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INTRODUCTION 

The agents within a complex system like a city – the people, 

public and private institutions, markets and networks – all 

generate a lot of data, much of which is location-based. 

Combined, this constitutes what we now refer to as big data. 

Complexity science offers a way to marry different tools – 

such as agent-based modelling that is used inter alia for 

traffic flow dynamics, combined with insights from big data 

using data analytics – to gain a better understanding of the 

city in all its complexity. 

  

The tools of complexity science combined with the insights 

from big data can help us to “see” the city differently, through 

new lenses. 

Peter Ho, Chairman of Urban Redevelopment Authority (URA) 

Excerpt from speech “Complexity and Urban Governance“, paper 

delivered on Feb 2015 in Vienna 
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Cities are complex systems; city policy-making is typically made in complex 

environments with many factors covering a whole spectrum of social, 

environmental, economic and technological considerations. 

The complex challenges that Singapore’s policymakers face are compounded by 

the limitation of its size as a small island state of just over 700 km2. Yet, Singapore 

has undergone a successful transformation from an undeveloped colonial outpost 

to a city that enjoys a high quality of life in a liveable and sustainable environment.  

In recent years, our urban complexities have been better managed by the 

introduction of new tools and research streams—from data analytics and geospatial 

techniques, to urban modelling and simulations, to complexity science. These new 

developments enable government agencies to better understand complex urban 

issues, anticipate possible scenarios, and to make the best policy decisions.  

In fact, our agencies have been leveraging on these tools and datasets to facilitate 

their work. For example, the Urban Redevelopment Authority (URA) has created a 

suite of digital planning tools such as ePlanner and GEMMA that integrates data 

across time and space to improve the way we plan our city; the Housing 

Development Board (HDB) has developed environmental simulation tools and has 

been using available data on the environment to identify the best scenarios and 

the best plans that will allow for a more comfortable living environment; the Land 

Transport Authority (LTA) has developed big data analytic tools to look at over 4 

million daily public transport trips to better understand commuter behaviours and 

the transport situation on the ground to identify areas for improvement in the 

public transport network; the National Parks Board (NParks) has also been using 

GIS-enabled modelling tools to understand the behaviour of natural systems and 

to manage our parks and natural reserves.  
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Complexity science can add more possibilities to these on-going efforts through 

providing a scientific lens for evidence-based approaches. It calls for a more 

integrated approach, stitching data across silos, to discover patterns, and derive 

principles to address urban problems from a holistic perspective.  

As what Singapore’s development trajectory has shown, it is possible to increase 

liveability with density by taking an integrated urban systems approach. Moving 

forward, as we are seeing greater urban challenges such as an ageing society, a 

more crowded urban environment, and competition from other global cities, we 

need to understand the key patterns and problems in cities, policy interventions 

and their implications, especially in Singapore’s context.   

Researchers from Santa Fe Institute (SFI), a world-renowned research centre in 

complexity science, have been analysing many different properties of thousands of 

cities around the world and establishing the theory of a city as a complex system. 

Their work would help agencies better understand the urban complexities and the 

need for integration of various components which make up urban systems.   

The Centre for Liveable Cities (CLC), which has been maintaining a dialogue with 

renowned experts and leading researchers at SFI, organised a workshop to bring 

together leaders and practitioners from government agencies and leading experts 

in complexity science. The objectives of the workshop are to discuss how we can 

better leverage complexity and data science as effective tools to give us better 

understanding of our city as a complex system, the fundamental parameters within 

it, the interactions and influences fundamentals have on the city’s future trajectory, 

and to discover principles and potential solutions to guide our future planning 

work.
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RELEVANCE TO CITIES 
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Urban planning in Singapore can be considered largely successful, enabling 

population density to increase while ensuring the provision of necessary 

infrastructure, housing, and amenities that have enhanced its liveability. However, 

going forward, it will be important for Singapore to maintain, and continue the 

upward trend.  

In light of the need to address current and future challenges – population 

pressures, ageing infrastructure, climate change, changing lifestyle demands, rapid 

technological advances, just to name a few – there has been a concerted shift 

towards data-driven policymaking. Assisted by advances in technology, urban 

planners have increasingly sought to integrate data analytics with existing urban 

planning models to gain new insights and draw up plans that will be able to keep 

up with the rapid urban landscape changes.  

