). He lectured and
tutored workshops at Aalto University, Oslo School of Architecture, Cornell University and TU
Delft among others. He is author of books such as Behind the scene - Avant-garde Techniques
in Contemporary Design (Birkhäuser) and papers published in scientific journals such as
“Analysis of the Insolation Criteria for nearly-Zero Energy Buildings in Estonia” (Science and
Technology for the Built Environment – Taylor & Francis). His work has been selected for
presentation and published in the proceedings of various conferences among which SimAUD,
CAAD Futures, eCAADe and ACADIA.

Timur Dogan
Timur Dogan is an Assistant Professor at Cornell Department of Architecture. His research
expertise is in daylighting, energy modeling, passive climate control strategies, and
performance driven design workflows in both urban and architectural scale. His work
empowers non-specialized architects and urban designers to optimize their design
proposals regarding their energy demand and supply, comfort, and livability. Dogan
holds a PhD from MIT, a Master in Design Studies from the Harvard Graduate School of
Design and a Dipl. Ing. in architecture with distinction from the Technical University
Darmstadt, where he was a fellow of the German National Academic Foundation.

Billie Faircloth
Billie Faircloth is a partner at KieranTimberlake, an award-winning architecture firm recognized for its
environmental ethos, research expertise, and innovative design and planning. As the firm’s Research
Director, she leads a transdisciplinary group of professionals that leverage research, design, and
problem-solving processes from fields as diverse as environmental management, chemical physics,
materials science, and architecture. Within this group, Billie fosters collaboration between disciplines,
trades, academies, and industries in order to define a relevant problem-solving boundary for the built
environment. In her professional and academic research, she is constantly pursuing an answer to the
question: “Why do we build the way that we do?” Billie has published and lectured internationally
on themes including research methods for a transdisciplinary and trans-scalar design practices; the
production of new knowledge on materials, climate, and thermodynamic phenomena through the
design of novel methods, tools, and workflows; and the history of plastics in architecture to demonstrate
how architecture’s “posture” towards transdisciplinary practices and new knowledge has changed
over time. Her articles have been published by the Journal of Architectural Education, Princeton
Architectural Press, Royal Danish Academy of Fine Arts, and ACADIA. Her book Plastics Now, On
Architecture’s Relationship to a Continuously Emerging Material, was published by Routledge in June
2015. Billie has taught at the University of Pennsylvania School of Design and Harvard University,
and has served as Portman Visiting Critic at Georgia Institute of Technology, and VELUX Visiting
Professor at the Royal Danish Academy of Fine Arts. Prior to joining KieranTimberlake, she was an
assistant professor at the University of Texas at Austin School of Architecture, where she instructed
research studios exploring applications for conventional and emerging material technologies and
conducted seminars on emerging construction and fabrication technologies.
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Roxane Fallah is currently a Computational Media Design Master student at the University
of Calgary. Her interests lie at the intersection of Architecture, biology, and computer
science and include nature-inspired design, interactive design, and mixed reality. She
originally trained as an architect at the University of Tehran which focused on exploring
sensation and meaning in architectural spatial design. Her current master research aims
to blend the boundaries of physical and digital by using biological behavioral interaction
rules as generative encodings and developing scalable computer-aided design tool that
provokes forms of aliveness in various mediums of physical, digital, and cyberspace.

Mahdiar Ghaffarian
Mahdiar Ghaffarian is an academic researcher, practicing designer and university instructor
with more than 12 years of experience in the broad field of architecture. While pursuing
the implementation of digital architecture and computational design in architectural
practice at Marchall Tittemore architects in Calgary, his main academic area of research is
an interdisciplinary field that combines architecture, biology and computation with the goal
of introducing new dynamic design methodologies, establishing intelligent problem-solving
techniques through computational design and predicting the future of design as an organic
on-going evolutionary phenomenon. Mahdiar is a PhD student at University of Calgary in
Computational Media Design program, while holding a bachelor’s degree in architectural
engineering from University of Tehran, and a Master of architecture’s degree from environmental
design faculty at University of Calgary. Through his education and practice, he has received
several awards and recognitions including; Alberta Association of Architects’ President’s
Medal, Royal Architectural Institute of Canada’s Honour Roll Certificate, as well as several
scholarships from Environmental Design Faculty and Computational Media Design program at
University of Calgary.

