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Future Cities Laboratory
 

The Future Cities Laboratory (FCL) is a transdisci-
plinary research centre focused on urban sustainability 
in a global frame. It is the first research programme of 
the Singapore-ETH Centre for Global Environmental 
Sustainability (SEC) and home to a community of over 
100 PhD, Postdoctoral and Professorial researchers 
working on diverse themes related to future cities and 
environmental sustainability.

Cities accommodate more people today than at 
any point in history. Cities are more interconnected 
than ever before. Cities concentrate some of the most 
intractable of contemporary social, political and eco-
nomic dilemmas. And, as substantial consumers of 
energy and producers of greenhouse gases, cities are 
central to the project for global environmental sustain-
ability. But successful cities are also, more than ever, 
the engines of national and transnational economies, 
sites of diversity and creativity, and centres of innova-
tion and entrepreneurship. As such, cities are likely to 
be the places where the challenges of urbanisation and 
environmental sustainability will be most productively 
addressed.
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Editorial
 

Simulation has been given renewed importance 
in urban research by both the increasing complexity of 
cities and by the emergence of new forms of data on cit-
ies. Traditionally defined as the imitation of real-world 
systems, simulation underpins the development of 
models that capture the characteristics, functions and 
behaviours of such systems dynamically. Simulation 
has extended the capacities of urban researchers to ap-
preciate and understand the dynamic nature of cities 
and city systems. Simulation allows an appreciation 
of the interplay of different flows – motorised traffic, 
pedestrian movements, energy consumption, telecom-
munication traffic volumes, for example – and how 
they, in turn, interact with other external parameters, 
be they environmental, economic, political, cultural or 
social.

Key issues in simulation for urban research 
include: the acquisition of sound data on the char-
acteristics, function and behaviour of cities or city 
systems; the abstractions (simplifications, approxi-
mations, and assumptions) required to tease out gen-
eralities from complex empirical conditions; and the 

validation of simulated outcomes and models with 
regard to the real world realities. Increasingly, re-
searchers also acknowledge that the ‘real world’ and 
‘simulations’ are not always easily held apart. The 
two realms are often deeply interpenetrated such 
that simulations structure the everyday experience 
of urban life. In this sense the effects of simulation 
are evident in multiple settings: for performance op-
timisation of mechanical systems, for testing urban 
plans, building configurations, and traffic networks, 
for training, and education, for the enhancement 
of everyday urban experience through leisure and 
entertainment.

At the same time, simulation can be used to show 
the potential effects of alternative planning proposals 
and courses of action. It is a powerful concept and pro-
cedure for imagining, planning and designing future 
cities. FCL researchers have actively experimented 
with a diverse range of simulation techniques and ap-
proaches for urban research. This third issue of the 
FCL Magazine aims to give an inside view onto the 
work on simulation within the FCL community.

Dirk E. Hebel and Stephen Cairns, Singapore, August 2014

Editorial    FCL Magazine    3



02 FUTURE CITIES LABORATORY 

03 EDITORIAL  
 Prof. Dirk E. Hebel, Prof. Dr. Stephen Cairns 

06 VALUE LAB ASIA 
 Dr. Bernhard Klein, Lukas Treyer, Daniel Zünd, Prof. Dr. Stefan Müller Arisona

14 TRAFFIC AND HEAT 
 Dr. Matthias Berger, Dr. Heiko Aydt 
 
22 SIMULATING THE FUTURE 
 Prof. Dirk E. Hebel, Felix Heisel

26 INTERFACE DESIGN FOR ENERGY PLANNING 
 Dr. Matthias Berger, Eva Friedrich

34 MEASURING URBAN TRANSFORMATION 
 Dr. Chen Zhong, Prof. Dr. Stefan Müller Arisona

42 WIND SIMULATIONS AROUND BUILDINGS 

 Maria Papadopoulou, Didier Vernay, Prof. Dr. Ian Smith

CONTENT
 

4    FCL Magazine    Content



48 IMPROVING DAYLIGHT 
 Chen Kian Wee, Dr. Matthias Mast, Adam Rysanek, Prof. Dr. Arno Schlueter

56 INFORMATION, DATA, LISTS, INDEXES, PIXELS 
 Miro Roman

64 CHOREOGRAPHED ROBOTIC FABRICATION 

 Jason Lim

70 DYNAMIC URBAN CHANGE DETECTION 
 Rongjun Qin, Prof. em. Dr. Armin Gruen

76 FROM BIG DATA TO SMART DATA 
 Dr. Alex Erath, Pieter Fourie, Sergio Ordó~nez, Artem Chakirov

82 IDENTIFYING DISEASE SUPER-SPREADERS 
 Lijun Sun

88 CONTRIBUTORS

96 COLOPHON

02 FUTURE CITIES LABORATORY 

03 EDITORIAL  
 Prof. Dirk E. Hebel, Prof. Dr. Stephen Cairns 

06 VALUE LAB ASIA 
 Dr. Bernhard Klein, Lukas Treyer, Daniel Zünd, Prof. Dr. Stefan Müller Arisona

14 TRAFFIC AND HEAT 
 Dr. Matthias Berger, Dr. Heiko Aydt 
 
22 SIMULATING THE FUTURE 
 Prof. Dirk E. Hebel, Felix Heisel

26 INTERFACE DESIGN FOR ENERGY PLANNING 
 Dr. Matthias Berger, Eva Friedrich

34 MEASURING URBAN TRANSFORMATION 
 Dr. Chen Zhong, Prof. Dr. Stefan Müller Arisona

42 WIND SIMULATIONS AROUND BUILDINGS 

 Maria Papadopoulou, Didier Vernay, Prof. Dr. Ian Smith

Content    FCL Magazine    5



6    Value Lab Asia    Bernhard Klein, Lukas Treyer, Daniel Zünd, Stefan Müller Arisona

Value Lab Asia
From conception to realisation

 

In the last decades the visualisation, analysis and 
communication of information was explored in more spatial 
ways than before. Recent technological trends included 
immersive visualisations with the intention to embed the view 
in the urban landscape, 3D visualisations to provide realistic 
urban scenarios, video conferencing to integrate people from 
the outside participatory planning approaches to compensate 
ever increasing urban complexity. These observations were 
the main motivation for the design and implementation 
of the Value Lab Zürich, a digitally-augmented space for 
participatory design completed in 2008.

For the last four years the Chair of Information Architecture 
has been operating out of Zürich (ETH) and Singapore (Future 
Cities Laboratory). Based on the experiences with the lab in 
Zürich new ideas and requirements for the implementation 
of the Value Lab Asia crystallised. In this article we highlight 
the main design decisions for the Value Lab Asia, which 
went operative in March 2012, and compare the on going 
experiences with the original expectations.

Dr. Bernhard Klein, 
Lukas Treyer, 
Daniel Zünd, 
Prof. Dr. Stefan Müller Arisona
FCL Research Module: 
Simulation Platform
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Fig. 01  Value Lab Asia after completion
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Concept of a collaborative urban planning platform

Urban designs must assure high quality of living for the citizens and 
future infrastructure sustainability. Besides design aspects urban planners 
have to consider various factors like dependent transport networks, water 
supply and energy grids, and/or communication infrastructures. Since the 
planning process is usually quite complex it depends on experts but also 
cannot ignore the knowledge of local stakeholders and even public commu-
nity. Not surprisingly, collaborative planning approaches gain on impor-
tance. However, urban complexity and dynamicity make it often very hard 
to discuss and develop sophisticated solutions since several disciplines are 
involved. The key problem is hereby to establish a common information 
base for knowledge and experience sharing on urban forms and processes. 
Traditional urban planning and design tools focus on high level support 
in early and late phases e.g. during brainstorming sessions or during the 
design evaluation stage. The aim of the Value Lab Asia was to provide state 
of the art hardware and interactive software tools to provide also rich func-
tional support in intermediate phases.

The underlying vision was to establish an open space with bright light-
ing conditions for urban planning workshops supported by a multi-screen 
environment. A multi-screen setup can drastically enhance collaboration 
and participatory processes by keeping information of various levels or 
dimensions present to all attendees. Planning tools should further guide 
members during the different stages of the planning process and support 
specific planning activities. 

Fig. 02  Concept drawing of the Value Lab as collaborative platform
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Construction phase 

The lab was designed in the second half of 2011, and built in only two 
months from January 2012 to March 2012. It was designed and imple-
mented by Prof. Stefan Müller Arisona in collaboration with Zürich-based 
product and interior design firm plasmadesign1, and with Singapore-based 
PAVE System Pte Ltd2 as the appointed system integrator. 

As a sibling of the Value Lab Zürich, it borrows several concepts 
like the open design space, three large displays with touch overlays and 
extensive video conferencing capabilities. One of the key differences is a 
33 megapixel video-wall, one mobile multi-touch enabled display, four 3D 
scanning devices and projectors. In addition, software modules for new 
urban planning methods were developed. Altogether they form a simula-
tion pipeline from urban data acquisition, interactive modelling, behaviour 
simulations and urban visualisations. 

Fig. 03  Empty space of the  
Value Lab Asia

Fig. 04  Construction phase of the Value Lab Asia
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Fig. 05  The Value Lab Asia during collaborative workshops. In the left panel, the results of 
analytical tools are presented to the public. The right panel, guests interact with a physical 
model which gets immediate analysis results projected onto the physical model.



Bernhard Klein, Lukas Treyer, Daniel Zünd, Stefan Müller Arisona    Value Lab Asia    11

Urban planning case studies

The video wall is used to present vast amounts of 
data in high resolution. A high resolution is important 
for an appropriate visualisation of complex urban data 
and their analysis. This screen capability is used for ge-
ometric 3D modelling and analysis of urban patterns 
with roads, buildings and green spaces. Combining 
urban forms with corresponding airflow values, en-
ergy consumption, and many other measures, allows 
to conduct detailed analyses of urban design and their 
implications. Urban planners can navigate through 
various city areas and inspect specific locations under 
certain conditions. In both cases zooming and walk-
through capabilities build an important prerequisite 
to identify and understand data patterns. It gives re-
searchers the possibility to step into the model and ex-
amine it in full detail not available on lower resolution 
desktop screens.

For the video wall, where the immense screen size 
hinders the application of touch interfaces, a camera-
based gesture control system is planned for the future. 
Various stakeholders can thus analyse possible options 
available in a collaborative spatial analysis, which pro-
vides both debatable normative values and qualitative 
aspects.

Touch screen interfaces enable direct screen in-
teractions. Three large displays on the side and the 
mobile touch table feature multi-touch screen over-
lays to enable users to work with contents directly 
and interactively and e.g. giving the user the possibil-
ity to model urban scenarios on the fly during design 
sessions. 

So far, we successfully implemented several in-
teractive simulations, one is an interactive pedestrian 
simulation tool for architects and urban designers to 
forecast the impact of a proposed design on pedestrian 
flows. The simulation is fully interactive – the user can 
edit the building layout and place pedestrian sources to 
study how changes in the design change flow volumes 

and levels in specific urban areas. Touch gestures can 
be used to change the perspective of this model such as 
to rotate and zoom into the scene and to inspect certain 
details from different angles. During the simulation 
agents use visual cues from its environment to approx-
imate the most ‘convenient’ path – rather than relying 
on knowledge of shortest paths to their destinations. A 
behaviour quite common for tourists or visitors from 
outside. Different modes of analysis are available. We 
can measure pedestrian density, or path overlap by 
counting how many times an agent has crossed a cer-
tain point. The isovist view shows the polygonal area 
that can be seen from a given location point, when ro-
tating 360 degrees. It is useful to determine how long 
view corridors are and from which locations key fea-
tures of the design can be seen (Fig. 06).

During a urban design workshop, stakeholders 
can also test their hypothesis on miniaturised physi-
cal models as representation of a given area in a city. 
To achieve this four Microsoft Kinect scanners and 
four projectors have been installed in the ceiling of the 
VLA with the goal to scan the physical model in real 
time and project visual feedback from a computational 
analysis back on the physical model. 

In Projections of Reality (Müller Arisona et al., 
2013), physical blocks on the table represent build-
ings of different types, for instance, residential dwell-
ings, a marketplace, or shops. Our tool integrates the 
scanned geometry with the virtual model, analyses the 
scene and projects the results back onto the physical 
model in real-time. Urban planners can interact with 
the physical model whilst obtaining real time feed-
back from a computational analysis. The display on 
the touch screen gives additional numeric information 
and that can also be used for user input. The legend 
shows population data including gender statistics, gen-
eral monetary information for households, estimated 
disposable income, and shop information including 
number, turnover, costs and profit. 
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Experience and impact

The Value Lab Asia is currently used in various work modes from de-
sign planning workshops, teaching and video-conferences. It enables the 
integration of large amounts of data and crowdsourcing with traditional 
top-down decision-making tools. It hosts various demo applications that 
on one hand show very successful initial steps towards a more tight in-
tegration of tools, expert knowledge and scenario simulations, as it is the 
goal of the FCL’s Simulation Platform module. On the other hand they also 
demonstrate the interactive availability of design supporting information 
in an immersive environment as the Value Lab Asia. As we’ve learned al-
ready with the first Value Lab in Zürich the bright lighting conditions are 
an advantage for intensive workshops as the participants can concentrate 
longer. The trend to integrate immersive technology directly in an office-
like environment is being continuously pursued in the further development 
of the Value Labs both in Zürich and Singapore. 

In Zürich the third generation of the Value Lab is under development. 
Similarly as the insights from the first version of the Value Lab were trans-
ferred from Zürich to Asia, the combined insights of the earlier version 
are now supporting the building process of a new generation Value Lab in 
Zürich again. The newest edition breaks down the complexity of the system, 
to ensure durability, simplicity of use, and good possibilities to update for 
future technologies.