Modeled on current assumptions and parameters, data analytics is still limited by 

current norms and perceptions. Studies by prominent researchers have indicated 

that there are gaps in our current understanding of the city that could potentially 

affect current projection methods. There are many interconnections, patterns, and 

linkages that need to be identified and accounted for in the urban planning process 

to ensure that Singapore’s long-term plans are robust and effective.  

Rather than seeking to isolate problems and to provide targeted solutions, thereby 

inadvertently creating silos, policymakers need to acknowledge that cities are 

complex adaptive systems and take a more holistic approach towards planning for 

urban growth and development.  The following five characteristics of a city illustrate 

how a city is a complex system.  
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1. Heterogeneity of its components; Diversity of people, organisations and 

land uses. Cities are congregations of people and activities, all with varying 

needs and demands that require a whole spectrum of spaces and land uses. As 

a result, policymakers and urban planners are finding it increasingly difficult to 

ensure that land use is optimal for everyone, especially in face of rising 

population density. Overarching policies and parameters would have to be 

tailored to the specificities of each locality.  

2. Interconnectivity; Everything is connected in networks. Recognising social 

interactions and interconnectivity is key to understanding the city’s inner 

workings. Social interactions are what drive much of the city’s socioeconomic 

processes, giving rise to innovations and economic growth, as well as crime 

and epidemics. Underpinning and facilitating the social interactions are not just 

soft structures such as safety, law, and justice, but also hard infrastructure such 

Figure 1 Complexity science research has revealed these five common characteristics and 

principles that all cities share (Bettencourt, 2017) 



COMPLEXITY AND ITS RELEVANCE TO CITIES AND URBAN PLANNING 

  9 

as transport infrastructure, communications networks, and utilities, which play 

a key role in determining the cost of interactions, and its resulting 

consequences on the city’s parameters.  

3. Scaling; Cities of different sizes have different advantages and 

disadvantages. A city’s size – loosely defined as its population – is related to 

multiple properties of a city in consistent manners, and with them comes 

varying advantages and disadvantages. Research by various experts, including 

workshop presenters Professor Luis Bettencourt and Dr. Markus Schlapfer, have 

identified a series of relationships between population size and indicators such 

as GDP, infrastructure volume, innovation, and building height.  

4. Circular-causality: Causes and effects are mixed. Due to the interconnections 

amongst people and places across a wide spectrum of issues, cause and effect 

can be hard to distinguish, especially when there are many unknown linkages 

that could lead to unexpected consequences. For example, is a city rich because 

it has good infrastructure? Or does good infrastructure enable a city to be rich? 

It would be almost impossible to disentangle the numerous interconnections in 

a city to isolate specific causes and effects.  

5. Development: Cities change in open-ended ways. Cities are constantly 

evolving. Rather than implement static designs that are unwieldy and leave no 

space for adjustment, urban planning and design would have to keep pace, 

embed flexibility, adapt by reacting and incorporating feedback in an efficient 

manner to keep pace.  

 

With a clear understanding of these five characteristics, complexity science can then 

be used as a lens to unpack the city, allowing us to make sense of hidden dynamics 
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and interactions as the city develops. It will also guide how urban issues are 

conceptualized, how available data can be used, and help to highlight unknowns 

that we are previously unaware of. The traditional way of solving urban problems 

often is to divide and conquer, inadvertently creating silos that fail to address issues 

that occur at an aggregated level.  Cities are ultimately made up of people, and 

individuals face different combinations of urban problems relating to childcare, 

employment, recreation, health, transportation, nature, education, housing, etc.; all 

of which are interrelated and changing in response to circumstances. In that sense, 

all the urban problems are inter-connected in intricate and unexpected ways.  

 

Figure 2 Combinations of urban problems that individuals living in cities face (Bettencourt, 2017) 

Complexity science will be highly relevant in the coming decades as Singapore 

seeks to strike an even finer balance between liveability and density, a feat that 

many cities have failed to achieve. Liveability is a highly complex issue which 

grapples with many tangible and intangible parameters, and it is compounded by 

Singapore’s land constraints, where population growth translates to increasing 

density.  Complexity theories have the potential to offer insights, provide tools that 

help to guide data analytics, derive guidelines for urban development, and enhance 
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the current urban planning process by accounting for the previously unknown 

factors and variables.   