Hongshan Guo
Hongshan Guo is currently a 4th year PhD in the School of Architecture with the technology and
computational design track. With a background in mechanical engineering, energy systems and
building simulation, she has been working with Forrest Meggers’ cross-disciplinary C.H.A.O.S.
Laboratory for the last three and a half years - moving on to close in for her dissertation topic
to investigate the relationship between the built environment and the thermal comfort of the
occupants within it. She is currently working on a novel geothermal project that is scheduled
to be constructed by the end of this year.
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Alejandro is an integral designer, consultant and entrepreneur that has been building a
particular knowledge stack over the years. As a graphic designer, he has worked for the past
10 years as a creative director for LNL Agency in Los Angeles, CA. At the same time, for
the last 15 years, Alejandro has embarked in different entrepreneurial projects, including
gamification consulting, cause related marketing and educational projects. In December
2017, he graduated from his Master in Advanced Sustainable Design, from the University of
Edinburgh. His research focused on human behaviour and its impact in sustainability. After his
graduation, he returned to Colombia, where he continues his research, applying it to several
projects. His expertise includes design, human behaviour, gamification and marketing. This
has allowed him to be currently involved in various fields that range from running a Mobile
App Startup, to a role as a political analyst for the current presidential campaign in Colombia.

Khatereh Hadi
Khatereh is a design analyst at HDR working with Data Driven Design team and a PhD
candidate in Architecture at Georgia Institute of Technology, Atlanta, Georgia, US. She has
received a Master’s degree in architecture from Isfahan University of Arts, Iran and practiced
architecture for a few years before starting her research journey. Khatereh is interested in
developing research-based analytical methods and tools for design and planning of healthcare,
workplace and educational environments where integrating scientific evidence into design
processes is critical for improving performance, health and wellness measures. She has a set of
multidisciplinary skills that enables her to bridge between different fields including evidencebased design, computational design and industrial engineering to offer innovative solutions
for addressing complex design questions. She is interested in developing computational tools
for analysis of multiple design and planning alternatives by integrating peer-reviewed research
findings into parametric tools and application of discrete event and agent-based simulation
modeling in design practice.

Farzad Hashemi
Farzad Hashemi is a Master of Science in Architecture (MS in Arch) student at Iowa State
University, which he started in August, 2017. He is working as a research assistant of Professor
Ulrike Passe and as a member of the interdisciplinary ISU team “Big data for sustainable
cities decision making”. He received his Master of Architecture degree from Politecnico di
Milano University, Italy in July, 2015 and his Bachelor of Science in Architecture degree
from Shahid Bahonar University of Kerman, Iran in April, 2012. Farzad’s research focus is in
modeling 3D urban fabrics and testing building energy simulations.
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Navid got his MArch in 2008 from Iran/Sbu. After working for a few years as a lead architect
and project manager, his team was awarded in several national and international architectural
competitions. His interests in sustainability led him to research and develop software and
methods in the environmental analysis field. By using computational programming and
applying scientific methods, his goal is to have a better understanding of new challenges
in architecture. During these years, several challenges and methods were published and
presented in related conferences and journals to share these ideas and processes. His
measured focus is to challenge the big data which is gathered from different aspects of built
environment and develop new analytical methods to evaluate thermal comfort in an accurate
and fast integrated process. He is now following his interests as a Ph.D. student at Technical
University of Munich (TUM), meanwhile, customizing and developing several measurement
tools/methods to understand the science behind the environmental parameters especially in
radiation field, opened new doors for capturing and analyzing the environment.

Mary Katherine Heinrich
Mary Katherine Heinrich is a PhD Fellow at the Centre for IT and Architecture, at the School
of Architecture at the Royal Danish Academy of Fine Arts, in Copenhagen, Denmark, and
is a PhD affiliate researcher at the New England Complex Systems Institute, in Cambridge,
Massachusetts, USA. She studies self-organization, complex systems, & bio-hybrid robotics
in architecture. Her PhD position is funded by the EU H2020 project Flora Robotica, which
investigates symbiotic relationships between plants and robots, for the purpose of constructing
social architectural artifacts. Prior to her current position, she received a Bachelor of Science
from the University of Cincinnati, USA, and a Master in Advanced Interaction (HCI) from the
Institute for Advanced Architecture of Catalonia, of the Polytechnic University of Catalonia,
Spain. She also worked at an urban development firm in Dalian, China, and worked at
Kennedy & Violich Architecture, primarily in the MATx research division, on prototyping for
electromechanical and optoelectronic elements in projects like IBA Soft House in Hamburg,
Germany (adaptive facade, solar energy, interior infrastructure), and Portable Light (solar
energy, mobile infrastructure).