The development so far is being recognised worldwide and even being 
partly copied as for instance in the HIVE lab at Curtin University, Perth. 
Distributed in a Massive Open Online Platform for teaching, the Simulation 
Platform will become an important instrument for dissemination of art, en-
gineering, design and planning knowledge on a global scale. 

The Value Lab Asia also hosted part of the Digital Art Weeks festival 
in Singapore from May 6 to May 19, 2013 and displays patterns between 
art, architecture, planning, and computer science, nurturing a culture of 
sustainability.

Fig. 06  The simulation and analysis capabilities used to estimate the energy demand of various buildings in Singapore, 
depicted in the left panel, and to analyse the wind flow around high rise buildings is shown in the right panel.
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Fig. 07  An interactive, agent based simulation runs on the large touch screens, helping to analyse the impacts of design decision 
with immediate response.



Traffic and Heat
Using cellular automata to study the environ-
mental impact of vehicle heat emissions

 

Although energy consumed by traffic accounts for more than 
one fifth of the overall energy consumption in Singapore, 
little is known about the impact of heat emitted by vehicles 
on the environment. While there have been various 
studies concerned with the urban heat island effect (UHI), 
microscopic models that describe the underlying processes 
of heat emissions do not exist yet. However, such models 
would enable scientists and engineers to not only gain a 
better understanding of the complex process of heat and noise 
emissions, but also to help devising effective countermeasures. 
Cellular automata may offer a solution to this problem.

Climate change and air pollution are the two commonly referred nega-
tive impacts of traffic in terms of emissions, but there are more: heat and 
noise. When researchers of TUM CREATE and SEC FCL came together in 
early 2013 to identify potential topics for collaboration, heat and noise have 
been chosen as an entry point for the discussion evolving around electric 
vehicles (EVs), which is TUM CREATE’s core research object (Fig. 01). Our 
article now deals with one case study focusing on heat emissions from cars, 
and how it could be modelled and simulated in order to gain a better under-
standing of the underlying physical processes.

Dr. Matthias Berger
FCL Research Module: 
Simulation Platform

Dr. Heiko Aydt
Principal Investigator at TUM CREATE
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Fig. 01 TUM CREATE’s electric vehicle: EVA
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Traffic in Singapore

Traffic is a daily recurring dichotomy in urban living – necessity and 
nuisance at once. Cars, motorcycles, trucks and busses with internal com-
bustion engines are blamed for their negative impact on the environment. 
Globally, they contribute to global warming by burning fossil fuels, con-
sequently releasing greenhouse gases. According to the 5th Assessment 
Report by the IPCC the transport sector accounts for 7.0 GtCO2eq or 23 % of 
total energy related emissions in 2010, at which road-based transport has a 
72 % share (IPCC, 2014). Translating this knowledge into policies is based 
on a regional perspective. Supra-national standards like the “Euro 6” for 
emission limits of vehicles are combined with national/federal/state-based 
regulations and, at the lowest end of the scale, urban guidelines for curbing 
local air pollution as (in-)famous as in cities like Beijing or Los Angeles. So, 
what is the role of traffic in Singapore now?

One way to evaluate the energy consumption by sector is using the 
Sankey diagram of energy flow (Fig. 02). On the supply side the two domi-
nant inputs are crude oil, which is refined to petroleum, and natural gas. 
While electricity generation shifted from relying on fuel oil around the year 
2000 (EMA, 2005) towards natural gas with a share of 84.3 % in 2012 
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Fig. 02  Sankey diagram of energy flow in Singapore



(EMA, 2013), the transport sector is essentially gasoline driven. The mass 
rapid transit (MRT) network of Singapore, escalators and elevators are the 
only electricity user here. The number of EVs is still negligible: only three 
out of 618,000 cars in 2013 (Tan, 2013).

Electro-mobility is widely seen as a solution to local CO2 emissions 
caused by traffic. In addition, the reduction in noise levels is an often cited 
example how EVs can contribute to improve the liveability of a city. The 
impact of EVs on the urban heat island effects has not been studied so far. 
However, in particular in the context of an increasing trend in Singapore 
towards underground transportation infrastructure (e.g. tunnels), the is-
sue of heat emissions become more and more important. While a few hun-
dred EVs may not make a noticeable difference, several hundred thousand 
will – the question is how much. Since there is no case of a city the size 
of Singapore where the majority of vehicles is electric, there are no prec-
edence cases that can be studied. Research at TUM CREATE thus aims at 
using holistic modelling and simulation techniques to investigate various 
electro-mobility scenarios. For this purpose, the Scalable Electro-mobility 
Simulation (SEMSim) platform has been developed. Among other things, 
this platform is used to answer the question regarding the impact of heat 
emissions on the environment.

Combustion vs. electric vehicle

Mobility in the future will look very different from what it is today. 
Major transitions will take place or are already ongoing today. One of them 
is the transition from internal combustion engine vehicles (ICEVs) towards 
EVs. Although there are hybrid technologies in the meantime, it can be 
expected that ICEVs will virtually all be replaced by EVs in the long run. 
There may be competing energy storage technologies. For example, some 
EVs may be powered by fuel cells while others are powered by batteries. 
However, with regard to heat emission, the most important component is 
the powertrain – which will most likely be fully electric regardless of the 
energy storage technology used.
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Fig. 03  Electric vehicles in Zermatt / CH



In general, the advantages of EVs over ICEVs are the reduction in local 
pollution. This is particularly important in the context of mega-cities where 
pollution is a big problem. Beijing is well known for traffic’s heavily contri-
bution to local air pollution. On a global scale, exhaust fumes produced 
by ICEVs have long been known to contribute to the greenhouse effect in 
terms of soot, COx, NOx and SOx (IPCC, 2014). Apart from contributing to 
air pollution, ICEVs are also a significant contributor to noise pollution, 
leading to high social and economic costs. Although there are exceptions 
(Fig. 03), EVs typically only represent a very small fraction of a city’s overall 
vehicle population. Reasons for this are often attributed to the disadvan-
tages of EVs such as limited range, high costs and lack of city-wide charging 
infrastructure (Fan and Oviedo, 2014).

Nevertheless, EVs are seen as a good solution to air pollution as well 
as noise pollution in cities. Less heard of is their potential to reduce the 
urban heat island effect. EVs convert about 59–62 % of the electrical en-
ergy to power at the wheels. This is three times higher efficiency compared 
to ICEVs which convert 17–21 % of the energy stored in gasoline to power 
at the wheels. Furthermore, in conventional vehicles, the kinetic energy 
of a moving vehicle is released as heat when slowing down. Regenerative 
braking used in EVs makes it possible to recover about 64 % of the kinetic 
energy. In total a significantly smaller amount of energy is lost as heat when 
using EVs. But how much does the heat loss in EVs and ICEVs affect the 
environment and in which scale?
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Fig. 04  Transport network in Singapore 
in 2008 (Eva Friedrich, FCL Gazette No 14). 
About 72 km2 are roads, 35.5 km2 port & 
airport, and 0.3 km2 light and mass rapid 
transit.

Fig. 05  Conway’s Game of Life is a popular 
example of cellular automata (CA) based 
on only four simple rules. For example, by 
repetitively applying these rules to the initial 
CA state (top left), we obtain a sequence 
of distinct states (from top left to top right 
and bottom left to bottom right) that are re-
peated indefinitely, thus realising an oscillat-
ing pattern which is known as Kok’s galaxy 
(named after Jan Kok who discovered it in 
1971). A cellular automaton (CA) is a dis-
crete modelling method that is used in many 
disciplines for various purposes. In general, 
a CA consists of an n-dimensional space 
of cells. However, although it is possible to 
construct higher dimensional automata, by 
far the most common CA type is 2-dimen-
sional, thus consisting of a grid of cells. Each 
cell has a certain state where the number of 
possible states is finite. In its simplest form, 
this state is binary (either 1 or 0). Together, 
the states of all cells define the state of the 
CA. This state remains unchanged until 
certain rules are applied which can modify 
the states of individual cells. This is done in 
an iterative process in which the next state 
of a CA is determined by applying a set of 
rules to all cells simultaneously. In order 
to determine the next state of a cell, rules 
typically take into consideration the current 
state of adjacent cells. Although the concept 
behind CAs is easy to understand, even 
simple transition rules can lead to highly 
complex behaviour.

Fig. 06  The simplified schematics of a 
car (left) is represented by cells in the 
CA (right). These cells are representing 
different features of the vehicle that are of 
interest for modelling heat transfer (e.g. 
wheels, engine).

Fig. 07  The road surface is represented 
by a grid of cells. The state of these cells 
indicates the heat energy stored in the road 
surface. As the car moves, heat energy 
generated by the vehicle due to friction of 
the tires is transferred from the vehicle cells 
to the environment cells. In addition, heat 
transfer between different road surface cells 
also takes place. 
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Contribution to Urban Heat Island effect

‘The effect of traffic is not found to be very 
significant.’  

A study of Urban Heat Island (UHI) in Singapore by Wong Nyuk Hien

Traffic as a potential contribution to UHIs has 
been discussed for almost 50 years now. The scientific 
debate is not focusing on traffic’s heat emission, as the 
statement above confirms. Without going into review 
and detail of UHI research, the common approach 
prioritises land use change, albedo, and the influence 
of greenery. Establishing an energy balance of incom-
ing and outgoing radiation (plus the small amount of 
evapotranspiration and convection) is studied in a spa-
tial manner, where the smallest scale currently is cells 
of 1 km2. The urban canopy model is used for simula-
tion of the UHI and represents buildings on the plane, 
but is not reflecting topologies as found in Singapore 
(Berger, 2012). If traffic as a whole is relevant (as is our 
view), the question arises what is its spatiotemporal 
peak heat density? On average, anthropogenic heat 
in Singapore is 654,323 TJ per year or about 30 W/m2 
compared to the incoming solar radiation of 176 W/m2. 
Averaging in time and space is insufficient for studying 
individual cars. Traffic consumes 107,643 TJ on a road 
network extending 72 km2, or 47 W/m2. Conventional 
urban climate models are thus not yet suitable to model 
anthropogenic heat by traffic.

Cellular Automata

Stephen Wolfram famously argued that many 
complex phenomena such as fluid dynamics are be-
yond the description of traditional mathematics and 
should be simulated by simple computer programs 
like one-dimensional cellular automata (CA) (Wolfram, 
2002). Due to their ability to produce a fair amount 
complexity (see box and Fig. 05), CAs are also used to 
describe a variety of physical processes which cannot 
be easily described with traditional models. CA-based 
solutions have been applied to a broad range of topics, 
including but not limited to simulation of fire spread-
ing in buildings (Curiac et al., 2010), dispersion of pol-
lutants (Marın et al., 2000) and traffic (Rickert et al., 
1996). Researchers at TUM CREATE and FCL use CAs 
for modelling the dispersion of energy in terms of heat 
and noise generated by traffic. Heat emissions of vehi-
cles are simulated using an agent-based model of a ve-
hicle, including the relevant components (e.g. engine). 
Depending on the driving conditions (e.g. acceleration, 
speed) at a point of time, this model calculates the en-
ergy demand and the resulting loss of energy in heat. 

For simulating dispersion of the heat created by a 
vehicle, a cell-based representation of a vehicle is used. 
A two-dimensional cell-based representation of a ve-
hicle is illustrated in Fig. 06. This representation ac-
counts for the areas occupied by wheels and the engine. 
The state of a “wheel” cell reflects the energy lost due to 
the friction between the tire and the asphalt. Similarly, 
the state of “engine” cells reflects the energy lost due 
to inefficiencies of the engine (e.g. internal combustion 
engine). The environment is also represented by a grid 
of cells. The state of an environment cell reflects the 
heat energy stored within. A set of CA rules, that de-
scribe the physics of the various forms of heat transfer, 
is applied in order for heat energy stored in one cell 
to be transferred to another cell. Combining these two 
cell-based representations of the vehicle and the envi-
ronment, it is possible to see how heat generated by a 
vehicle is dispersed in the environment (Fig. 07). 
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In addition to CA-based studies of heat emissions by traffic, TUM 
CREATE and FCL will also study the issue of noise emissions by traffic in 
the future using a similar approach. This would require an experimental 
setup for measuring components of noise, such as the engine itself, the roll-
ing tire, or the air drag. We hope that our work on heat and noise simula-
tions will help urban & transport planners to increase the livability in cities. 
Furthermore, our goal is to establish an active research community that 
studies the multitude of urban systems in a holistic manner, thus strength-
ening our understanding of the complex interactions and interdependen-
cies between these systems. A first step towards this goal is our annual 
workshop on International Workshop on “Modelling and Simulation of 
Large-scale Complex Urban Systems” (MASCUS) within the International 
Conference on Computational Science (ICCS) series.

“[…] there are few insights into how our understanding of 
cities might be informed by their planning and vice versa.”  
Michael Batty on the dichotomy between cities and planning
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Simulating the Future
The FCL research project ADDIS 2050
 

The ADDIS 2050 research project combines the collective 
activities and collaborations within FCL and African 
partners over the last few years in Ethiopia, especially in it’s 
capital Addis Ababa. The title ADDIS 2050 derived from 
an international conference in November 2012, where FCL, 
together with the Ethiopian Institute of Architecture, Building 
Construction and City Development EiABC developed a vision 
for the city of Addis Ababa as well as the Ethiopian nation state 
at large. The research work conducted could be classified in 
three different scales applying similar tools and methodologies: 
UNIT, CITY and NATION.