“Sometimes when you bring things together, they get simpler, not more 

complicated” – Luis Bettencourt, Complexity Workshop. By integrating disparate 

datasets, searching for patterns, and modeling behaviours, complexity science can 

help to identify, and potentially clarify these complex relationships. With these 

thoughts in mind, the next section will touch on some of the research and 

discussions that were shared during the Complexity Workshop. 
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APPLYING COMPLEXITY  
SCIENCE TO CITIES 

With complexity science, cities are becoming 

more understandable on larger scales. 

Research conducted using big data have 

illustrated the possibility of elucidating 

scientific patterns and correlations on city and 

neighbourhood scales. More in-depth studies 

need to be conducted to find the causalities of 

these patterns, and more perspectives such as 

civic and practitioners' should be included in 

the conception of these studies to ensure its 

usefulness in urban planning. 

12 

 

ON DIFFERENT SCALES 
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As technology advanced, many avenues for data collection have arisen, creating massive 

data sets that track the evolution of a city as it expands physically and population-wise. 

This has allowed us to break down the city into more easily understandable quantifiable 

parts. But as discussed previously, complexity science is initiating a fundamental shift in 

how a city is perceived as a system. Integrating and analyzing multiple data sets have the 

added benefit of enabling urban planners and policymakers to observe the city as a whole. 

With these data, urban leaders will have more opportunities to derive illuminating 

connections that provide insights to guide the government as it adapts to the city’s 

changing needs.  

Scaling is one means by which researchers have used to organise and obtain findings from 

integrated data sets. Despite its complex nature, studies have revealed that cities, 

regardless of their different contexts, share certain generic spatial and socioeconomic 

relationships. To illustrate this scaling effect, Professor Bettencourt uses log-log graphs to 

control the scale of variables, and reveal relationships.  

 

Figure 3 Log-log graphs that illustrate the influence of population increase on the growth of urban 

components (Centre for Liveable Cities, 2017) 
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His studies showed that as a city’s population increases, the growth rate of a 

building’s capacity (volume) increases at a slower rate than the population (β<1). 

Economies of scale are reaped as a lesser amount of infrastructure is supporting a 

given population size as population grows. On the other hand, socioeconomic 

outputs such as GDP, grow at a faster rate than population (β<1).  

 

Figure 4 Scaling effect of population growth on expansion of infrastructures’ volume and increase 

in social outputs (Bettencourt, 2013) 

During the workshop, Professor Luis Bettencourt, Dr. Markus Schlapfer, and Mr. 

Zhou Yimin, shared some of findings where scaling theory was used to conduct 

comparative studies between and within cities, deriving some interesting patterns 

that serve as useful springboards for further investigation and validation.  
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In addition to sharing his work on American cities, Bettencourt put together a 

city-level analysis that compares the GDP growth trajectory of Chinese cities with 

Singapore and Hong Kong from 1996 to 2015. 

 

Figure 5 GDB growth trajectory of Hong Kong, Shenzhen and Singapore from 1996 to 2015 

(Bettencourt, 2017) 

As top-tier Asian cities, Singapore and Hong Kong are way above the trend line 

with significantly higher GDP, however it is evident that Chinese cities are catching 

up as GDP grows along with population increase. These results, coupled with prior 

studies done on American and European cities, prove that cities scale rather 

uniformly across countries and culture. It also forms the basis for conducting further 

trend analysis to identify more relationships in the city.  

Given their similarities as city-states, Bettencourt also compared Singapore and 

Hong Kong with regards to three broad indicators of liveability in a city, namely, 

GDP, CO2 emissions and life expectancy, from 1960 to 2015. By plotting the cities 

against each other, it is immediately apparent that although Singapore was the 

weaker performer of the two in the past, in recent decades, Singapore has caught 

up and surpassed Hong Kong, especially with regards to CO2 emissions, prompting 
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thoughts on the reasons behind the drastic improvements. A possible explanation 

could be that it corresponded with increased policy efforts to clamp down on 

industrial emissions in Singapore, but more research needs to be done to 

corroborate the link from policy to the trend shown by the graphs.  

 

 

Schlapfer elaborated on two more specific examples, 1) building heights and 2) 

quantifying attractiveness of locations. In the first, Schlapfer correlated American 

data on building height and volume with city size, showing that as population 

increased, the height and shapes of buildings increased and became more needle-

like nearer to the city centre. 