Omar Hesham
Omar Hesham is pursuing a PhD in Electrical and Computer Engineering at Carleton
University’s Advanced Real-time Simulation lab, where he researches topics in agent-based
simulation and visualization. After an MSc in Systems Science (2012) during which he worked
on mesh-free soft tissue tearing dynamics, he now focuses on crowd pathing and emergent
task intelligence. In his spare time, Omar enjoys running and developing content for Koldora,
a Creative-Commons-licensed educational video channel that illustrates concepts in computer
graphics research and computational geometry while catering to the visual learner in all of us.
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Aletheia Ida, PhD, Architect, LEED AP is an architect, designer, and philosopher developing
interdisciplinary design theory for robust frameworks to inform applied research in emergent
environmental building technologies. With over twelve years of experience in professional
architecture practice and fluency with building performance analytics, she is developing
contextual and practical applications for air-to-water metabolic systems through parallel
explorations of socio-environmental criteria, material inventions, and innovative digital and
physical design methods. Her work is published with Metropolis, ACADIA, World Sustainable
Building Conference, Society for Optics and Photonics, Building Technology Educators Society,
Materials Research Society Programmable Matter, MRS Advances Cambridge University
Press, ACSA-AIA Intersections, and the Building Research Information Knowledgebase
sponsored by NIBS and AIA. She is an Assistant Professor in the School of Architecture at the
University of Arizona, where she teaches design studios, research methods, and environmental
fundamentals including physics principles for thermal, optical, fluid thermodynamic, and
acoustic phenomena. She is also Chair of the Master of Science in Architecture (MS.Arch)
Emerging Building Technology (EBT) program, overseeing international research projects
around topics of resilient futures, environmental performance, and emerging materials for
architectural design. Aletheia recently received a National Science Foundation EAGER award
for the research on building integrated dehumidification materials.

Clément Imbert
Clément Imbert is the project manager of Urban Comfort Division for ECOTEN s.r.o. He
graduated with a Master of Science in Building Engineering- Renewable Energy & Energy
Efficiency from La Rochelle University in 2016. He studied in France and in the Czech
Republic, and gained professional experiences from different thermal and environmental
engineering firms. His studies have lead him to join ECOTEN s.r.o. in 2016. ECOTEN s.r.o. is
a start-up engineering firm based in Prague, Czech Republic, and it was founded by Dr. Jiri
Tencar in 2012. Its activities are diverse and are focused on energy savings, optimization and
design. Clément started the urban comfort project, bringing in the simulation tool SOLENEmicroclimat. He has been developing engineering tools for it, and has been working with
CRENAU laboratory for its improvement. He developed the thermal mapping service using
satellite data and he leads reflections of the development of new services. Being a native
French speaker, he manages the team for answering tender offers from city municipalities in
the francophone world.

Wassim Jabi
Wassim Jabi is Reader of Computational Methods in Architecture at the Welsh School of
Architecture, Cardiff University. His current research into non-manifold topology, parametric
design, building performance simulation, and robotic fabrication in architecture is supported by
the Leverhulme Trust and EPSRC. Dr. Jabi has written extensively on architectural computation
including the recent book “Parametric Design for Architecture”, published by Laurence King
Publishing. He is a former president of ACADIA and a member of the editorial board of
the International Journal of Architectural Computing (IJAC). He studied architecture at the
American University of Beirut and his M.Arch. and Ph.D. are from the University of Michigan.
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Mengda Jia is currently a Ph.D. candidate in the M.E. Rinker, Sr. School of Construction
Management at University of Florida (UF), USA. He also received a M.S. degree in Computer
Science concurrently from UF during his doctoral studies. He holds M.S. degree in Civil
Engineering from University of Southern California, USA and B.S degree in Hydraulic
and Hydroelectric Engineering from Tianjin University, China. He is an LEED Accredited
Professional, and is awarded the Engineer-in-Training designation in the state of California.
His research interest includes occupant behavior modeling and wireless sensor networks
in built environment, building/urban energy simulation and analytics, and real-time energy
optimization at building level. Mengda has contributed to several scientific articles published
in peer-reviewed journals and conference proceedings, related to the areas of building
energy efficiency and simulation, and served as reviewer for several reputed journals of the
fields. He is also an active associate member of American Society of Civil Engineers (ASCE),
student member of Construction Management Association of America (CMAA) and Institute of
Electrical and Electronics Engineers (IEEE).

Reinhard Koenig
Reinhard is Junior-Professor for Computational Architecture at Bauhaus-University Weimar
and Principal Scientist at the Center for Energy at the Smart and Resilient Cities competence
unit at the Austrian Institute of Technology (AIT) in Vienna. In addition, he acts as Co-PI in
the Big Data Informed Urban Design group at the Future Cities Lab (FCL) at the Singapore
ETH Centre. His current research interests are the applicability of multi-criteria optimization
techniques for planning synthesis, cognitive design computing and correlations of computed
measures of spatial configurations with human cognition and usage of space. Reinhard studied
architecture and urban planning. He completed his PhD thesis in 2009 at the University of
Karlsruhe. From 2007 - 2012 Reinhard has worked as a research assistant and appointed
Interim Professor of the Chair for Computer Science in Architecture at Bauhaus-University
Weimar. He heads research projects on the complexity of urban systems and societies, the
understanding of cities by means of urban simulation and analysis techniques as well as the
development of evolutionary design methods. From 2013 - 2016 Reinhard worked at the
Chair of Information Architecture, ETH Zurich. In 2014 Dr. Koenig was guest professor at the
Technical University Munich.