The UNIT scale deals with the question of construction materials and 
methods. Ethiopia will be confronted with a population increase of 45 mil-
lion people over the next 15 years, along with increased demand for basic 
needs like food, water, safety, and shelter. Given this challenge, Ethiopia 
has to invent its own modes of 21st century urbanisation, rather than relying 
on out-dated models from the developed world or following luxury trends 
from the Arabian peninsula. However, instead of researching on and us-
ing locally available material, more than 80 % of construction material in 
Ethiopia, including steel and glass, is imported, mostly from Eastern Asia. 
Investment capital, both foreign and domestic, knowledge, entrepreneur-
ship, and the possibility of the sustainable growth of local markets, all leave 
the country without becoming links in a value chain process. Therefore, 
FCL and EiABC in a collaborative act have suggested alternative housing 
schemes over the past years, all focusing on locally available materials. At 
FCL, a simulation tool was finally developed to showcase different scenar-
ios of these alternative housing structures, which follows the idea of acti-
vating local available skills and capital. This investigation lately resulted 
in the commission of the Addis Ababa city government for the design of 
5000 low-cost housing units in the centre of the city, showing an alterna-
tive approach to current models of mass housing. ETH, FCL and EiABC 
teamed up to finally implement a several year-long research. The units will 
be build in the centre of the city to house people, which otherwise would 
needed to be resettled to the outskirts of the city. Also part of the inves-
tigation is a research initiative based on cinematic documentaries called 

Prof. Dirk E. Hebel,
Felix Heisel
FCL Research Module: 
Assistant Professorship of  
Architecture and Construction
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Fig. 01  Simulations of the future growth of Addis Ababa include the establishment of pedestrian based ‘cultural miles’ in the Ethiopian capital.
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_SPACES, following the strong believe that the informal building sector in 
Ethiopia can teach important lessons about the use of architecture and its 
social role. _SPACES, a six-part series, documents the everyday life of dif-
ferent individuals from various social groups and backgrounds.

The CITY scale discusses the future urban development of Ethiopia. 
Here, questions of urban design, infrastructure, production, and invention 
are on the foreground of investigation, taking into account the knowledge 
generated on the UNIT scale. The role of design research studios and de-
sign workshops held at EiABC Addis Ababa, FCL Singapore, and ETH 
Zürich over the last ten years is crucial to the development of the frame-
work. Theses initiatives provided a platform for knowledge exchange and 
synthesis as well as production through design. Instruments such mod-
els, plans, diagrams, statistics, simulations among others formed a unique 
laboratory setting for students to discuss the complexity of urban and rural 
settings as well as the combinations of both elements. The work became a 
tool box for developing future scenarios for the African City.

Fig. 02  New energy concepts could lead to significant paradigm shifts.
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The NATION scale focuses mostly on future energy concepts for 
Ethiopia. An interactive tool, which is described in detail in this maga-
zine, was developed at FCL Singapore to simulate different scenarios on 
alternative energy production and how important the visionary thinking 
is for the future development of the country. This tool can not only simu-
late new modes of production, but alternative decentralised concepts can 
also be played out, to make the simulation more robust. The team included 
a possibility to speculate on individual energy consumption in the future 
and the effect this change might have to the whole nation and larger re-
gion of East-Africa. The tool is meant for decision makers and planners to 
understand relationships between the individual and the community and 
to start an initiative to question the national centralised concept of energy 
distribution. In addition, an Ethiopian road map towards a renewable and 
emission free energy concept was developed. This roadmap, be described 
as a rational optimist scenario, contains ideas to be implemented in the 
short-to-medium terms. It addresses both, Ethiopia’s energy and technol-
ogy future, as well as rural and urban life conditions.
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Interface Design for 
Energy Planning
Symbolicity of data as potential for articulation

 

How would you implement a tool to visualise the energy outlook 
of Ethiopia? It should be rather interactive, running on a 
large touchscreen, easy-to-use and understandable by laymen. 
After reviewing the actual condition in Ethiopia, we estimated 
future developments and implemented a visually appealing 
Graphical User Interface (GUI). The outcome was the energy 
scenario planning tool for Ethiopia – a design and stakeholder 
interaction study.

Even though the topic of energy in Ethiopia got a recent uplift due to 
the involvement of World Bank and others, most articles are still either ret-
rospective or case study based. Simulations and scenario tools for planning 
are clearly missing. Following the research and field work of Franz Oswald 
and the vision of Dirk Hebel on renewable energy as a supplementary 
source of income (Hebel and Angelil, 2009; Oswald and Schenker, 2010), 
one has to consider the structure and prospects of energy in Ethiopia be-
fore starting a simulation. We evaluate first the latest data from Ethiopia 
and take future plans into account, then investigate the technological feasi-
bility of renewable power generation by wind, hydro and photovoltaic (PV), 
and finally we describe our implementation of the interactive tool. 

Empowering rural Ethiopia

Ranking 174 out of 187 in the Human Development Index (HDI) 
Ethiopia is one of the least developed nations with characteristically low 
domestic electricity consumption and insufficient governmental funds for 
structural development in the energy sector. The bulk of electricity is gen-
erated by large-scale hydropower, whereas diesel generators and batteries 
supply mostly consumers not having access to the grid. On the other hand, 
present day Ethiopia is one of very few countries achieving almost 90 % re-
newable energy for electricity generation, thus indicating climate friendly 
behaviour by a least developed country. Is it possible to promote sustain-
able development – out of hunger and poverty – and still rely on renewable 
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Fig. 01  Energy planning for Ethiopia using a new interface design tool
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energy only? This is the higher level question behind our research, yet de-
veloping a tool which answers the energy outlook for Ethiopia in terms of 
solution or optimality was never our goal.

Inhibiting factors for the development of renewable energy in rural 
Ethiopia as identified by the Ministry of Water and Energy (MWE) are a) 
the lack of infrastructure in terms of transmission, distribution and de-
vices for consumption, b) the missing information on technology, mainte-
nance and financing, and c) the non-existence of the market (MWE, 2012). 
Describing Ethiopia as “[a] potential rich country” highlights the contra-
diction especially in the countryside, where abundance of high quality re-
newable energy faces the predominant use of wood and agricultural waste 
as primary energy source exceeding 94 % (Wolde-Ghiorgis, 2002). The 
pressure on the biosphere by burning wood for cooking and the associated 
health risks from smoke are widely accepted facts. Additional problems 
are caused by a still above global average population growth (Fig. 02, 03).

Ethiopia’s government has of course developed its own research agen-
da, how the energy sector may be built up in the long run. Next to the MWE 
and the Ethiopian Rural Energy Development and Promotion Centre 
(EREDPC), major input was provided by the World Bank, the government 
of Japan and other players. Everything got consolidated by the govern-
ment-owned utility, Ethiopian Electric Power Corporation (EEPCo): The 
‘Scaling–Up Renewable Energy Program’ of Ethiopia, which is the most 
recent initiative in energy planning, envisions the expansion of renewable 
energy by investing into hydro power and others, with the dual mission of 
increasing energy exports as well as providing rural electrification (MWE, 
2012). The important role hydro power plays in this scheme can be seen in 
the electricity production targets in Fig. 04, with a total of 22 GW installed 
capacity in 2030. The main contributor is going to be the Grand Ethiopian 
Renaissance dam with over 5 GW installed capacity, predestined for export 
and the supply of Addis Ababa. 

Fig. 02  Absolute population growth of Addis Ababa 
compared to rural Ethiopia

Fig. 03  Estimated population growth of Ethiopia compared to 
global scenarios by UN’s World Population Prospects: the 2012 
Revision 
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The main argument of the government is the apparent cost-effective-
ness of hydropower. Due to the existing low (thought demand-progressive) 
electricity tariff of about 0.06 US$ per kWh the estimated marginal pro-
duction costs by hydro power of 0.0455 US$ per kWh seem to be more 
feasible to the government than the approximated 0.08 to 0.09 US$ per 
kWh for wind power. Additional costs for substations and high-voltage 
long distance transmission occur for hydro power, which is not reflected 
in the calculations. 

From long term planning into action, the construction of Grand 
Renaissance is progressing and with the thereby gained confidence more 
recent plans of the Ethiopian government foresee about 40 GW installed 
capacity nationwide by 2035, located mainly in the rugged hinterland and 
connected through several thousand kilometres of 500 kV transmission 
lines (Reuters, 12 November 2012). Water in its natural path intersects hu-
man frontiers, as the Blue Nile river while filling the Grand Renaissance 
does. The political dimension of the dam project yield to headlines such as 

“Egypt denies deal with Sudan to strike Ethiopian dam” (Sudan Tribune, 
25 September 2012) or “Ethiopia powers on with controversial dam project” 
(CNN, 8 June 2012). Ethiopia’s government regards the dam as an economic 
growth engine and worth taking the risks. 

The increasing use of hydropower has not gone unchallenged due to 
its ecological impact which makes this source of energy politically highly 
controversial. We think an alternative pathway for Ethiopia could be to 
keep the existing thermal power plants online, but not to expand into that 
sector, and rather give priority to other renewable sources. Right now, wind 
power plays only a minor role, which is planned to be even less important 
than geothermal energy in the future.

Fig. 04  Electricity production by type, absolute and relative, MWE (2012)
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Feasibility of renewable energy

The energy usage behaviour in rural households is described as ‘fuel 
stacking’ rather than the conventional ‘energy ladder’ theory which im-
plies an advancement from dirty to clean energy (Guta, 2012). A new source 
of energy, here electricity, is not substituting former biomass or kerosene 
sources, rather adding to the pool of sources and providing or enabling a 
higher demand instead of reducing emissions and inefficiencies. The elec-
tricity demand in the tool should therefore be adjustable, in the huge range 
from now 5 W to at least global average or even US levels, as it represents 
the standard of living and there is no reason why Africa should not have 
the same standard in future as Western people have. 

A study by HydroChina International Engineering Company esti-
mated a potential of 1300 GW wind power in Ethiopia and is investing 
into wind parks, with 51 MW from 43 turbines (Windpower Monthly, 
17 August 2012). The total installed capacity should reach 800 MW in 2015. 
Investments in local manufacturing of blades and towers would provide 
not just electricity but employment and technical expertise for mainte-
nance. We assume wind power to have reached the so-called grid parity 
in Ethiopia, or at least to be able to compete against costly battery or diesel 
generator systems in the off-grid rural areas.
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Fig. 05  The energy scenario planning tool 
operated on a multi touch surface.

Fig. 06  The interface with a map of 
Ethiopia, showing its largest cities (red col-
umns), existing hydro power plants (green) 
and the power network lines. In the top left 
corner, the user can switch between interac-
tion modes to place power sources and elec-
tricity lines into the map. On the right hand 
side of the interface, summary statistics on 
current supply and demand are displayed. 
The user can amend global variables such as 
per capita demand via the sliders.

Fig. 07  Detail of the interface: Summary 
statistics and global variables. The bar 
diagram (top) shows (from left to right): 
urban energy demand (grey), urban energy 
supplied(red) and energy deficit (dark red), 
energy supplied from hydro power plants 
(dark green), energy supplied from wind 
plants (light green), rural energy demand 
(light grey), rural energy supplied (blue) and 
deficit (light blue), energy supply from PV 
(blue) and excess energy from PV due to 
lack of distribution network (light blue).

Note that rural and urban bar sizes are not 
on the same scale – about 9/10 of the popu-
lation lives in rural areas, so actual bar size 
for rural values should be nine times larger.

Below the bar diagram: The figures of the 
bar diagram, following the colour code of 
the diagram; sliders for the user to adjust 
general modelling assumptions: how many 
PV units per 100 people will there be, what 
is the capacity of the average PV unit, what 
is the average per capita energy demand, 
how is energy allocated across the differ-
ent sectors industry, business, export and 
households.
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Key elements in establishing the high penetration of PV in countries 
like Kenya or Zimbabwe was donor funding from foreign sources and the 
absence of a grid, which called for independent and decentralised solu-
tions (Bawakyillenuo, 2012). Any tool for enabling wind and PV should 
therefore not start with the (existing) grid, or built on grids and grid exten-
sions. Rural energy can be totally bottom-up. Schillebeeckx et al. describe 
the user-centric view as favourable compared to the technology lens or the 
institutional lens, when dealing with rural electrification (Schillebeeckx, 
Parikh et al., 2012). 

For achieving the goal of the Plan for Accelerated and Sustained 
Development to End Poverty (PASDEP) to reach in medium term the UN 
Millennium Development Goals (MDG) Japanese studies suggest to build 
upon large scale electricity generation and industrial growth, as if a cen-
tralised policy yields to best results (IEEJ, 2008). Contrariwise we assume 
that such a scenario more likely would widen the gap between urban and 
rural landscapes, putting more pressure on poor people. A planning con-
cept would benefit from a tool by including the spatial dimension to cover 
the vast geography and distribution of people instead of relying on an Excel 
spreadsheet like the majority of tools, and by addressing social question as 
formulated in the MDGs.

Implementation and interface

Behind the touch screen there is a database containing current and 
extrapolated numbers on population (rural vs. urban, urbanisation), per 
capita energy demand, and electricity production & transmission infra-
structure. All of this features true GIS coordinates and has been aggregated 
on a 10km by 10km grid for the rural population, whereas the urban is rep-
resented as single points on the plane. The annual energy balance in terms 
of production, consumption, unsatisfied demand and theoretical overca-
pacity can be simulated stepwise from 2007 until 2050. A graph model is 
used to connect transmission lines with production and consumption. The 
user can either watch the growth of the demand, or, and that is what we aim 
for, actively play with the tool and create own scenarios. By altering the 
per capita demand, or by placing wind power and PV on the map different 
development trajectories for Ethiopia can be explored.

With its minimalistic design our energy scenario planning tool attracts 
trough non-gamified interaction, which suits better in a cooperative stake-
holder group, gathered around a large touch screen. At the current stage 
it assembles an exercise in visualisation and interactive design. As one of 
the core showpieces in the FCL Value Lab Asia, it has been introduced and 
explored by hundreds of visitors.