Figure 6 Scaling of cities with regards to 3 liveability indicators - GDP, CO2 emissions and life 

expectancy in Singapore and Hong Kong from 1960 to 2015 (Bettencourt, 2017) 
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Figure 7 Scaling effects in American cities with respect to building heights and population 

(Schläpfer, 2017) 

An interesting finding was that with artificially imposed height restrictions, as in the 

case of Washington D.C., building volumes remained the same as cities without 

height restrictions despite lower average heights.  

 

For the second, Schlapfer used mobile phone data to analyse social interaction 

networks and track how people move within the city. Data from Boston, Portugal, 

Senegal and Singapore were used to answer three questions. 

 

 
Figure 8 Analysis of social interaction networks using mobile phone data (Schläpfer, 2017) 
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Figure 9 Derived relationship between travel distance and visiting frequency (Schläpfer, 2017) 

 

As illustrated in the images above, the further away, the fewer the visits; the further 

away, the lesser the visits. While the findings sound rather unsurprising at first 

glance, time and distance are factored into a single dimensional equation relating 

the number of visitors, travel distance from home and visiting frequency. This allows 

datasets for various locations to be easily plugged in for quantifiable results that 

might be useful in planning for space capacity.  

Applying scaling to Singapore, CLC researcher Zhou Yimin shared some of the 

centre’s preliminary research findings using HDB towns as a unit of analysis. By 

plotting all the HDB towns and estates on the same graph, some trends emerge 

(e.g. as our towns get bigger, the less facilities they would require, hence achieving 

certain economies of scale; the bigger a town is, the higher proportion of residents 

working farther away from the town), raising questions for further exploration.  
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During the workshop, it was acknowledged that extracting the data out of the 

cultural context and planning paradigms that govern the variables, and purely 

focusing on correlations and patterns ran the risk of oversimplification. However, 

simplification enables researchers to take an analytical perspective and identify 

broader trends (network effects) that might otherwise not be obvious to the naked 

eye. Subsequently, trends must then be examined within the local context. As 

cautioned by Mr. Peter Ho, the focus of any research should be on how to make 

use of the correlations to produce a more complete and accurate reflection of our 

urban settings.  

In addition, some suggestions on possible research directions were raised, 

including: 

1. Using complexity science findings to track the KPIs of agencies for different 

densities; 

2. Benchmarking of different cities and different localities; 

Figure 10 Planning areas with more residents tend to have a more than proportionate number of 

people that takes more than an hour to travel to work (Centre for Liveable Cities, 2017) 
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3. Establishing and integrating a key set of variables that affect how Singapore 

develops as a city and a nation; and  

4. Construct a platform of matrices, constituted by the variables, to better 

understand the interconnections among them and test scenarios.  

In summary, Chair of the workshop Peter Ho concluded that while past methods 

have sufficed thus far, the problems that Singapore encounters will only get more 

complex, requiring more advanced methods of processing and analyzing to make 

informed decisions. By taking a holistic perspective, planners and policymakers 

avoid the danger of reducing large problems to small isolated issues. Complexity 

science comes in useful as it provides a lens and means to identify the links 

amongst a myriad of seemingly unrelated components, supplementing efforts to 

populate future scenarios with more accurate information and predictions.  
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A GUIDE TO CREATING 
URBAN SOLUTIONS 

How can we harness complexity science to 

complement data science and create new 

urban solutions? What are the key concepts 

that we should always bear in mind? How 

should we approach future developments in 

this field? 

21 

 

THROUGH COMPLEXITY SCIENCE APPROACH 
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Complex ≠ complicated The issues that a city faces can be broadly divided 

into two types, complex, and complicated. First, there are complicated problems 

which can be addressed by engineering solutions and models. MRT system 

operations, electricity grids management, building construction, and utility and 

service deliver can all be classified as complicated engineering problems. Second, 

there are complex problems, which involve an immense number of causal factors 

and interdependent components. Using engineering solutions to tackle these 

complex problems would not be adequate. For example, building more roads in 

the city does not necessarily alleviate congestions or create better mobility flows, 

there are social dimensions that would also influence traffic flows such as 

individual’s preferences to the types of transport modes and varying perceptions 

on walkability. 

While cities appear to be shaped by the planning interventions (e.g. land use 

planning and zoning system), emerging data science is giving us a better way to 

understand the processes of the city. Analysed through the lens of complexity 

science, hidden principles that govern the city’s spatial and temporal evolution are 

being revealed and thus, adding a more holistic perspective. After all, cities are 

planned and developed for its people, who will encounter a whole combination of 

urban issues that are dynamic and inter-connected.  