Jing Li
Jing Li is a second year PhD student at Victoria University of Wellington, where Jing processes
the simulation of the effects of urban environment on high-rise office buildings, including
urban heat island, lapse rate, wind profile in depth and so on. Jing explores whether the
microclimates of dense urban spaces have a meaningful effect on building performance. Jing
has worked with the effects of wind loads on the design of airport terminal using numerical
simulation method during master studies. During her 9.5-year architecture study, Jing is more
interested in rational analysis. Please email lijing1014h@gmail.com
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After graduating from Cornell with a Master of Architecture in 2015, Jingyang became the first
candidate for the new Master of Science in Matter Design Computation at Cornell University, a
program supported by both Autodesk and the National Science Foundation (NSF). His research
focuses on computational design and robotic fabrication. In 2016 and 2017, Jingyang cotaught robotic fabrication based option studios at Cornell AAP with Prof. Jenny E. Sabin
as teaching associate. As a senior research associate in the Sabin Design Lab, Jingyang is
currently leading the NSF supported research project EFRI-ODISSEI: Cutting and Pasting Kirigami in Architecture, Technology, and Science under research PI Prof. Jenny E. Sabin.

Clara-Larissa Lorenz
Clara-Larissa Lorenz is a PhD student at the Welsh School of Architecture, Cardiff University.
She is a certified Passive House designer with a Master degree in BIM in design, construction
and operations and a Bachelor in architecture and interior design. Her interests and
main focuses are daylight and energy performance of buildings, computational methods particularly parametric and evolutionary processes, and design decision support systems that
can help architects and designers move towards more performance driven and environmentally
sustainable design solutions. Her work and research is geared towards building optimisation,
with emphasis on the validity and application of annual climate-based daylight metrics and
balancing considerations for daylight availability, occupant comfort and well being and glare.
Her recent work investigates the possibility of using artificial neural networks, a form of
artificial intelligence, to replace time-consuming simulations. By integrating artificial neural
networks into the design process, she hopes to facilitate design optimization.

Marco Lovati
From 2017 – 2019, Marco Lovati is a Phd candidate in the Civil, Mechanical and Environmental
Engineering department at Universitá degli Studi di Trento, in collaboration with the Eurac
research Institute for Renewable Energy of Bolzano (Photovoltaic Energy Systems group).
His research topic is methodologies and tools for BiPV implementation in the early stages
of architectural design. Unlike windows, structures, conditioning systems and other design
elements, photovoltaic systems are not currently integrated into the architectural design
workflow. To improve this situation, the use of optimization techniques in the early architectural
design is proposed. With this workflow it will be possible to know, given the local weather,
the shape of a building and its electric demand, how much and where is optimal to place
active PV surface. The ultimate aim is to increase the number and quality of installations
by showing the economically or energetically optimal PV plant for a given building and its
life-time profitability. From 2014-2016, Marco was a junior researcher at Eurac, involved in
the FP7 project “Solar Design”: the focus of is activity was on parametric design, ray-tracing
based simulation and optimization of cumulative solar irradiation for complex BIPV shapes.
Marco graduated in Architectural engineering at Universitá degli studi di Pavia in 2014.
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Ricardo received his Master in Architecture from the Superior Technical School of Architecture
of Alcalá de Henares in Madrid. He graduated in 2012, obtaining a prize for his academic
results and a further one as well as an additional prize for his final project. Since then he became
one of the four founders of Design of Architectural Territories - DAT Pangea - located between
Madrid and Barcelona. His working career has been mainly developed in architectural and
engineering offices in Madrid, Ljubljana and Paris, where he has taken part in internationally
recognized projects. His main research faces themes such as design, fabrication and politics,
focusing in particular on social issues to suitable solutions, and which he implements
through his professional and academic practice. Currently Ricardo works as Fabrication
Assistant for the Institute for Advanced Architecture of Catalunya – IaaC – FabLab Bcn.

Daniel Macumber
Daniel Macumber is a core developer of OpenStudio in the Commercial Buildings Research
team at the National Renewable Energy Laboratory. Mr. Macumber’s interests are in
enhancing the use of whole building energy simulation at all stages of the design process
to achieve cost-effective energy savings. Mr. Macumber is one of the primary developers
of the OpenStudio software project focusing on geometry for energy modeling (including
the OpenStudio plug-in for Google SketchUp), managing large sets of modeling data,
and statistical analysis of building energy data. Outside of OpenStudio, Mr. Macumber is
interested in advanced building energy control strategies and human factors of energy use.