Fig. 08  Growing energy supply 
and demand 2008–2014. New 
energy plants go online and 
increase supply. Simultaneously, 
energy demand increases as set 
by the user, projecting per capita 
demand from the current 25 W to 
300 W in 2014.
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Fig. 09  Left: Newly placed wind plants will automatically connect to cities nearby to create a local distribution network. 
Right: To connect the local network to the main grid, the user has drawn a new power line.

Fig. 10  The tool is used to simulate policies to introduce PV units to the rural population. Areas that obtain energy from PV are shown as blue circles.



Measuring Urban 
Transformation
Analysing big urban data  
to make invisible changes visible

 

Urban transformation is far more than a simple result of 
top-down urban planning. The way urban space evolves 
is a natural result of environmental and socioeconomic 
dynamics. The original planned urban functions are reshaped 
by the inhabitants’ actual demands and uses, which has been 
termed as bottom-up self-organisation. Due to these multiple 
driving forces, it is difficult to determine whether a modern 
city is the same as intended in the original plans, let alone to 
manage future urban development. Thus, a good measure of 
change is required. Such a measure will contribute to making 
better sense of on-going urban processes and bring us one 
step closer to understanding, managing, and even predicting 
changes in cities. This article presents indices and measures 
we developed for measuring spatial structure, highlighting 
the innovative use of big transportation data. Insights gained 
from our case study in Singapore are shared.

Over the past decades, many urban areas have grown and spread 
through strong but heterogeneous sprawl. Yet contemporary cities are in-
creasingly polycentric with continuous urban transformation of decen-
tralisation. Based on this observation, the following questions serve as the 
motivation of this research: How quickly and to what degree are cities be-
ing reshaped? Does a polycentric spatial structure exist in socioeconomic 
space? And is that structure compatible with the planned polycentric physi-
cal space? Do people’s activities and intra-city movements follow patterns 
of polycentric organisation in reality? Does poly-centricity causes changes 
in daily life, and which ones? Answers to these open questions would sub-
stantially contribute to a better understanding of urban changes, help detect 
urban problems, evaluate planning strategies, and support policymaking. 

Dr. Chen Zhong, 
Prof. Dr. Stefan Müller Arisona
FCL Research Module: 
Simulation Platform
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Fig. 01 Smart card as sensor 
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Visible data collected from urban sensors 

Newly available urban data may have the potential to answer the ques-
tions above. The advancement of sensor technologies makes it possible to 
easily and cost-efficiently capture and store massive amounts of urban 
mobility data in a way that was previously impossible (Fig. 01). These spa-
tiotemporal data sets record people’s daily lives and contain rich informa-
tion about how people are exposing individual and collective forces on the 
shaping of urban space. However, there is a lack of techniques to extract 
such information from the raw data and interpret the information in cer-
tain contexts. 

Invisible information extracted from spatial analysis

Advanced spatial analysis and data mining techniques shade a light 
on filling the gap between data and information. Spatial analysis has long 
been used in urban studies, but mainly as a data inventory tool and not for 
data analysis or mining. In fact, the existing spatial analysis methods are 
already powerful in terms of detecting spatial patterns, since, as we will 
show, they can be enhanced by more general data mining techniques from 
computer science and by integrating knowledge from urban planning and 
urban geography. 
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Fig. 02 A spatial network: nodes denote stops/stations, edges denote traffic volume



Spatial network analysis

Here, we present one specific analysis to illustrate our approach of 
making invisible information visible from big urban data. A spatial net-
work model (Fig. 02) is developed to interpret interactions between urban 
areas that define the city. The interactions are measured from data about 
how people are travelling between any two areas., Nodes in the graph de-
note public transport stations/stops in the urban area that are origins or 
destinations of trips; edges refer to the connection between two nodes and 
their width denote the traffic volume. 

Network analysis is conducted in the second step (Fig. 03). Properties 
of the network are redefined in the context of urban structure and used to 
interpret the characteristics of areas within the urban system. For instance, 
the number of nodes indicates how many areas are accessible in total; the 
number of edges indicates how many areas are directly connected to each 
other; the degree of each network node gives the number of areas directly 
connected to an area from any other, and the strength is the weighted de-
gree that indicates intensity of travel from area to another. In addition, the 
clustering centrality is an index indicating how ‘close’/‘cohesive’ the areas 
are to one another in terms of their accessibility to shared neighbours, and 
the closeness centrality is an index that evaluates how fast people flows 
spread across a given area. In the third step, derived network properties 
are mapped back to geographical space, where urban hubs, centres, com-
munities, and spatial structures can be identified. 
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Fig. 03 From travel records, to network properties, to spatial properties: Extracting invisible information from transportation data
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Fig. 04 The city of Singapore partitioned into small regions according to intra-travel patterns. An emerging 
new region is growing throughout the years. In total, it shows a more balanced polycentric spatial structure.



In summary, the spatial network model is an analogue model that 
takes a representational or functional form of a network and applies it to 
urban stocks and flows. Comparing the changes of these properties over 
time allows us to understand how patterns of urban interactions, their spa-
tial organisation, and the extent and degree to which these locations are 
changing or remaining stable. 

Insights into the urban transformation in singapore

By comparing the results from data from three years of big data associ-
ated with the smart card data set, we find that Singapore, even from such a 
short time series, is developing rapidly towards a polycentric urban form, 
where new sub-centres and communities are emerging largely in line with 
the city’s master plan (Fig. 04).

Fast development

Looking back at Singapore’s history, it becomes obvious that Singapore 
has gone through a very swift transformation that is still on-going in many 
aspects, including population, economy, and urban infrastructure. In par-
ticular, the analysed smart card data reveals the impact of such changes on 
urban activities and. Even though the analysis is limited by the availability 
of data sets from only three years, the developed towards a polycentric ur-
ban form becomes visible. As indicated earlier, the new sub-centres and 
communities are emerging and growing to a balanced size that is largely in 
line with the city’s master plan.

A top-down planned poly-centricity

Though Singapore represents a model for changes in many urban 
settings, its success can hardly be copied. The same conclusion has been 
drawn in other studies about the urban morphology of Singapore. Many 
problems usually encountered in fast development are overcome in the 
case of Singapore, mostly because its development is driven by well-or-
ganised plans.

In the short term, the shifting of human activity clusters matches the 
trend of the physical development of Singapore very well. For instance, we 
found that the data-analysis-based regions are different from the original 
administrative ones. The region boundaries are moving towards the west-
ern part of Singapore, which indicates an increasing attractiveness of west-
ern Singapore. Causes might be the new developments in Jurong East areas. 
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In the long term, the polycentric urban form is greatly shaped by ur-
ban plans, especially the ring plan in the 1970s and decentralisation plan 
in the 1990s. Transport planning also contributed to this urban process. 
Especially in the early years like the 1970s, high-density public housing 
areas were arranged along proposed high-capacity public transportation 
lines, low and medium housing areas were positioned beside the corridors 
and served by a road-based transport system, while industrial areas and 
other employment centres were located close to public transport. These 
urban settings initiated the early structure of Singapore. Based on an analy-
sis of transportation data, the consistency of land use and activity patterns 
reveals the compatibility of transportation planning and land use planning. 
In particular, the public transit system has had a particularly significant in-
fluence on shaping both physical and functional spatial structures. The in-
creasing importance of MRT lines in daily transportation is clearly visible.

Emerging bottom-up changes

Besides top-down planning, there are also bottom-up changes on-
going at the same time. The urban development of Singapore in previous 
years was mostly carried out to meet living demands of habitants. Once 
this basic requirement has been fulfilled, people start to seek more diverse 
lifestyles. Since more options with equal costs are offered and more factors 
are taken into account when making a location choice, the planned urban 
process is harder to control and the uncertainty in urban development is 
likely to increase. 
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Fig. 05  Estimated travel destination times from a selected location by public transportation systems in Singapore



Taking the regional development in Singapore as an example, the ini-
tial purpose of new developed centres such as Jurong East was to distract 
flows from the old CBD area to various sub-centres. However, the analysed 
results show that the centrality in the CBD area is continuously increasing 
instead of decreasing. One possible reason is the advance of a long distance 
massive transport system that encourages people to travel long distances 
from everywhere in Singapore to the biggest and oldest CBD. The result is 
a negative impact on distracting flows, which works against the original 
idea of poly-centricity. 

The increased travel distance and comparatively stable travel time is 
likely to induce more bottom-up changes: As indicated in Fig. 05, people 
have more location choices over a wider range of travelling distances that 
lie within an acceptable travel time. Consequently, finding methodologies 
to evaluate and predict the outcomes from multiple, possibly contrasting, 
driving forces, and how to manage them will be another challenging re-
search task that requires cooperation between universities and different 
government agencies. More generally, integrations on many levels are re-
quired to understand urban complexity, urban dynamics, and bottom-up 
changes.

Conclusion 

Data analysis is always important in urban studies; therefore, it is not 
surprising that the new concept of “big data” gained so much attention. 
Using automatically collected sensor data may not give direct information, 
but with integrated analysis and the modelling methods, required informa-
tion can be extracted or inferred from raw data. As shown in this article, the 
use of urban space is inferred from how people travel in a city. Nowadays, 
there are all kinds of sensor locations in the real and in the virtual world, 
such as social media, all of them generating data at a dramatic speed. These 
sensors and large data sets make it possible for us to observe and examine 
urban phenomena at a very high spatiotemporal resolution that was almost 
impossible before. Applying a proper method of analysis to nearly all of 
the data sets with spatiotemporal labels can result in the extraction of rich 
information about today’s highly dynamic cities.
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Wind Simulations 
around Buildings
Case study: CREATE Tower, Singapore

 

Knowledge of wind behaviour around buildings can help 
improve building designs for natural ventilation in warm 
climates. Computational fluid dynamic (CFD) simulations 
have become an important tool for predicting wind behaviour. 
However, large differences may appear between simulation 
predictions and field measurements due to the complex 
behaviour of wind-flow around buildings as well as difficulties 
in defining correct values for the input parameters, such as 
the inlet conditions. The aim of this work is to improve wind 
predictions around buildings using measurements through 
the implementation of a model-based system identification 
approach.

Wind-flow simulations 

CFD simulations provide high-spatial resolution of wind predictions 
and allow efficient parametric studies to be performed. However, pre-
dictions are often inaccurate, because of uncertainties associated with i) 
modelling complex processes, such as convection and turbulence, ii) sim-
plification of urban geometries, iii) numerical challenges at wall boundaries 
and iv) sets of parameter values that are seldom known, including bound-
ary conditions. Model-based system identification techniques can be em-
ployed to reduce uncertainties in simulation predictions. In this research, 
use of these techniques involves generating a population of CFD models 
through assigning sets of parameter values to a given model structure 
(model class). Then, an inverse problem is carried out in order to define 
correct set(s) of parameter values using measurement data.

The population of CFD models is generated varying values of input 
parameters that are not precisely known. In total 15 parameters have been 
identified related to meshing, the geometry, surface roughness, vegetation 
and atmospheric boundary conditions, such as wind speed, wind direction, 
turbulence kinetic energy and eddy dissipation. Since a large number of 
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Fig. 01  Airflow around the CREATE Tower at 30 meter height determined through a computational fluid dynamics simulation
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combinations of values are possible, it is necessary to minimise computa-
tional cost and reduce the number of parameters requiring identification. 
Sensitivity analysis and feature selection have been employed in order to 
recognise features with the highest impact on wind predictions. In this 
work, the wind speed and the wind direction at the inlet boundary as well 
as the roughness of the surrounding buildings have been selected. Values 
of these parameters were then varied with uniform distribution and within 
plausible ranges defined by engineering judgment and literature; the re-
maining parameters were set to constant values. As a result a set of 768 
combinations of values has been created that were used to execute multiple 
CFD simulations. A discrete population of wind predictions was output 
of these simulations at 186 possible measurement locations. Fig. 01 pre-
sents the wind predictions at 30 meters height predicted with one CFD 
simulation.

System identification

System identification aims to infer model(s) from observations. Model 
calibration, in which an “optimal” model is found by minimising the dif-
ference between simulation predictions and measurement data, is not ap-
propriate for model-based system identification because there might not 
be a single answer to the inverse problem. Many set(s) of parameter values 
within a model structure might give same responses at sensor locations 
(Beven, 2006). Moreover, model calibration approaches provide effective 
values of parameters, which compensate modelling errors at sensor loca-
tions. Modelling errors refer to errors in the model structure. Therefore, 
the “optimal” model is conditional on sensor locations (and modelling er-
rors at those locations). 

An alternative is to use a model-falsification approach, such as the 
error-domain model falsification (Goulet et al., 2013) and the Generalised 
Likelihood Uncertainty Estimation (GLUE) (Beven, 2008), in which incor-
rect sets of parameter values are falsified. The error-domain model falsifi-
cation has been developed in the application of bridge diagnosis and leak 
detection. Error-domain model falsification involves falsification of CFD 
models for which the difference between measurement data and simulation 
predictions, for any measurement location, is larger than an estimate of 
error bounds; the bounds are defined by combining measurement uncer-
tainties and modelling uncertainties at that location. Error-domain model 
falsification has been adapted for the application of time-varying system 
such as wind-flow around buildings. 

In this work, the Reynolds-Averaged Navier-Stokes (RANS) equations 
have been chosen in the model structure to describe the flow behaviour. 
While these equations are reasonably fast to solve, they are an approxima-
tion of reality. It has been found that solving these equations provides more 
accurate predictions in high wind-speed regions than in low wind-speed 
regions. Improvements have been made to the error-domain model falsi-
fication in order to acknowledge for the spatial-distribution of modelling 
errors (Vernay et al., 2014). 
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Fig. 02  Wind-cup anemometer used to measure wind speeds and wind directions around CREATE Tower
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The approach has been applied for predictions of wind behaviour 
around the CREATE Tower using simulations, field measurements at 8 
sensor locations (Fig. 02) and knowledge of measurement and modelling 
uncertainties. After falsification of incorrect sets of parameter values, rang-
es of wind-speed predictions have been decreased by more than 75 per cent 
at locations where there are no sensors.