Adopting this lens implies not only the use of data science, but also the integration 

of data collected across different agencies in order to appreciate the various 

implications that a policy can have on society, economy and environment directly, 

and indirectly. Apart from integrating urban systems, complexity studies would also 

complement agencies’ on-going efforts to create a more robust understanding of 
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urban complexities—by considering the whole urban system and the interactions 

of its parts—for better planning and provision of urban solutions. 

With this in mind, a multi-year collaboration will be worked out between Singapore 

agencies and experts in Complexity Science to further explore how we can better 

leverage complexity science and data as effective tools to gain better 

understanding of complex issues in our city, and discover principles and potential 

solutions to address those issues. 
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APPENDIX 
The slides presented by the three speakers during the workshop are appended for your 

information. 

Workshop Presentation Materials 

“Discovering the Science of Cities as Complex Systems”  

by Professor Luis Bettencourt, Santa Fe Institute 

As an expert and leading researcher on complexity theories and urban 

development, Professor Bettencourt will be sharing about the ideas 

and concepts behind the theories and applying them to explain the 

growth of cities. He has a key part to play in establishing the theory 

of a city as a complex system and his work has largely been focused 

on examining the city at an aggregate level to identify patterns of 

scaling as cities expand. For example, he has established a pattern of 

non-linear scaling between population growth and a range of 

indicators, from GDP and housing to transport infrastructure and HIV 

prevalence.  

 

“From Hidden Patterns to Predictive Models”  

by Dr. Markus Schlapfer, Future Cities Lab  

Markus Schlapfer will be presenting on some of his research where he 

applies complexity theories of urban scaling to various aspects of the 

urban landscape. Some of his work includes using cell phone data to 

predict the travel patterns (frequency and travel distance) within and 

between urban areas. Another area of research examines the 

relationship between building volume, typology, and height with city 

size, potentially offering insights into the relationship amongst 

population density, land rent, housing affordability and liveability.  

 

“Complexity in the City, Benchmarking Singapore”  

by Zhou Yimin, Centre for Liveable Cities 

CLC’s presentation helps to set the context for discussion on how to 

scope research using data science and complexity tools, to help 

practitioners develop a scientific approach to complement experience 

and know-how for planning and development of future projects. 

 




Luís M. A. Bettencourt 
Santa Fe Institute 


Singapore     January 16 2017 
bettencourt@santafe.edu     @BettencourtLuis


Cities as Complex Systems:  
integration between science, policy and practice
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Why have cities not been 
identified, understood and 
treated as problems of 
organized complexity ?organized complexity ?organized complexity


Jane Jacobs
The death and life of great American cities 1961
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Cities are complex adaptive systems 


‣ Heterogeneity: Diversity of people, organizations, land uses 


‣ Interconnectivity: Everything is connected in networks 


‣ Scaling: Cities of different sizes have different dis(advantages) 


‣ Circular-Causality: Cause and effect are mixed 


‣ Development: Cities change in open-ended ways 
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Full content and enhanced 
graphics at: nature.com/cities


SCIENCE AND THE CITY


T H E  U R B A N  E Q U A T I O N
A fter spending tens of thousands of years living mostly in small  


settlements, humans have entered an urban stage of evolution. As of 
2008, more than half the world’s people live in cities, and the urban 
population is swelling by 1 million every week. By 2030, almost 6 in 


10 people will live in metropolitan areas, which exert a powerful pull as 
economic and social magnets.


That concentration of people gives rise to some of the world’s greatest 
problems, such as air and water pollution, poverty-stricken slums and 
epidemics of violence and illness. Yet throughout history, urbanites have 
produced soaring achievements, ranging from Notre Dame Cathedral to 
the mobile-phone networks that have revolutionized communication.


Cities are also home to considerable scientific capital; they hold most 
of the world’s top universities and the vast majority of its researchers (see 
page 900). This week, Nature examines that special relationship between 
scientists and cities and how each can bring out the best in the other. The 
resources that cities offer can stimulate outstanding science for reasons 
that researchers are just starting to explore (see page 906). On the other 
side of the equation, scientists can assist cities in tackling their biggest 
problems. The Nobel laureate Mario Molina sets a good example, having 


redirected his research to improving the environment in Mexico City, 
one of the world’s biggest megacities (see page 902). 