Maria-Christina Manousaki
Maria-Christina Manousaki is an architect, specialised in parametric design and virtual and
augmented reality. She recently graduated from the Emergent Technologies and Design
programme in the Architectural Association in London. Her main interest lies in the exploration
of physical and digital space through the application of computational and immersive tools,
using them either as problem solvers or to create design experiences. Her academic experience
includes the development of ecological and urban systems, using multi-objective optimisation
techniques for design and planning synthesis. She has also widely experimented with material
systems, focusing on the analysis of their physical performance and the application of digital
structural simulation tools. Her master thesis research project aimed to develop a virtual reality
platform that would enhance the communication between designers and non-experts, allowing
them to articulate their opinions in a modular design logic. She has also experimented with
photogrammetry, 3D printing, CNC milling and FEA analysis on material systems.
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In 2013 Dr. Forrest Meggers came to Princeton jointly appointed in the School of Architecture
and the new Andlinger Center for Energy and Environment. He now directs the CHAOS Lab
(Cooling and Heating for Architecturally Optimized Systems), and co-founded the PhD track
in computation and energy at the School of Architecture. He supports a team or researchers
exploring unconventional ways to efficiently and effectively manipulate thermal conditions and
perceptions in the built environment. He has degrees from Mechanical Engineering (BSE),
Environmental Engineering (MS), and Architecture (Dr sc.). In Singapore he has researched
new low exergy building systems for the tropics where as the Low Exergy Module Coordinator
he led the research of 5 PhD students and built and transported a novel building laboratory,
BubbleZERO from Zurich to Singapore. Previously in Zurich, Switzerland he worked as
a Researcher for the Building Systems Group where he received his PhD in the Dept. of
Architecture at the ETH Zurich. He also directed research on sustainable systems for the
president of the ETH Board. Originally a native of Iowa, Forrest worked on many sustainability
projects at the University of Iowa, and worked with Jim Hansen, renowned climatologist at
Columbia University and director of NASA GISS, as a Researcher on US Building Stock CO2
emissions. Through all his international and research experiences he always prides himself as
an Iowan and a bicycle mechanic.

Michal Gath Morad
Michal Gath Morad is an architect, urban designer and a PhD candidate at the chair of
Cognitive Science at ETH Zurich. Michal’s interdisciplinary work aims to converge the
fields of Architecture, Cognitive science and Computer science to support the design and
evaluation of future, human centred built environments. Michal’s current work is focused on
the development of Multi Agent Simulations to assess wayfinding performance in complex,
multi-level buildings. In collaboration with the Future Cities Lab in Singapore, Michal is
studying extreme urban realities in South East Asia, namely the phenomena of ‘Interiorized
urbanism’– multi level, mixed use megastructures in which occupants face constant cognitive
overload and frequent absence of reference frame due to changes in ground plane. Once
validated, Michal aims to experiment with her simulation model to test alternative futures in
SEA in which agents wayfinding behaviour is effected by their interaction with physical, social
and digital spaces. Michal obtained her B.Arch and M.Sc from the Technion, Israel, where she
was also a lecturer and a researcher at NextGenBIM research group. Throughout her academic
career Michal won several architectural awards and was recently awarded with a prestigious
Swiss Government Excellence Grant to support her PhD research.

Mithuna Murugesh
Mithuna is an architect and researcher. She holds a M.Arch degree from the Architectural
Association school of Architecture, London in the Emergent Technologies and Design program
and a B.Arch degree from BSSA, India. Her Master’s dissertation ‘Arctic Recalibration’ (at
AA EmTech), proposed a resource driven material exploration and robotic fabrication system
to develop a settlement in response to the harsh and ever-changing climate of the Arctic
in the near future (<2050). Her interest lies within the domain of technological advances
to create quality solutions for future global challenges with a mission to focus on applying
advanced computing technologies to develop infrastructures, systems, and software for solving
complex design problems to ultimately deliver architecture’s potential to enrich our society.
Her research interests include material research, biomimetics, complex geometries and
robotic design and fabrication. Her large-scale timber installation was exhibited at the Kala
Ghoda Arts Festival 2014 in Mumbai. She was also a finalist in the International Archmedium
Competition (Detroit Station for Arts). Her last user-interactive installation ‘Iridescence’ was
featured in India’s national newspaper the Hindustan Times.

CONFERENCE PROCEEDINGS
366

SYMPOSIUM ON SIMULATION //
FOR ARCHITECTURE + URBAN DESIGN

SimAUD2018
Shreshth Nagpal

Between architectural design and environmental design consulting over a decade, Shreshth
has worked on numerous projects where building performance simulation and analysis
informed design decisions. His current research is focused on developing automated workflows
to construct living urban energy models that enable simulation of future scenarios and identify
areas of improvement in real time.

Danil Nagy
Danil Nagy is a Lead Designer and Principal Research Scientist with The Living group within
Autodesk Research in New York City. His work and research focuses on computational design,
generative geometry, advanced fabrication, machine learning, and data visualization. Danil was
project manager of the Hy-Fi installation at the MoMA PS1 courtyard in Queens, New York, and
is the design lead on the long-term collaboration between Autodesk and Airbus, including the
Bionic Partition project. Danil has spoken and presented work at a variety of conferences and
venues, including the Design Modelling Symposium in Copenhagen and Versaille, Biofabricate
in New York City, Techonomy:Bio in Mountain View, ACADIA in Boston, and SIGGRAPH in
Anaheim and Los Angeles. Danil teaches at the Graduate School of Architecture, Planning
and Preservation (GSAPP) at Columbia University and in the Graduate Architecture and Urban
Design (GAUD) program at Pratt Institute. His teaching focuses on architectural visualization,
generative design, and applications of artificial intelligence.