Measurement system design

Good design of measurement systems is important for identifying 
models and predicting the behaviour of systems. Earlier studies in system 
identification have demonstrated that information entropy can be success-
fully used as a design criterion in measurement systems (Papadimitriou, 
2004; Robert-Nicoud et al., 2005). During measurement system design 
sensors have been placed sequentially, one at a time, at positions that pro-
vide either the higher reduction or the higher values of information entropy. 
Although sequential sensor placement is preferred to adopting a global 
search strategy, such as using genetic algorithms, because of computational 
cost (Papadimitriou, 2004), it can disregard the possibility of selecting lo-
cations with similar information content.

Field measurements in wind studies are useful in order to evaluate 
simulation predictions and ensure that the modelling is sound. However, 
flow properties vary considerably with space and time, and as a result, the 
position of sensors and their number significantly affect the value of sensor 
information (Pavageau and Schatzmann, 1999). An additional challenge 
is that the number of feasible measurement locations can be limited (van 
Hooff and Blocken, 2012). 

Measurement systems in wind studies are usually designed using ed-
ucated guesses and no systematic methodology for sensor placement has 
been presented. This research proposes a methodology for measurement 
system design based on hierarchical sensor placement and using a joint-
entropy design criterion (Fig. 03). CFD models are generated and used to 
perform multiple simulations. A discrete population of possible wind pre-
dictions is created, which is then used to identify optimal sensor locations 
by applying the proposed methodology. Optimal sensor configurations 
are revealed using simulation predictions and considering the mutual in-
formation between sensors as well as the effect of systematic and spatially 
distributed modelling errors.

The methodology is applied to a full-scale case study around the 
CREATE Tower and optimum sensor configurations (Fig. 04) are evalu-
ated by demonstrating that wind predictions can be improved at locations 
where no measurements were taken. The following three metrics were 
used: minimising the prediction range, reducing the number of models 
and increasing the accuracy of predictions. It is concluded that a hierar-
chical sensor placement strategy using a joint-entropy design criterion can 
be successfully used to improve wind predictions around buildings at un-
measured locations and when limited knowledge is available.

Fig. 03  Flowchart of the  
measurement-system-design 
methodology
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Fig. 04  Plan (left) and front view (right) of possible sensor locations displayed in the simulation environment; 
the red marks represent all possible locations and the yellow marks the selected sensor configuration.
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Improving Daylight
A practical application of an iterative  
simulation workflow to influence design
 

Just as the proliferation of computers into our daily lives has 
fundamentally changed the way we live, so to have computers 
affected the spaces where we live. Over the past three decades, in 
the building design field, a transition has been made from paper 
to digital through the use of 2D drafting software, 3D modelling 
tools, and most recently Building Information Modelling 
programs. In fact, the speed at which advanced building 
software tools have developed has perhaps outpaced the rate 
at which practitioners can learn about them. Today, the main 
research gaps in the Building Performance Simulation (BPS) 
field may no longer be due to a lack of development in software 
tools, but a lack of knowledge in how to successfully integrate 
them into building design workflows. This article presents a 
real-world application of BPS and showcases how BPS can be 
successfully used in a design process to yield a better building.

Building Performance Simulation (BPS) 

In recent years, and internationally, the development of explicit meth-
ods for building performance assessment has intensified due to the in-
creasing number of performance-based building regulations and policies. 
Performance-Based Building Design (PBBD) is conventionally based on 
the establishment of Performance Requirements (PRs) that can be evalu-
ated through a set of Performance Indicators (PIs) (Spekkink, 2005). The 
success of a PBBD is assessed by how well the PIs satisfy the PRs once the 
building is commissioned. Establishing clear PIs at design conception can 
identify a design roadmap for practitioners whilst also yielding the scope 
for design innovations. Overall, the process facilitates the delivery of qual-
ity buildings that meet the requirements of developers and their clients. 
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Fig. 01  3for2 project simulation
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In the course of achieving a successful PBBD, building performance 
simulation can be an essential tool for designers at early design stages. BPS 
can pre-assess PIs, thereby enabling the performance comparison of differ-
ent design configurations. By providing quantifiable feedback, BPS allows 
designers to revise their initial concepts using data instead of relying solely 
on intuition. BPS tools of appropriate resolutions and types can be further 
used at later design stages to refine engineering details and eventually ar-
rive at an optimum building design. This explains how BPS can work best, 
in theory.

In practise, however, the integration of BPS into early-stage building 
design studies remains at the periphery of standard practise. Among the 
reasons for the seldom use of BPS in building design has been a lack of 
commercial incentives for professionals to take time to learn BPS software 
and use it regularly. Time and money are often short in the design consul-
tancy field, and professionals can feel there is little scope for design itera-
tion, whether or not BPS is available to them.

As this issue is directly attributed to the mechanics of the building 
industry, academic researchers alone may not be able to solve this chal-
lenge. However, researchers can – at the very least – be an encouraging 
body for professionals by highlighting the benefits of BPS through applied 
studies. In this article, we aim to showcase one particular example of a 
building design project in Singapore, where an architect was able to suc-
cessfully use BPS during a building’s early design phase with the guidance 
of Future Cities Laboratory researchers. In the presented case study, we 
demonstrate how BPS was used to explore various concepts for daylight-
ing within a multi-purpose educational hall and then, through the process 
of iteration with an architect, used to isolate and refine one option for final 
development. 

Daylighting the examination hall of the UWCSEA

In 2012, The Low Exergy Research Module of the Future Cities 
Lab (FCL) was offered the opportunity to participate in the design of a 
multi-purpose building for the United World College of South East Asia 
(UWCSEA), a private school located in Singapore. The design project was 
at its eve of tender when the FCL was brought on board. Up until this point, 
the project design team had been following locally-accepted best practice 
while designing the building but had yet to run a BPS for design verification.
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The examination hall located on the top floor of the building became 
an area of special concern to the design team. The building developer 
wanted the examination hall to be day lit as much as possible, with its roof 
standing as the main design feature of the building. The initial concept by 
the project architect called for a wavelike roof structure with 12 skylights. 
This highly glazed solution would ensure maximum penetration of natural 
daylight into the space. However, upon drafting this concept, the developer 
and project architect became concerned about adverse effects of glare in 
such a highly-glazed space. Thus, a design solution that would successfully 
balance daylighting and glare was required. 

An initial solution proposed by the architect considered the use of an 
automatic blind system to mitigate glare at varying times of day. However, 
implementing this mechanical system would have had an adverse impact on 
projects costs, both up-front and long-term. It was at this point that the Low 
Exergy Research Module was invited to conduct a series of daylighting per-
formance simulations to aid the architect in designing an optimum roof struc-
ture that would minimise glare without an additional mechanical system.

Number of skylights

To test out design solutions, simulations using a backwards ray-trac-
ing model (RADIANCE) were conducted for the winter solstice (Dec 21st) 
and summer solstice (June 21st) days under sunny and cloudy sky condi-
tions respectively. As design constraints required the skylights to face 
southwards (Fig. 02), the worst-case scenario for daylighting was consid-
ered to be the summer solstice with cloudy sky conditions. The worst-case 
scenario for glare was considered to be a sunny winter solstice day (Fig. 03). 

Fig. 02  Base case roof geometry with 12 skylights Fig. 03  Orientation of the examination hall relative to Singapore’s 
sun path (left). The sky model used for the simulation of the worst 
case scenario for daylighting and glare (right).



52    Improving Daylight    Chen Kian Wee, Matthias Mast, Adam Rysanek, Arno Schlueter

The daylighting performance of the architect’s initial roof design was 
determined by modelling illuminance and luminance at typical sitting po-
sition (~1.2 m above floor) in the interior space. Illuminance is a standard 
metric used to evaluate the illumination intensity of light sources, and thus 
can be used to predict whether non-artificial light sources may suffice in-
door illumination requirements. Various empirical sources exist for estab-
lishing acceptable bounds for illumination requirements. In this case, we 
have used the minimum requirement for writing and the Useful Daylight 
Illuminance (UDI) (Nabil and Mardaljevic, 2006) which consider natu-
ral daylight to be acceptable if it provides indoor illuminance levels in the 
range of 300 to 2000 lumen/m2 (or lux). Levels above 2000 lux are not 
advised due to the potential for overheating to occur on internal surfaces. 
With respect to glare, luminance, is the other standard metric used. Instead 
of measuring the illumination power of direct light sources, luminance 
describes the ability of an object to reflect or refract light within a space. 
Buildings occupants are considered to be at high risk of experiencing glare 
if the surface luminance values exceed 2200 cd/m2 around the area they 
are present (Lee et al., 2007).

Fig. 04 shows the simulated results for the two worst cases defined 
above. The results of this simulation substantiated the building developer 
and architect’s original concern with the design. For the worst-case daylight 
case (e.g. the darkest day of year), 84.6 % of the floor space received suffi-
cient illumination from daylight during regular working hours. However, 
on the worst-case glare case (e.g. the brightest day of year), an even distri-
bution of the floor space exceeded luminance levels above 2200 cd/m2. It 
was on this finding that the first stage of design iteration started. 

Fig. 04  (a) Base case: illuminance 
on the summer solstice for cloudy 
sky (b) luminance on the winter 
solstice for sunny sky

 (a) 

 (b) 
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As a first step, we conducted an additional series of daylighting simu-
lations for design configurations that would reduce the number of skylights 
(Fig. 05). The aim was to find the right number of skylights that would 
provide sufficient daylight and at the same time avoid glare. Starting with 
a case of 12 skylights, new options were sequentially introduced and inves-
tigated by removing two skylights per option. A co-benefit of reducing the 
total number of skylights would also be the implied reduction in material 
and construction costs.

The simulation results of the sequential study are shown in Fig. 05. 
The findings of this analysis showed that if one reduces the number of sky-
lights from 12 to 8, as one example, natural daylight levels would reduce 
only by 2.1 % (from 84.6 % to 82.5 %) in the worst-case scenario. However, 
for both this and other options, the risk of glare would remain an issue 
within the interior space. This precipitated a new set of discussions with 
the project architect, and led to modifications of the roof glazing structure.

Addition of light shelves

After examining the effect of daylight levels and glare against a reduc-
tion in total glazing elements, the architect identified option 3 (in Fig. 05) 
as his preferred design concept, thought wanted to further investigate its 
performance by fitting the concept with different light shelf configurations. 
These fixtures would presumably have an effect in reducing internal glare 
risks by diffusing natural daylight as much as possible. For this analysis, 
three new design options were tested and are shown in Fig. 06. The first 
option (LS1) explains the architect’s desire to minimise construction costs 
by designating only one reflective surface – the sky-facing side of the light 
shelves. In variant LS2, both the sky-facing side of the light shelves and 

Fig. 05  Summary of skylight 
design explorations, ranging from 4 
to 10 skylights, and the correspond-
ing illuminance and luminance 
performance
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floor-facing side of the roof are considered reflective surfaces. For the third 
option (LS3), the architect was further interested in exploring curved light 
shelves that would match the design language of the undulating roof.

The simulations results, illustrated in Fig. 06, indicated that the ad-
dition of light shelves would mitigate glare risks but at the slight cost of 
reduced daylight performance. For instance, LS1 and LS2 reduced the floor 
area served with natural daylight (worst-case scenario) by 15.7 % and 5 % 
respectively when compared against the original design concept. However, 
option LS3 emerged as a winning compromise on technical grounds alone. 
It would provide a floor area with few surfaces exceeding the glare risk 
threshold (2200 cd/m2) whilst only reducing daylight-served floor area 
by 4.3 %. This balanced the architects original design intention to deliver 
maximum daylighting conditions with minimal glare risks.

Conclusion

This study has become an example of a practical case where BPS be-
came essential to the design of a well day-lit space. The outcomes of sim-
ulation, in this case, delivered a design solution that may not have been 
achievable if only best-practise and intuition were relied upon. The use 
of BPS enabled the architect to understand and optimise the design of a 
space both on an aesthetic and functional level. In this particular example, 
the results of BPS allowed the architect to reconsider the need for an auto-
mated blind system by providing him means to tailor the design of the roof 
structure itself. A well-designed light shelf turned out to be an adequate, 
elegant solution, and spared both the architect and developer additional 
hassles and costs.

Fig. 06 Summary of light shelf 
design explorations and the cor-
responding daylight performance 
and luminance values
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Overall, this case study has provided a glimpse into a way in which 
BPS can be successfully used in early-stage design and decision-making 
processes. However, it is only one study. The larger question of how this de-
sign process can be replicated across industry is yet to be addressed, at least 
in Singapore. We accept that our example is a case of an academic-industry 
collaboration, where there was no monetary cost attached to the simulation 
modelling itself. It may lend one to question whether the long-term solution 
lies in the development of fast, intuitive, and interactive simulation tools for 
building designers, or the improvement of market incentives for the hiring 
of simulation experts within industry.

The design case study presented in this article, will manifest itself in 
the constructed building at UWCSEA in 2015.

Fig. 07  Results of the selected 
combination of 8 skylights com-
bined with a curved light shelf 
(LS3) (a) daylighting performance 
on the summer solstice for cloudy 
sky (b) luminance on the winter 
solstice for sunny sky

 (a) 

 (b) 
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Information, Data, 
Lists, Indexes, Pixels
Symbolicity of data as potential for articulation

 

A list of indexes on indexes, lists, data, information and pixels. 
What are they and how do they shape the way we think about 
the world? What to think about them and how to look at them? 
They are abundant, suggestive, with no meaning; they can 
engender anything. How to articulate the potential stored the 
simbolicity of data? If we can think of computation as a new 
literacy, how to think of alphabets that can express the richness 
and diversity of articulations?