Scientists are also helping cities to assume a lead position in  
combating global warming. With nations largely paralysed on this 
front, cities have emerged as a testing ground for cutting greenhouse-
gas emissions and for adapting to the changes that warming will bring 
(see page 909). But these efforts are hampered by a disproportionate 
lack of data at the city level (see page 883). Cities must find a way to 
grow sustainably, which will require scientists across many disciplines 
to collaborate with leaders in other sectors of society to develop general 
rules for urban expansion (see page 912). 


The threats to cities and the opportunities they present are attracting 
increasing attention from researchers in many areas. Synthetic biologists, 
for example, are exploring molecules that could clad skyscrapers and trap 
carbon dioxide (see page 916). Scientists have a responsibility to supply 
many more advances of 
that nature to ensure the 
viability of humans as an 
urban species. 


2 1  O C T O B E R  2 0 1 0  |  V O L  4 6 7  |  N A T U R E  |  8 9 9
© 20  Macmillan Publishers Limited. All rights reserved10


?


Nature  20 October 2010







Foundations


Information from changes in Structure and Scale 







Mumbai Train Station 
credit: Randy Olson















L


Health
Love


Money
Education


Fun
Food


Services
…







L


Health
Love


Money
Education


Fun
Food


Services
…







Spatial equilibrium between social benefits and costs


!"


#$%&'(")*+*,-#"
""""""""""""""."%$#-#"


%&-/"0+#-')(*"%&-/"0+#-')(*"


%&-/""*1&#-#""


!2"!3&+" !3'1"


42.52"


%&-/""*1&#-#""


Y (N ) ~ G N 2


An (N )
~ N 7/6


W (N ) ~ W0
I 2


An (N )
~ N 7/6


social benefits:


- costs:


High Costs/DispersionCongestion/Danger







Wages 
US Metropolitan Areas 
1969-2009


Y(t,N) = Y0(t) N!(t)e"  


lnY = lnY0 + ! lnN + " 


Scaling Properties of Functional Cities







Infrastructure & socioeconomic rates


Volume of Infrastructure Social Outputs
~ N !i ~ N !s


!i = 1"# !s = 1+"
! ! 0.15! ! 0.15


!i = 0.84±0.03 !s = 1.13±0.03


Bettencourt 2013 
Science







Berlin


A.


Naples


Milan


Paris


London


B.


Naples


Madrid


C.


Naples


D.


Naples


Las Palmas


Eindhoven


GDP Urbanized Area


Employment Patents


!=1+1/6 !=1-1/6


!=1


elasticity=17%


Bettencourt + Lobo (2015) 
Urban Scaling in Europe 
J Royal Soc Interface







London
Paris


Madrid
Berlin


Milan
London


Paris


Madrid
Berlin


Milan


elasticity=33%


Home Value~(Population)1.33


San Francisco


San Jose


Home Value US Metros







8 10 12 142


4


6


8


10


12


14


16


lnN


ln
K


Statistical Cities
Larger Urban Zones
Municipalities


a


−4 0 2 4−4


−2


0


2


4


ln N / N


β =1.12  R2=0.99


ln
K r /


K r


b


c


Lixa, N = 4,233
k  = 6, C  = 0.25 


Lisbon, N = 564,657
k  = 11, C  = 0.25 


Portugal


Statistical Cities Larger Urban Zones Mobile phone towers


−2−2


Schläpfer et al, 2014 
J R Soc Interface


" = 1.12-1.19
in agreement with theory.


Urban cellphone 
networks


Network clustering 
is preserved: 
same sense of  
community  
in town and country!
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Diversity + Complementarity 
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B.


Bettencourt, Samaniego, Youn, 2014,  
Youn et al 2014;     Bettencourt 2014
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1890s New York City
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Hong Kong 
credit:Guardian







Cities are Understandable and Predictable
Quantitatively via multidisciplinary theory 
Data increasing spectacularly 
Cities are Complex Adaptive Systems 


Technology and Data are disrupting formal policy models 
                                 
                               but play to the nature of cities







Singapore, Hong Kong and mainland China
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Singapore doing better 


Hong Kong doing better 


source: World Bank Country Indicators Database
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“Hong Kong doing better” 


“Singapore doing better“







Hong Kong doing better 


Singapore doing better 







Opportunities


Integration of Urban Science and Urban Informatics for Smarter Cities  











Globally a 1.5-2.5% of world GDP  


                              ~$1.5 trillion/year


  
needs to be invested by the public and private sectors to achieve 
the SDGs in every country.