Dimitris Papanikolaou
Dimitris Papanikolaou, DDes, is an Assistant Professor at the University of North Carolina
Charlotte (UNCC), jointly between the School of Architecture and the Department of
Software Information Systems, and the director of the Urban Synergetics Lab at UNCC. His
research combines big data, complex systems modeling, and interactive technologies, to
analyze, model, and design, intelligent urban, building, and mobility systems. He has worked
at Microsoft Research on applications of the Internet of Things, and at the MIT Media Lab, codeveloping Mobility on Demand, an intelligent sharing system of electric foldable cars named
by TIME magazine as the best automotive invention of 2007. His research has been published
in 15 peer-reviewed conferences and 7 books and journals, and has received distinctions
including the Buckminster Fuller Challenge; the Harvard Deans’ Design Challenge; the MIT
Transportation Showcase award in Economics, Finance, Policy and Land Use; the Harvard
Fellowship on Energy and Environment; and the Harvard Meyer Transportation Research
award. He holds a Doctor of Design (DDes) from Harvard Graduate School of Design, an MSc
from MIT Media Lab, a SMArchS from MIT School of Architecture and Planning as a Fulbright
scholar, and a Diploma in Architectural Engineering from the National Technical University of
Athens, Greece.
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Ulrike Passe is Associate Professor of Architecture at Iowa State University (ISU), USA, where
she teaches architectural design and environmental technologies and serves as director of the
Center for Building Energy Research since 2008. Ulrike received her Diplom - Ingenieur in
architecture degree from the Technical University in Berlin, Germany in 1990. She is licensed
and practiced for 15 years. Ulrike studies space as environmental technology. In 2009 she
led the ISU team, which designed a solar powered home for the US Department of Energy
Solar Decathlon competition. The project involved interdisciplinary research into energy
efficient building envelopes, passive and active solar technologies, passive cooling strategies,
natural ventilation and thermal comfort. Passe then led the building science plank in the
five-year Iowa NSF EPSCoR project “Harnessing Energy in the Biosphere to Build Sustainable
Energy Systems”. “The fluid-dynamics of Air-Flow in Free-flow Open Space: An Architectural
Approach to Energy Efficient Building”, funded by the 2007 Boston Society of Architects
Research Award in collaboration with Dr. Francine Battaglia led to the 2015 book “Designing
Spaces for Natural Ventilation: an Architect’s Guide, published by Routledge. She currently
leads the interdisciplinary ISU team “Big data for sustainable cities decision making.”

Olivia Pewzer
Born and raised in Paris, France, Olivia completed her industrial engineering studies in
Grenoble, where she received her Master’s degree in Industrial Engineering. She subsequently
pursued a Master’s Degree in Industrial Technology & Management from Illinois Institute of
Technology (Chicago, IL), graduating in 2013. Olivia has a deep intellectual curiosity that
drives her to make things better. As part of the Operational Design team at HDR, Olivia works
directly with healthcare staff and stakeholders in order to improve operations and processes.
She balances data gathering, analytical modeling, and statistical analysis to help clients find
the best ways to improve efficiency and eliminate waste within their facilities. She supports the
decision-making process by providing data-driven insights, and by bringing broad experience
in a variety of industries, making her a valued, collaborative team member. During her spare
time, Olivia plays violin in an orchestra, and enjoys running next to Lake Michigan and visiting
Chicago’s architectural monuments.

Eleni Polychronaki
Eleni Polychronaki is an architect and computational designer from Greece. She completed
her MArch degree in the National Technical University of Athens (2016), prior to receiving her
MSc with distinction, from the Emergent Technologies and Design cluster of the Architectural
Association (2017). She has been involved in various projects featuring new material systems
and complex geometric forms, such as the “Entwine” Pavilion, exhibited in Birmingham’s
Tiber Expo 2017. Having worked in AA’s Digital Prototyping Lab, she has hands-on experience
with digital and physical fabrication techniques and machinery such as CNC milling, lasercutting and 3D-printing. Her keen interest in the experiential field and expertise in game
engine/photogrammetry sofware, has resulted in a position as a visiting tutor in the EmTech
cluster, organizing AR & VR workshops. She is currently involved in active research focusing
on unfolding the potential of immersive technologies in professional design projects, through
a collaboration between EmTech and selected architectural practices.
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Kacper Radziszewski is a PhD candidate at Gdańsk University of Technology, where he holds
MSc in Architectural Design and Urban Planning. Assistant professor at Gdańsk University
of Technology and the Sopot University of Applied Science. Architect honoured with awards
in international competitions in Tokyo, San Francisco, Dubai and London for a large scale
conceptual designs, merging local traditions with a high technology solutions. Founder of
Architektura Parametryczna, group focused on the popularization, education and research over
parametric design solutions. He has taught multiple parametric design and digital fabrication
workshops in Europe. His more recent research focuses on machine learning algorithms
application in architectural design process, with a particular emphasis on the approaches
toward applying designer preferences as a factor during optimization process.