‘Only a chemist would refer to water as H2O. But I say that it’s 
liquid and transparent, that we drink it and that we can wash 
ourselves with it. Now you can finally see what I’m talking 
about. The list is the mark of a highly advanced, cultivated 
society because a list allows us to question the essential 
definitions. The essential definition is primitive compared 
with the list.’ 
Umberto Eco (2009)

Umberto Eco opens up a question of discussing things and phenom-
ena without fixing them to a point or a specific meaning. Instead, he claims 
that lists provide a meaningful context. It is the diversity and richness of 
cultural articulations which cannot be captured by the elegance of essential 
definition. The indexes that could help us reflect and symbolise multiplicity 
of expressions of contemporary society and science are scattered around 
information, data, lists, indexes and their articulations. Information tech-
nologies are entering all spheres of society: from the ways in which we 
organise our everyday life, to the ways in which we think about natural 
sciences and humanities. Michel Serres takes it a step further by under-
standing information as an integral part of everything that exists:
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Fig. 01  Cultural artifact as a List



Fig. 02  Pixels of Any picture
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‘I do not know any living being, cell, tissue, organ, individual, 
or perhaps even species, of which we cannot say that they store 
information, that they expand information, that they emit it 
and they receive information. […] I know of no object in the 
world, atom, crystal, mountain, planet, star, galaxy, of which 
one could not say again that it stores information, it deals 
with information, they emit and they receive information.’  
Michael Serres (2007)

The abundance of data, lists and indexes, richness of accompanying 
narratives, and the plurality of meanings contextualising information, are 
destabilising unambiguous and fixed truths. Symbolic potential of data has 
a profound influence on the way we think of the world. The idea offered by 
Claude Shannon, namely that information does not itself carry meaning but 
transmits messages (Shannon, 1948), has become rather a liberating one in 
the academic discourse: information offers unlimited freedom of manipu-
lation by carrying no meaning. Later on, Norbert Wiener was one of the 
first to give an essential definition of information, similar to the definition 
of water as H2O. He was one of the first to suggest the inadequacy of un-
derstanding human environments in predominantly material terms and 
physical relations between energy and matter; in order to create a more 
comprehensive world view, the analysis had to take into consideration in-
formation as a quasi-material category:

‘Information is information, not matter or energy. No 
materialism which does not admit this can survive at the 
present day.’  
Norbert Wiener (1965)



Fig. 03  Vector of an EigenChair
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This was the beginning of the development of Systems Theory, 
Cybernetics and Complexity Theory, which are systemic approaches to 
the increasingly complex world. Wikipedia states that the ‘complexity sci-
ence attempts to understand the nature of complex systems’ (‘Cybernetics’, 
2014), which is a paradox by itself seen from the position of Serres or Eco. 
Problems are reduced to a series of functions, statistics and numerical ra-
tios simplifying the setup without taking into account the interdependence 
and the immensity of factors. Solutions are mainly reduced to optimisation 

– be it infrastructure, environment or control, all of these are unilateral so-
lutions that ultimately result in the Generic.

‘3.3 The Generic City is fractal, an endless repetition of the 
same simple structural module; it is possible to reconstruct 
it from its smallest entity, a desktop computer, maybe even a 
diskette.’  
Rem Koolhaas et al. (1995)

In the fields of Urban planning, Architectural theory and Design we 
encounter a similar situation. The New Science of Cities which is ‘peeling 
back layer after layer of complexity until we alight upon what we might 
consider fundamental ideas and techniques’ (Batty, 2013), Parametricism 
as Style, with a Manifesto (Schumacher, 2008), or Shape grammars as de-
sign of non-representational, geometric art (Stiny and Gips, 1971) all rely 
on an analytically defined set of input parameters and rules aimed either 
to model nature of things, or to optimise and differentiate specific proper-
ties of things. 
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Articulating indexes

‘… we’re doomed to complex theories that will never have the 
elegance of physics equations. But if that’s so, we should stop 
acting as if our goal is to author extremely elegant theories, 
and instead embrace complexity and make use of the best ally 
we have: the unreasonable effectiveness of data.’  
Alon Halevy et al. (2009)

There is a constitutive difference in how Eco and Halevy, Norvig, 
Pereira are articulating their notions of lists and data. Eco is working with 
the infinity of lists, while Halevy, Norvig and Pereira are trying to capture 
the infinity of a complex system in the infinite list. ‘The unreasonable ef-
fectiveness of data’ implies a natural force embedded in data. A complex 
system becomes like a natural system; one is data driven, the other is wind 
driven or coal driven. What was before represented by a physics function, 
Norvig is representing by data. Umberto Eco is offering an inversion from 
knowing to learning, from a fixed definition to a list. He describes cultural 
artifacts as lists. Knowledge and information are not fixed anymore – they 
are relative to the way we look at them. Like in quantum physics, ‘when 
electrons (or light) are measured using one kind of apparatus, they are 
waves; if they are measured in a complementary way, they are particles’ 
(Barad, 2012). Contradicting pictures don’t exclude one another; on the 
contrary, they complement each other and develop a different picture. To 
articulate this kind of positions we need storytelling, a genealogy instead 
of history. With lists we are learning, we are constructing our own relative 
answers, our own universe. The question is what and how to ask, how to 
surf in a sea of information, how to have a personal approach, and how to 
articulate it?

Fig. 04  Rendering of Internet



Fig. 05  Indexes of Cityness
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Data and information are not new. They have always been there. In 
scientific communities of today data is predominantly used for justification 
of mathematical models, observation and visualisation of complex natu-
ral phenomena or big data analytics. This is a part of the analytical and 
systemic worldview. One is trying to find a function which describes the 
data in the best possible way; this is a generalisation which eliminates all 
the exceptions as shown in the “Limits to growth”, 1972 book on model-
ling of exponential economics and population growth with five variables 
that are trying to explain the world behaviour (Meadows et al., 1972). On 
the other hand, if we put all our hope in ‘the unreasonable effectiveness of 
data’ we are playing the same game without trying to articulate it. What 
Louis Hjelmslev proposed in his ‘Prolegomena to a Theory of Language’ 
is a purely formal and operative approach, in his case to language – ‘an 
algebra of language’ (Hjelmslev, 1969). It is an operational stance on Eco’s 
lists; a double articulation between a process and a system or language and 
text, or algebraic equation and simbolicity of data. There is a crucial dis-
tinction between an analytical function and algebraic equation. Whereas a 
function represents a fixed relation between a set of outputs and inputs, an 
algebraic equation represents a continuous articulation around an equal 
sign. What Hjelmslev offers is an abstraction from analytical functions to 
algebraic articulations. He is embracing all the exceptions and exploring 
multiplicities of articulations within symbolic capacities of data/language. 
In light of these premises, how to explore the streaming availability of data 
and challenge the roles of models, simulations and design. How to learn 
from specific potentials of the Internet and social media?

“…our challenge is to learn the articulation of quantities from 
the unsettled, unrated potential stored within the symbolicity 
of data.”  
Ludger Hovestadt and Vera Bühlmann (2013)
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An abstract object

Data, Lists, Indexes and Pixels, we become aware of the ability of al-
gebraic articulations to open up new and broad perspectives for a differ-
ent conception of abstract objects and architecture. One should think of 
algebraic articulations as a way of learning which differs from the func-
tional definitions of technical objects. One of the new questions that might 
be raised in this context is how to computationally articulate abstract ob-
jects, which could encapsulate cultural and symbolic richness and still be 
operational? 

Generic design methods drive us to create and modify rules and sys-
tems in such a way that we generate abstract machines: the products are 
not items of a set, but instances of a population that are one of a kind – that 
of an abstract object. What the generic brought to architectural design is a 
reflection of a systemic setup, without engaging into the paradoxical inven-
tion of “ideal objects” which have to be original and specific. The emphasis 
is moving from designing ideal objects to designing the ideality of real ob-
jects – the ideality in reference to which an object can be designed as one 
of a kind and generic instead of original and specific. Generic simulacrum is 
expressing a different environment populated by differences which are not 
copies of a model. This differentiated instances do not merely represent, 
they have lives of their own.

With the abundance of data and the availability of data streams, ar-
chitecture should be well equipped to seek ways of thinking and concep-
tualising as well as articulating abstract objects. With computers and 
information technologies, a specific machine has become any machine. Le 
Corbusier’s house as a machine for living in has become a house as any 
machine. How could one formulate such an understanding of a house on 
the next level of abstraction regarding Le Corbusier’s house?

If we think of computation as a new form of literacy, what are the ar-
chitectural alphabets capable to articulate the generic in a productive setup 
that can encapsulate ‘complexity’ and cultural references by abstraction, 
while still being operational? How to articulate Architecture (an abstract 
object) in the world of data?
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Choreographed 
Robotic Fabrication
Simulating construction processes  
at the design stage
 

This article looks at simulation from the lens of robotic 
fabrication. Here, the sequential states of a robot during a 
planned fabrication process are simulated. Because of its 
morphology, a robot arm does not move in an intuitive and 
thus predictable fashion. This makes it difficult to control, 
especially for novices who lack prior robotics experience. Using 
a recent workshop as a case study, this article describes how 
custom developed simulation tools enabled novices to plan the 
robotic fabrication of metal structures that they designed.

A matter of control

A robotic arm is designed to reach out and manipulate physical mat-
ter – an act that comes naturally to us. Therefore it is unsurprising that 
own arms serve as the underlying model for their design. Like its human 
counterpart, a robotic arm is comprised of a series of links connected by 
joints. Furthermore, these joints are named shoulder, elbow or wrist and a 
hand lies at the tip of the arm.

However, each robot joint only rotates in a plane. Nonetheless, because 
a robot arm has six of them, it has sufficient mechanical degrees of freedom 
to orient its hand in any pose (direction) within reach. In this regard, it is 
as capable as a human arm. As a result of its morphology though, a robotic 
arm moves in a distinctive fashion. All six joints rotate simultaneously at 
different speeds. Its contortions are humanly impossible. To successfully 
control a robot, end-users must first learn the peculiarities of its motion.

Architects have emerged as a new class of robot end-user in the past 
decade.1 Their interests lie in using robots for fabrication purposes. In a 
typical workflow, architects first design an artefact that they wish to fabri-
cate, for example a model or a building component, in a digital environment. 
Subsequently, they give the robot building instructions derived from the 

Jason Lim
FCL Research Module: 
Architecture and Digital Fabrication
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Fig. 01  A simulation shows the different states of the robotic arm while building a branch that forms a closed loop. 
(Ao Chinwen, Leon Cher, Melissa Lim and Anna Toh)
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design model. Programming is the chief means of instructing the robot. 
This involves encoding the plan of actions for the machine into a language 
that it can understand. 

The sequencing of motion commands is a fundamental aspect of ro-
bot programming. The robot must be explicitly told where to go and how 
to move. Programmers must anticipate the outcomes of planned robotic 
movements in order to choreograph them. This is especially important 
when there is a risk of a collision between robot and artefact during fabrica-
tion. However, inexperienced robot end-users lack the requisite knowledge 
to predict how the machine will move. One way to address this shortcom-
ing is through robot simulation.

Growing metal branches 

A three-day workshop was held at the Future Cities Laboratory with 
architecture students from the Singapore University of Technology and 
Design. The objective was to realise metal structures based on a construc-
tive system that involves connecting rods with square profiles; this was 
first investigated at a workshop held at the Royal Melbourne Institute of 
Technology (Lim et al., 2013). Though it appears to be simple, this system 
presents several design and fabrication challenges. First, a complex con-
straint problem has to be solved since all profiles must connect face-to-face 
with their neighbours (Fig. 02). Non-orthogonal geometric configurations 
can only be designed with the aid of computation. Second, these structures 
have to be precisely built as the accumulation of even slight positioning er-
rors will eventually lead to profiles failing to meet. The solution is to use a 
robot for fabrication.

Fig. 02  Each segment is connected face-to-face with  
its neighbour and is free to rotate and slide.

Fig. 03  The robot positions the rod while a participant solders 
the joint (Chia Zhongying).
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Fig. 04  A branch is prefabricated out of multiple 450mm long brass rods.

Students were tasked to design these structures as well as plan the 
robotic fabrication process. Custom software tools were developed to aid 
them (Fig. 05). They were given a toolkit of graphical components which 
they can assemble together in the Grasshopper visual programming en-
vironment. The first set of components allows them to generate the struc-
tures using growth-based algorithms. A second set allows them to plan the 
robotic fabrication process2; it includes a group of components for simulat-
ing the robot. Though the design and fabrication planning tasks are inter-
related, this article will focus on the latter. 

A suggested robotic fabrication process was demonstrated to stu-
dents. It has four main parts – pick, place, solder and release. First, the 
robot moves to a picking position and a profile is manually inserted into 
its gripper. Second, the robot moves to the placing position and aligns the 
gripped profile with a previous one. Third, the robot retracts and pauses. 
The overlapping surface between two profiles is exposed and prepared for 
soldering. Finally, the robot moves the profile back into position and the 
joint is soldered (Fig. 03). The profile is released and the robotic arm moves 
back to a safe position. This process is repeated until several profiles are 
soldered together to form a complete branch (Fig. 04). The final structure 
is manually assembled out of multiple pre-fabricated branches.
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Fig. 05 A toolkit consisting of 19 components for the Grasshopper 
visual programming environment was provided to students for 
designing their structures and programming the robot; they reference 
an underlying custom-written Python code library.