Guido Schmidt-Traub (2015) 
Investment Needs to Achieve the Sustainable Development Goals











Bettencourt, Hand, Lobo 2015 
Spatial Selection and the Statistics of Neighborhoods
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Wired: How Airbnb and Lyft Finally Got Americans to Trust Each Other  


credit: wired.com
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World Urbanization Prospects: The 2014 Revision8


Figure 3.
Urban and rural population as proportion of total population, by major areas, 1950–2050


In 2014, sixteen countries still have low levels of urbanization, i.e. below 20 per cent. 
The largest among them, with total populations of 10 million inhabitants or more, include 
Burundi, Ethiopia, Malawi, Niger, South Sudan and Uganda in Africa and Nepal and Sri 
Lanka in Asia (see Map 1). By 2050, all of these countries are expected to become signifi-
cantly more urbanized, with as much as twice their respective proportions urban in 2014. 
In contrast, 59 countries are already more than 80 per cent urban. Among those with 
populations of at least 10 million inhabitants, the most highly urbanized countries are 
Belgium (98 per cent urban), Japan (93 per cent), Argentina (92 per cent) and the Nether-
lands (90 per cent). By 2050, 89 countries are expected to become more than 80 per cent 
urban. When interpreting the differences in levels of urbanization across countries, it is 
important to keep in mind the heterogeneity of the urban definition across countries.


Africa and Asia are urbanizing more rapidly than other regions of the world. The 
rate of urbanization, measured as the average annual rate of change of the percentage 
urban, is highest in Asia and Africa, where currently the proportion urban is increasing 
by 1.5 and 1.1 per cent per annum, respectively. Regions that already have relatively high 
levels of urbanization are urbanizing at a slower pace, at less than 0.4 per cent annually 
(figure 4). In general, the pace of urbanization tends to slow down as a population becomes 
more urbanized.


Urbanization has 
occurred in all major 
areas, yet Africa and 
Asia remain mostly 
rural
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B. New forms of urban organization
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Growing availability of urban data


• Mobile phone data 
• Smart card data from public transportation 
• GPS traces from vehicular devices 
• Location-based social networks (Foursquare, Twitter, Flickr, 


Running Apps, etc.) 
• Open data provided by city governments 
• User-generated mapping projects (OpenStreetMap) 
• ….
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Urban structure: Building heights and shapes







PERSPECTIVE


Building functional cities
J. Vernon Henderson,1* Anthony J. Venables,1,2 Tanner Regan,1 Ilia Samsonov1


The literature views many African cities as dysfunctional with a hodgepodge of land uses and
poor “connectivity.”One driver of inefficient land uses is construction decisions for highly
durable buildings made under weak institutions. In a novel approach, we model the dynamics
of urban land use with both formal and slum dwellings and ongoing urban redevelopment to
higher building heights in the formal sector as a city grows.We analyze the evolution of Nairobi
using a unique high–spatial resolution data set.The analysis suggests insufficient building
volume throughmost of the city and large slum areas with low housing volumes near the center,
where corrupted institutions deter conversion to formal sector usage.


M
ost cities in the developed world use
land in an orderly pattern that allows
cities to achieve high productivity. For
example, businesses mainly reside in a
central business district (CBD), and re-


sidential neighborhoods have regular layouts
with high densities near the center and lower
densities further out (1). In contrast, many cities
in developing nations have office towers bordered
by slums, scattered fringe developments, and a
consequent lack of connectivity between firms,
workers, and consumers. Such cities are viewed as
nonfunctional (2), with large numbers of people
in informal settlements [62% of the African urban
population according to (3)], poor transport infra-
structure and limited ability to commute (4), and
low worker productivity (5).
Here, we explore factors that may underlie


nonfunctionality of many cities in the developing
world. We analyze how construction decisions
made under weak and corrupt institutions can be
a driver of nonfunctionality. The built environ-
ment resulting from these decisions accounts for
two-thirds of produced capital in developing
countries (6) and is long lived. As such, weak
institutions undermine the competitiveness of
cities, and thus, bad decisions made today have
effects that last for generations. We first dis-
cuss recent model results and then use Nairobi,
Kenya—a city of about 5 million people that is
growing at a rate of 3 to 4% per year—to map out
how the built environment has changed and to
explore ways in which it appears to deviate from
an efficient pattern, with insufficient building
volume through most of the city.
In a recent study (hereafter referred to as