Vinu Subashini Rajus
Vinu Subashini Rajus is a Ph.D. candidate at Simon Fraser University. She holds a Masters
in digital architecture from Anna University, India, and a Bachelor of architecture from
Madras University, India. Her journey into sustainable design began with an internship
trip to the Andaman islands off the coast of India. She found the juxtaposition of concrete
buildings amidst the serene warm water and surrounding forests as a jarring wakeup call. It
is her goal to develop cost-effective, sustainable designs that would reduce damages and
effects on the environment. Her research interests are in the area of computational design,
parametric modeling, building performance and sustainability. Her current research deals
with understanding the inhabitants’ interactions in buildings for energy consideration and
to determine best practices for visualizing design-choice opportunities. She has currently
built an interactive data visualization for inhabitants to perceive the effect of their choices in
relation to comfort and energy usage.

Tarek Rakha
Tarek Rakha is an architect, building scientist and educator. He is an assistant professor at
Syracuse University, teaching studios, courses and seminars that integrate design with in-depth
environmental performance analysis. He is founder and director of the Performative Praxis Lab
(PPL). PPL aims to influence architecture, urban design and planning practices through three
areas of expertise: sustainable urban mobility and outdoor thermal comfort; daylighting and
energy efficiency in buildings, and building envelope diagnostics using drones. He completed
his Ph.D. in building technology at Massachusetts Institute of Technology (MIT), where he was
part of the Sustainable Design Lab as a member of the developing team for umi, the urban
modelling and simulation platform. He leads efforts in the acquisition and implementation of
scholarly collaborations with government, industry and academic partners. This includes his
leadership in multiple externally sponsored research projects funded by the National Science
Foundation (NSF), the Advanced Research Projects Agency-Energy (ARPA-E) at the U.S.
Department of Energy (DOE), New York State Energy Research and Development Authority
(NYSERDA), New York State Department of Transportation (NYSDOT) and Gryphon Sensors.

CONFERENCE PROCEEDINGS
369

SYMPOSIUM ON SIMULATION //
FOR ARCHITECTURE + URBAN DESIGN

SimAUD2018
Siobhan Rockcastle

Siobhan is an Assistant Professor of Architecture at the University of Oregon, Director of
the Baker Lighting Lab, and co-founder of OCULIGHT dynamics, a Swiss company offering
specialized daylight design support to promote healthy indoor occupation. She explores topics
at the intersection of architectural design, human perception, and daylight performance with
a focus on emotion and well-being. She received her PhD in 2017 from the LIPID lab in
the Doctoral Program in Architecture and Sciences of the City (EDAR) at the Swiss Federal
Polytechnic in Lausanne, Switzerland (EPFL). Siobhan earned her professional BArch from
Cornell University in 2008 and her SMArchS degree in Building Technology from MIT in
2011. She’s held teaching positions at Cornell and Northeastern and worked as a designer
at KVA matX, Snøhetta, MSR design, Epiphyte lab, and Gensler. She currently consults on
lighting design integration and environmental performance for a number of architectural and
urban-scale projects in Europe and the USA.

Mathew Schwartz
Mathew Schwartz has a BFA and a MSc. in Architecture with a focus on digital technology
from the University of Michigan. He worked as a research scientist at the Advanced Institutes
of Convergence Technology, Seoul National University, in South Korea, focusing on human
factors. From January 2017 he has been an Assistant Professor at NJIT in the College of
Architecture and Design. His work, which bridges science and engineering with art and design,
makes use of cutting-edge robotics, simulation, and motion capture technology to mimic
human characteristics which he then incorporates into commercial applications, architecture,
and models used in scientific research. Overall his research focuses on automation in design
and the built environment, from integrating autonomous vehicles in buildings to evaluating
design based on human factors.