Choreographing motions

The primary challenge lies in motion planning. 
First of all, the target, specified as a plane or list of joint 
angles, must be reachable. The appropriate type of mo-
tion has to be selected next. A robot may move linearly 
such that its hand traces a straight path from its current 
position to the target. This motion is predictable, but 
singularity errors tend to occur whereby certain joints 
are forced to rotate at excessive speeds. This brings the 
robot to a sudden stop. Such unexpected failures may 
be avoided through a joint type motion. Here, the tip 
of the robot is no longer constrained to a line, but the 
path it takes to reach the intended target ends up be-
ing unpredictable. Therefore, a tradeoff exists between 
predictability and reliability for the two motion types. 

Simulation tools are used to check whether tar-
gets are reachable and motion paths are valid. A target 
is connected to kinematics and visualisation compo-
nents that display a virtual robot with the predicted 
joint configuration. If the target is unreachable, no so-
lution is given. Either the artefact has to be physically 
re-located or its design altered. The visualisation also 
reveals potential sources of fabrication errors. For ex-
ample, if the robot appears to collide with a branch, a 
safe path can be specified around the obstruction by 
establishing new waypoints that are traversed in small 
linear movements. Once individual steps are predict-
able, the entire robotic process can be planned.

Students had to implement a program from 
scratch for controlling the robotic fabrication process. 
In spite of their limited programming and robotics ex-
perience3, all three student teams managed to complete 
their task and choreograph a sequence of robotic mo-
tions and actions. Furthermore, they did not merely 
re-create the demonstrated process but adapted it 
(Fig. 01). With the given software tools, students could 
design their structures and plan the robotic process 
concurrently in one environment (Fig. 06). Simulation 
exposed reachability and collision constraints which 
were then addressed during design. Thus it helped en-
sure the constructability of the structures and reduced 
the incidence of errors during fabrication.

68    Choreographed Robotic Fabrication    Jason Lim



References

Carpo, Mario (2009). ‘Revolutions: Some 
New Technologies in Search of an Author’, 
Log, 15: 49–54.

Lim, Jason, Ammar Mirjan, Fabio Gramazio 
and Matthias Kohler (2013). ‘Robotic 
Metal Aggregations’, in Gu, Ning, Shu 
Watanabe, Halil Erhan, Matthias Hank 
Haeusler, Weixin Huang and Ricardo Sosa 
(eds), Rethinking Comprehensive Design: 
Speculative Counterculture, Proceedings of the 
19th International Conference on Computer-
Aided Architectural Design Research in 
Asia. CAADRIA. Kyoto: Kyoto Institute of 
Technology: pp. 159–168.

Endnotes

1 The Chair of Architecture and Digital 
Fabrication, ETH Zürich pioneered the use of 
industrial robotic arms in the architectural 
domain in 2006.

2 This set of components are part of a robot 
programming toolkit named YOUR that was 
developed by the author.

3 Students had completed an introductory 
course on design computation where they 
were taught both visual and text program-
ming. Half the group was using the robot for 
the first time; the other half attended a prior 
2.5 day robotics workshop.

4 The kinematics functions underlying 
the simulation tools are exposed in the 
Application Programming Interface (API) 
of the software tools and can therefore be 
extended.
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Linking the abstract and the concrete

Simulation can be considered a form of abstraction. In this case, essen-
tial aspects of the concrete fabrication process are captured and revealed 
at the design stage. The ‘material act of building’ consequently informs 
the ‘intellectual act of design’ (Carpo, 2009). Nonetheless, simulation tools 
should not be used passively. It is important that designers make an effort 
to understand how they work and what their limitations are. Developers 
of simulation tools should therefore expose the underlying abstractions to 
the end-user and not design ‘black-boxes’.4 By offering designers a means 
to tackle complexity in their respective domains, simulation promises to be 
a valuable addition to their intellectual toolkit.

Fig. 06 Students edit the visual program that generates robot control instructions (right screen) 
and inspect the simulated results (left screen) at the same time. (Clover Chen and Xia Tian).
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Dynamic Urban 
Change Detection
The use of geospatial technologies  
for smart city management

 

Traditional surveying, mapping and site inspection methods 
have become less effective in the face of the growing scale, 
complexity and changeability of contemporary cities. The 
availability, resolution and diversity of optical sensors 
(spaceborne, airborne, and terrestrial), along with the 
increasing labour costs associated with conventional mapping, 
have meant that digital sensing and modelling of cities is 
getting more attention. Geospatial technologies have developed 
rapidly in recent times enabling the modelling of buildings, 
infrastructures, city systems and their dynamics on GIS 
(Geographical Information System) platforms. This article 
outlines one instance of this wider development, by reporting 
on work conducted at Future Cities Laboratory on automating 
the process of detecting changes in the urban fabric over time 
using geospatial technologies, in particular photogrammetry. 
This approach has application in the routine work of building 
inspections and management of public spaces, as well as 
helping urban researchers track changes to a city fabric over 
longer periods of time.

Rongjun Qin,  
Prof. em. Dr. Armin Gruen
FCL Research Module: 
Simulation Platform 
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Routine functions of most government planning authority staff in-
clude inspecting the uses of public facilities and construction of new build-
ings, and their compliance to the statutory planning codes. Inspections 
cover things such as illegal dumping of rubbish, the blocking the pedes-
trian access (Fig. 01), or damage to public facilities. In other cases they are 
concerned with more serious cases such as the construction of unauthor-
ised floors on new or existing buildings (Fig. 01 shows an all-too-evident 
building alteration). The traditional way to conduct such inspections is for 
designated planning authority staff to walk around in the area, measure 
and compare the buildings as built to the authorised planning maps. Along 
the way, misuse of pedestrian ways and/or facilities is usually noted. As 
this manual mode of inspection needs to be conducted on a regular basis, it 
clearly requires substantial investment of labour. In the context of cities in 
tropical regions, the hot and humid conditions make the work of inspectors 
even more difficult.

Geospatial experts have supplemented the inspection process by us-
ing satellite images. This involves updating the basic geographical infor-
mation on a city-scale or even country-scale (Knudsen and Olsen, 2003). 
Comparing the database against recent satellite images facilitates inspec-
tion of variations between plans as-authorised and plans as-built or -used, 
thus indicating places that have changed. Although this method of in-
spection reduces the cost of on-site checking, it still involves manual com-
parisons of planning and satellite maps. This is onerous as it still involves 
inspection of the differences from building to building across a whole city 
or even a whole country.

Photogrammetry is a geospatial technology that creates spatially ref-
erenced 3D geometric data based on optical sensors. As any change of an 
urban objects leads to notable geometrical difference on the ground, the 
identification of the geometrical discrepancies across time produces use-
ful information to assess the changes. Given the problems associated with 
existing approaches to inspecting change in the city fabric, we have exam-
ined possibilities for developing automatic or semi-automatic approaches 
for different data-gathering challenges.

Fig. 01 Examples of the illegal construction (left) and illegal dumping (right).
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Different challenges require different sensors. For example, we have 
developed an algorithm that utilises the combination of mobile laser scan-
ning (MLS) point clouds and street view images (Qin and Gruen, 2014). 
The MLS system is usually mounted on mobile vehicles, and it provides 
dense and accurate 3D measurements in form of point clouds, while the 
street view images are cheap to acquire and contain rich textural informa-
tion. A system was developed to detect the geometrical differences of the 
data from different dates (Fig. 02): it takes MLS point clouds from an earlier 
date and street images from a later date, and automatically highlights the 
area of changes on the street view images. Fig. 02 shows that the removal 
of a billboard and parking railing was detected in the area of University 
Health Center of the National University of Singapore.

In the places where the MLS systems have limited access (e.g. dense 
residential areas), UAV (Unmanned Aerial Vehicle) images can be em-
ployed to complement the task of change detection on the roof structures 
and open grounds. One big advantage of the UAV is its automatic naviga-
tion capability: the flight path can be pre-programmed, and the images can 
be acquired automatically for frequent monitoring. By robustly deriving 
change indicators from the geometry and appearance differences of the 
data, the change in the urban fabric between two dates can be detected ef-
fectively. Fig. 03 shows our UAV system and the change detection results: 
the dumping on the roof (the third row, left), and the displacements of pub-
lic facilities along the swimming pool are detected.

Fig. 02 Visualisation of the geometrical changes at street level. Left: Point cloud from MLS; Right: Changes marked in a street image
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The aerial (UAV) and terrestrial (MLS) platforms are usually used in a 
relatively small area (Qin et al., 2013; Gruen et al., 2013), and apply more di-
rectly to cases of building inspection and planning code compliance. These 
approaches are also applicable when analysing changes in larger areas of 
urban fabric over longer periods of time. This is particularly relevant to 
the analysis of changing urban morphologies. When studying this kind 
of urban dynamic, images having larger swath width such as satellite im-
ages or standard large format aerial images should be considered. The 
satellite images are particularly useful, especially for cities with limited 
access to aerial photos. Given the existing geo-database, we can detect the 
change and update the building models periodically. We have conducted 

Fig. 03  
First row: left: the UAV system used for image acquisition; right: the graphic interface for UAV 
navigation. 

Second row: left: the orthographic images; right: the digital surface models (height map).

Third row: two pairs of images showing the detected differences, the first and second image of 
each pair were taken in March, 2012 and Feburary, 2014, respectively.
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a case study using satellite images to perform automatic change detection 
on existing 3D models. In Fig. 04, the 3D model shows the Rochor area 
of Singapore, which was generated with IKONOS satellite images in 2010 
(with 1 meter resolution). A pair of IKONOS images from 2002 is used to 
detect the building differences between the year 2002 and 2010. This area 
is a mixture of commercial high-rise buildings and low residential build-
ings, covering 4.27 km2 with a high building density (ca. 217 building ob-
jects/km2). These buildings are different in size and shape. To compare and 
evaluate the results, we manually marked the changed buildings by careful 
inspection, and then compared them with the detection results.

Fig. 04 The results of change detection satellite images: 

First row: left: the 3D models of Rochor in 2010; middle and right: the satellite stereo pairs in 2002.

Second row: left: the manually marked differences of the building (red: new buildings, green: demolished buildings); middle: the detection  
results (red: new buildings; green: demolished buildings; blue: changed buildings); right: enlarged view of the change detection results.  
The estimated newly built volume: 4.6681 × 106 m3, and the demolished volume: 1.7796 × 106 m3.
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Fig. 02–04: Rongjun Qin.

The change detection system identifies the demolished, new and 
changed buildings. It could also provide the changed volumes, which 
could be used to estimate the dynamics of the building material. The re-
sult in Fig. 04 shows that most of the changes are correctly detected. Large 
changed objects in the scene are easier to be detected than small ones. Our 
result in this dataset obtains a correct detection rate of 82 %, which is an 
encouraging result.

When analysing and quantifying the dynamics of the real world at 
difference scales, the geospatial technology is suitable and indispensible 
for the smart city management (Gruen, 2013). Our work has shown that 
it is possible to automate the process and to make the city management 
and urban dynamic monitoring more efficient. Though most of the cur-
rent urban monitoring workflow is based on manual inspection (at least in 
Singapore), it is foreseeable that the advanced change detection techniques 
will be gradually incorporated into the practical workflow. 
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Efficient and reliable public transport is a linchpin for 
sustainable urban mobility. These days, modern smart 
card-based ticketing systems generate vast amounts of data 
on public transport usage every day. While such data is 
currently mainly used for various ridership analyses, the 
huge potential to employ it for simulation-based planning 
remained untapped so far. The Mobility and Transportation 
Planning module applies diverse statistical models to extract 
critical behavioural and operational parameters to set up 
a Multi-Agent Transport SIMulation (MATSim) model. 
What sets the model apart from existing approaches is that 
it accounts for dynamic phenomena such as bus bunching, 
vehicle overcrowding and congestion. Hence, for the first time, 
public transport operators and transport planning authorities 
will be able to evaluate the impact of alternative vehicles types, 
new service lines and entire new network configurations not 
only with regards to ridership, but also service reliability, 
crowdedness and individual customer satisfaction.

Public transport in Singapore, like many cities around the world, 
serves as the personal mobility backbone and is used by millions of people 
every day. However, an increasing urban population has led to various op-
erational problems, particularly during peak hours, which affects service 
quality. Overcrowded vehicles, slow services and long waiting times make 
public transport unpopular with commuters. It is therefore vital to think 
about how the public transport system could be enhanced by adding more 
buses to reduce waiting times, and by further measures to improve reli-
ability such as adding bus lanes or even reorganising the network design.

Dr. Alex Erath,  
Pieter Fourie,  
Sergio Ordó~nez,  
Artem Chakirov
FCL Research Module: 
Mobility and Transportation Planning
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Fig. 01  Congestion and overcrowded vehicles are the main causes of unreliable public transport services that make public transport unattractive. 
However, currently available planning tools cannot adequately account for such dynamic phenomena of public transport operations. 



Today, such operational problems are addressed by adapting the sys-
tem based on expert knowledge. While conventional public transport mod-
els can help to predict how travel demand distribute itself to individual 
lines and services, those models are not designed to account for dynamic 
phenomena such as bus bunching, vehicle overcrowding and congestion. 
But with agent-based transport simulation, a new solution is close at hand.

Like many other cities, Singapore has adopted a smart card-based fare 
collection system. Mountains of travel data are automatically generated as 
commuters board and alight trains and buses on a daily basis (Fig. 02). The 
challenge is to turn this stream of big data into smart data that helps to 
plan for a better public transport system. So far, such fare collection data 
has mostly been used for ridership analysis, for example to identify bus 
lines that are already running at its capacity limit. But such temporally and 
spatially disaggregated demand data is also ideally suited to be used for 
agent-based transport simulation. A simulation framework that can inte-
grate and learn from this source of Big Data allows better planning and 
hence improve public transport services in the long run.

The research group on Mobility and Transportation Planning at the 
Future Cities Laboratory has been working on a way to fuel cutting edge 
transport simulation software with new data sources and provide tools to 
help decision makers design more effective transportation systems (Fig. 03).

Fig. 02  Smart cards are not only a 
consumer-friendly fare collection method, 
the generated data is also very valuable for 
analysis and planning.

Fig. 03  Exploiting the hidden information in smart card data records, agent-based transport simulation allows us to predict the impact of changes 
to the public transport system on the level of individual travellers, with full temporal dynamics.
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First, travel demand on an average day, as cap-
tured in public transport smart card records, is con-
verted into a format that is suitable for the MATSim 
framework. For each of the approximately 4 million ob-
served trips, the start time and information of the ori-
gin and destination stop are specified while additional 
information such as the location and time of transfers 
was omitted. This way, the system is able to simulate 
the impact of the introduction of new service lines or a 
network redesign on the need to transfer.

Second, we developed new algorithms to derive 
operational public transport service schedules directly 
from the smart card data. The applied procedures are 
designed to filter out misleading data points such as 
early or late tap-in events or erroneous records auto-
matically before generating a schedule that can be used 
for the simulation (Fig. 04). Information about the ve-
hicle types that are used on the various service lines is 
added based on a crowd-sourced inventory published 
by a community of local bus spotters.

Third, a statistical model was developed to quan-
tify the amount of time it takes for passengers to board 

and alight vehicles (Sun et al., 2014). It revealed that 
dwell times are slightly longer for double-deckers as 
compared to conventional bus models, while the third 
door of articulated buses helps if many passengers are 
to alight at the same time. It also turned out that low 
floor access helps all bus types to speed up the dwell 
process and that if a critical, bus type-specific occupan-
cy level is exceeded, the dwell process takes consider-
ably longer. Furthermore, it was identified that with 
longer dwell times, their variance also increases. This 
finding is particularly relevant for the realistic simula-
tion of bus bunching.

Fourth, for every pair of two subsequent stops, 
a travel time distribution was created based on the 
smart card data records. To account for the different 
prevalent levels of congestion over the course of a day, 
individual statistical distributions were generated for 
time intervals of 15 minutes. The simulation was then 
set up in a way that for each dwell process and stop-to-
stop segment, the duration of stop and travel times are 
stochastically drawn. In this way, the system exploits 
the hidden information in smart card data to enhance 
simulation with realistic operational parameters.

Fig. 04  Example of smart card transactions to derive vehicle trajectories. Each colour represents information linked to a particular stop. 
After filtering the data for misleading or erroneous data points, an operational schedule can be generated automatically.
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The information is then fed into the agent-based 
transport simulation framework MATSim. To this end, 
we adapted the code of the open-source software so 
that the simulation can directly employ the newly de-
veloped statistical models to describe dwell times and 
travel times between stops. This simplified approach 
helped to cut the computation time by a factor of about 
two and we are now able to simulate a whole day in less 
than 10 minutes using a dedicated computation server. 

However, to realistically mimic how people in real 
life adapt their routes and timing of trips according to 
their experience of travel time, service reliability and 
crowdedness, several simulation iterations are neces-
sary. To this end, MATSim incorporates an iterative 
learning loop. According to the experience of the prior 
iteration, the agents adapt both route and to a cer-
tain degree also the trip timing, until a stable state is 
reached (Fig. 05). 

A typical test case with a bus line that covers more 
than 90 stops over a route length of more than 35 km 
is ideal to showcase how the simulation framework 
can help in planning more reliable and efficient public 

transport services. Long bus lines usually suffer from 
bad service reliability, especially as variations of travel 
time caused by traffic jams or long dwell process add 
up over the course of a line, and ultimately lead to bus 
bunching. 

As a possible solution to the problem, we can split 
the line in two at a position that minimises the need 
for extra transfers. To evaluate the potential impact of 
such an intervention, we simulate scenarios before and 
after the line split and compare the output (Fig. 06). As 
expected, the line split removed most of the bus bunch-
ing cases and commuters benefit through shorter wait-
ing times and less crowded buses. According to our 
simulation, commuters using this bus line benefit from 
a reduction of waiting times by 58 %, an average travel 
time reduction of 11 minutes, and 10 % fewer transfers.

The system is also ideally suited to simulate more 
complicated scenarios, for example, to predict ridership 
of a new line or even to assess the impact of a citywide 
network redesign. Performing such experiments in real-
ity would only be feasible with considerable efforts, and 
testing different solutions would not be possible at all. 

Fig. 05  Visualisation of the Big Data MATSim model that runs on smart card data. The snapshot shows the simulated situation at 8.21 a.m. 
Each green dot represents an individual bus while MRT and LRT trains are depicted in purple.
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Besides testing of new service configurations, the simulation-based 
approach can help decision makers to lobby for proposed changes when 
engaging public stakeholders. Not only can the impact of the change to dif-
ference user groups be quantified, the richness of the simulation output 
also allows for new ways to communicate those findings. For example, a 
web-based trip planner that is based on the simulation output rather than 
the current schedule would allow individuals to explore how such a change 
would affect their daily commute, not only with regards to travel time and 
the need to transfer, but also service reliability and crowding. 

Bringing together big data and the latest simulation models, we now 
can plan for more reliable and more efficient public transport with a real 
customer focus. In Singapore and hundreds of other cities with smart card-
based fare collection systems, this can help to achieve the vision to make 
public transport the preferred way to travel in the city.
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Fig. 06  The two space-time graphs show the simulated bus operations before and after the long service line has been split into two parts during 
the morning peak hour. The simulation depicts the actual situation very realistically and shows impressive reliability gains due to the line split.
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Physical proximity is a key factor in the transmission of 
contagious outbreaks; however, human contacts remain 
difficult to trace at the population level in large metropolitan 
networks. Digital traces generated by citizens – such as 
mobile phone records, GPS trajectories, and commuters’ 
smart card transactions – now help to answer long-standing 
questions on topics from individual mobility to collective 
interaction patterns. Taking advantage of such emerging 
urban ‘big data’, the Mobility and Transportation Planning 
Module at FCL starts to look at how travel data could help 
to reveal new insights and implications in urban dynamics 
and epidemiology. In particular, we focus on building early 
warning systems for the coming epidemics: authorities only 
have a short time to put emergency response in place when a 
highly infectious disease begins to spread through a densely 
populated metropolitan city like Singapore. We used one-
week’s smart card transactions at population scale to build a 
city-scale time-resolved physical contact network consisting of 
1 billion contacts among 3 million transit users, to study how 
to detect and mitigate contagious outbreak using simulation 
experiments. Interestingly, we find that a small group of 
special individuals could actually act as an efficient early 
warning system. 

Lijun Sun
FCL Research Module: 
Mobility and Transportation Planning

Identifying Disease  
Super-Spreaders
Using travel smart card data to simulate  
population-scale epidemic spreading.
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Fig. 01  A network of potential contacts between people is generated based on smart card data. Once a person boards a bus, we connect this 
person to all other persons in the bus. Accounting for example for the time that two people spend in the same bus, we can further specify this 
network to simulate the spread of contagious diseases. Source: epSos.de 
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Research on human contact networks demonstrates an increasing in-
terest in physical encounters given their importance in various spreading 
processes, such as contagion and the dissemination of information. The 
physical encounter of human subjects, unlike non-physical social contacts 
initiated by mobile phone calls, emails, and online social networks, takes 
place with heterogeneous prior knowledge of each other, from acquaint-
ances to unknowns, linking two individuals by their co-presence in both 
spatial and temporal dimensions. 

With sensors and online networks, data describing close physical 
proximity in real-world scenarios is now available, shedding new light on 
encounter patterns and spreading dynamics in human contact networks. 
However, in practice, physical contacts remain difficult to trace and most 
studies are still embedded in limited samples in spatially small-scale set-
tings such as schools, conferences, and exhibitions. On a large scale, we 
still lack empirical data describing examples of both individual behaviour 
and collective interactions patterns. Thanks to the implementation of au-
tomated fare collection (AFC) systems in Singapore, for the first time, we 
are able to study collective human contact at population scale. In this case, 
physical proximity is measured by individuals’ in-vehicle contacts, for ex-
ample, being in the same bus at the same time (Sun et al., 2013). 

Based on these smart card transactions, we can easily study interac-
tions among all passengers on board. Once a passenger boards a bus, we 
assume that he/she will establish physical contact with all passengers 
on board (Fig. 02). This is obviously a rather general assumption given 

Fig. 02  An example of a time-resolved encounter network created using smart card trans-
action records of 214 passengers from one vehicle service. The size of each node indicates the 
number of people encountered; and the colour and thickness of each edge indicates start time 
and duration of each encounter activity, respectively. This figure illustrates how to use smart 
card data to create an empirical encounter network at a city-scale.
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how people are actually distributed inside a bus, but it still serves the 
purpose of establishing a realistic network of potential physical contacts. 
This network can then be further specified by for example by defining 
the weight of contacts according to how long two persons travelled in 
the same bus. In one vehicle, a number of such encounters appear and 
disappear with passenger boarding and alighting. By integrating all iden-
tified contacts over the course of one week, we can actually create a huge 
contact time-resolve contact graph, consisting of 1 billion encounters by 
3 million transit users in Singapore. Figure 03 shows a sample sub-graph 
to demonstrate how this network grows with time. The study tracks when 
individual commuters share the same bus, how often, for how long, and 
at what time of the day.

As disease monitoring is extremely costly, privacy sensitive, and in-
volves enormous technical difficulties, access to this large urban contact 
network may facilitate the design of efficient monitoring strategies, by us-
ing the contact network of a small fraction of the population to provide early 
warning of contagious outbreaks to the whole society. The idea comes from 
the concept of ‘human as sensors’. In line with this concept, we simulated 
epidemic spreading processes in the contact network and traced the status 
of each individual over the course of the simulation (Sun et al., 2014). For 
example, Figure 04 illustrates how one infected individual (the red square) 
spread the disease to others over the week. After multiple simulation runs, 
we were able to obtain statistical results on spreading characteristics and 
individual properties. Figure 05 shows the variation of susceptible and in-
fected population over time. 

Fig. 03  An illustration of the growth of a sample encounter network 
over five weekdays (red: Monday, green: Tuesday, blue: Wednesday, 
yellow: Thursday, and cyan: Friday).

Fig. 04  Simulation of infection processes from one infectious 
individual (red square). The physical proximity network is drawn in 
two layers: effective infection path (solid links in full colour) and the 
remainder physical encounters (thin links with opacity). 
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We studied the performance of ‘friend sensor’ scheme against a group 
of well-identified sensors given full knowledge of the network. The perfor-
mance of ‘friend sensors’ is given by the friendship paradox: that is, your 
friends have more friends than you have in general (Christakis and Fowler, 
2010). Essentially, this paradox provides us with the insight that on aver-
age, one’s neighbours are more centrally located than himself/herself in a 
network with heterogeneous degree distribution. Therefore, such a scheme 
can identify people who are more centrally located in the network with-
out any global knowledge. However, given that full network information 
is available, we are interested in the extent we can benefit from our global 
knowledge of the network. We ran multiple simulation to study this ques-
tion. The average lead-time of different sensor groups (in terms of sensor 
sizes) is well characterised by normal distribution, however, with signifi-
cant mean and variance difference (Fig. 06). 

Fig. 05  Temporal (hourly) change of susceptible and exposed people against infected people 
across the population. The results come from one simulation run with spreading rate of 
0.0045/min, which means an infected individual can spread the disease with a probability of 
0.0045 for one minute of contact. This figure demonstrates how transit users become infected 
from day to day.

Fig. 06  Distribution of lead-time T in providing early warnings given different sizes of sensor 
sets when spreading rate is 0.003/min (the left panel). The right panel shows the same plot for 
‘friend sensors’.
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Notably, the top 0.01 % group performed extremely well for both lead-
time provided and reliability. The right panel shows results of the same 
analysis for those ‘friend sensors’. The results show that the larger the 
sensor size, the more reliable the lead-time becomes. However, increasing 
sensor size does not raise average performance. In summary, friend sensor 
scheme indeed provides substantial lead-time in early detection. However, 
the inherent principle that average performance is independent of sensor 
size removes the possibility of improving performance by adjusting sensor 
sizes. On the other hand, a well-defined sensor (those with highest degrees 
in the global network) can easily outperform it. The overall knowledge of 
the network helps us provide longer and more reliable lead-time by using 
a smaller sensor set (0.01 % of the total population). Such individuals make 
up an excellent, low-cost early warning system. During a real epidemic, 
these people would have a high chance to be infected first, so a system to 
monitor them would be important in providing public health authorities 
with crucial early warning of a potential disaster.

The emergence of urban big data – such as smart card transac-
tions, POIs, GPS trajectories, mobile phone records, and environmental 
data – has empowered us to solve thousands of minor potential problems. 
However, the use of such data should not be confined to a particular re-
search field like transportation, but should serve as functional sensors for 
the whole society. Urban big data offers unprecedented opportunities to 
understand urban dynamic process at high spatial and temporal resolu-
tion, but also raises privacy concerns. Therefore, the development of ethical 
standards will be an important pillar of the research community. There 
is a need for advanced anonymisation strategies that protect the privacy 
of individuals and at the same time preserve the richness of the data for 
academic studies. We would miss tremendous research opportunities if 
the open doors personal Big Data were locked down by hastily developed, 
overly restrictive data privacy regulations. Especially in the field of urban 
complexity, there are simply too many opportunities to be explored with 
creative ideas and revolutionary data analysis techniques helping to un-
derstand how cities really work.
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