Elena Shilova
As an architect and computational designer, Elena is interested in both the physical
characteristics of a space and the optimisation of computational tools to create an effective
design. She received an M.Arch with Distinction in Emergent Technologies and Design at
the Architectural Association School of Architecture, London and holds a B.Arch degree
from Moscow Architectural University (State Academy), Russia. Her research interests lie in
structural optimization, digital simulations, evolutionary development, material computation
and automated robotic fabrication. She has a particular interest in incorporating advanced
digital tools within the design process as a way to broaden the field of architecture and
pursue intelligent site-specific solutions. Together with Mithuna Murugesh in her MArch thesis
‘Arctic Recalibration’, she explored possibilities of resource-driven fabrication techniques,
along with optimisation strategies for the environmental responsive Arctic settlements. She
exhibited her projects in Central House of Architects in Moscow and had publications in
MArkHi 2016 Conference, University Talks Moscow and Pasajes de Arquitectura. The recent
project, ‘Entwine’ pavilion was exhibited on Timber Expo 2017 in Birmingham.
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Michela Turrin is an Assistant Professor at the Chair of Design Informatics at Delft University
of Technology. Her work focuses on computational design for optimization (to support the
exploration of design alternatives) and production (to manufacture complex customized
geometries). She leads several granted research projects with practice and industry, with
large emphasis on computational optimization and additive manufacturing. She was Marie
Curie Fellow at Beijing University of Technology. She worked at Green World Solutions Ltd
in Beijing. She taught in international events, among which the IFoU Summer School 2012
in Beijing and Winter School 2013 in Hong Kong. In 2014-2016 she was Excellent Oversea
Instructor at South China University of Technology and awarded a grant by the Key State
Laboratory of Subtropical Building Science. In 2012-2015 she was senior lecturer at Yasar
University in Turkey.

Ilaria Vigna
2017 – 2019—Phd candidate in Architecture, Built environment and Construction engineering
department at Politecnico di Milano, in collaboration with the Eurac research Institute for
Renewable Energy of Bolzano (Energy Efficient Buildings group). Research topic: Energy
Flexible Building Cluster Evaluation of the impact that building technologies and cluster design
strategies can have on RES integration and buildings/grid interaction improvement. Research
framework: IEA EBC Annex 67 “Energy Flexible Buildings”, IEA EBC Annex 75 “Cost-effective
Building Renovation at District Level and H2020 EEB Project “EnergyMatching”. 2016—
Grant researcher in TEBE research group at Politecnico di Torino (dep. DENERG), about the
experimental analysis of non-conventional envelope components with adaptive and dynamic
behaviour, realization of building façade prototypes, experimental and in field measurement.
2013-2015—Alta Scuola Politecnica (ASP) Double degree program at Politecnico di Milano
and Politecnico di Torino. MSc in Architecture at Politecnico di Torino (with honors), with a
thesis about the experimental analysis of a polycarbonate shading system with phase change
material, part of a MSE-ENEA Research Program.

Linus Walker
Linus Walker is a graduate research assistant at the Chair of Architecture and Building
Systems at Swiss Federal Institute of Technology in Zurich (ETHZ) where he investigates
simulation and optimization methods for building integrated photovoltaic systems. Before
he became a researcher, he completed both, his Bachelor’s degree in Civil Engineering and
his Master’s degree in Energy Science and Technology (MEST) at ETHZ where he was also
working as a teaching assistant during his studies. While his Bachelor’s degree was mainly
focused on structural engineering, in his Master’s studies he focused on renewable energy
technologies, especially on wind energy and solar cells. After doing a small research project
on solar fuel production at ETHZ and a research exchange internship at Universidade Federal
de Grande Dourados (UFGD) in Brazil, he finished his degree with his Master’s Thesis about
“BIPV System Simulation Framework and Model Validation” at the Chair of Architecture and
Building Systems where he has been continuing doing research.
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Luc Wilson is a senior associate principal at Kohn Pedersen Fox and the director of KPF Urban
Interface (ui.kpf.com,) a think-tank focused on urban analytics and technology development.
As his role as director of KPFui he has developed a unique data-driven design methodology
and applied it on the design of over 250 projects globally ranging from master plans to
rezonings to supertall towers. A critical aspect of this work is research collaborations with
Columbia University, Harvard University, New York University, Cornell University and the New
York City Department of City Planning. His work has been published in both academic and
popular publications from Architectural Science Review and SIGGRAPH Asia to Wired and
the New York Times. Luc was selected to as one of the Commercial Observer’s “2016 Top
Young Professionals: Top Architects, Engineers and Contractors.” Luc is currently an Adjunct
Assistant Professor at Columbia GSAPP, where he teaches courses focused on performance
based design and urban data analytics. Previously he was an Adjunct Course Advisor in the
Center for Data Science at NYU, teaching urban analytics as part of the Masters Capstone
Project course and a Guest Critic at Cornell University teaching an architectural studio. He
earned his M.Arch from Columbia University.

Bárbara Andrade Zandavali
Bárbara Andrade Zandavali is currently pursuing an MRes in Architectural Computation at
the Bartlett Faculty of the Built Environment at the University College London. Her previous
research was developed during her MSc in Architecture at PROPAR at the Federal University
of Rio Grande do Sul. During her MSc, she was granted a national scholarship as part of
Modelling Built Environment Research line by CNPq. She also collaborated as a researcher at
SimmLab (Modelling and Simulation for Architecture and Urban Plan Lab). She received her
Diploma in Architecture and Urban Planning from the Federal University of Parana in 2011
and has also graduated from the Technological Federal University of Parana in 2013, where
she was trained as a graphic designer.
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