HRV) (7), we developed a general model of the
dynamics of economically efficient urban land
use and of key elements that impede efficient
urban development. To do so, we adapted a
standard urban model to a growth context and
the circumstances of developing countries. The
model captures rapid population growth and
two types of housing technology: Formal hous-
ing, in which capital is sunk, buildings are long-


lived, and construction decisions (such as build-
ing height) are based on expectations of future
rents; and informal, or slum settlement, where
construction is flexible or adjustable over time
(e.g., throughuse of corrugated iron sheets), build-
ing a single story is cheap, but building high is
very expensive. This distinction is illustrated in
Nairobi, where 57% of slumdwellings aremade of
sheet metal and 15% of mud and wood, whereas
90%of formal residences aremade of stone, brick,
or cement block (8).
In the efficient outcome in the model, slums


form at the edge of the city, where land is cheap.
As the city grows, old slums are converted to
formal settlement and new ones form on the ex-
panding edge. Formal sector development is sub-
ject to periodic demolition and reconstruction,
and structures become successively taller and
denser as the city grows and land values increase.
If slum housing is inherently of lower quality,
then slums will eventually be phased out entirely
as incomes grow, just as 19th-century tenements
and shacks in London and New York disap-
peared decades ago. Our model (7) analyzes two


main sources of inefficiency in the dynamics of
city development. One arises from the difficulty
of forming expectations; for example, pessimism
about future city growth undermines willingness
to invest and leads to a lower, more sprawling
city. The other is institutional obstacles in the
process of converting slum developments to
formal sector usage.
There are many such institutional obstacles.


Formal sector development requires financing
and enforcement of contracts, which in turn
requires land ownership rights to be formalized
to mitigate the risk of expropriation. Land rights
are often unclear because of coexisting systems
of private ownership (some illegal or quasi-legal),
communal ownership, and government owner-
ship. Competing claims may result in lengthy
court cases. Slum areas are particularly complex,
with “planning or regulatory powers... split be-
tween a galaxy of private sector actors, landlords,
chiefs and bureaucrats, and gangs” (9). Land
administration is subject to corruption. The
Kenyan elite has been guilty of land-grabbing,
with a government inquiry alleging that the
land allocation process has been subject to cor-
rupt and fraudulent practices and “outright plun-
der” (10). As a result, the cost and feasibility of
conversion to legal formal usage varies depend-
ing on a plot’s history; plots with high conversion
costs remain informal much longer. A spatial
jumble of land rights and conversion costs re-
sults in a hodgepodge of uses, land-use inten-
sities, and stages of redevelopment throughout
the city, including close to the center.
Studying these inefficiencies requires data on


individual buildings and the ability to track them
through time to quantify the potential loss of
building space. Such data are generally difficult
to obtain. For our Nairobi study, we used a
building footprint data set based on extremely
high-resolution aerial photos (well under 50-cm
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Fig. 1. City of Nairobi building height and distribution. Nairobi shows average built height in 2015
as 150-m by 150-m cells split across the formal and slum sectors. The compass (top left) points
north. The location of the Kibera slum and the CBD are marked.The boundary of the city spans about
22 km east to west and 11 km north to south; the map tilt may distort the appearance of distances.
Modified from HRV. [Background imagery Airbus Defense and Space 2016, taken from the SPOT5
satellite 20 September 2004].
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Building functional cities
J. Vernon Henderson,1* Anthony J. Venables,1,2 Tanner Regan,1 Ilia Samsonov1


The literature views many African cities as dysfunctional with a hodgepodge of land uses and
poor “connectivity.”One driver of inefficient land uses is construction decisions for highly
durable buildings made under weak institutions. In a novel approach, we model the dynamics
of urban land use with both formal and slum dwellings and ongoing urban redevelopment to
higher building heights in the formal sector as a city grows.We analyze the evolution of Nairobi
using a unique high–spatial resolution data set.The analysis suggests insufficient building
volume throughmost of the city and large slum areas with low housing volumes near the center,
where corrupted institutions deter conversion to formal sector usage.


M
ost cities in the developed world use
land in an orderly pattern that allows
cities to achieve high productivity. For
example, businesses mainly reside in a
central business district (CBD), and re-


sidential neighborhoods have regular layouts
with high densities near the center and lower
densities further out (1). In contrast, many cities
in developing nations have office towers bordered
by slums, scattered fringe developments, and a
consequent lack of connectivity between firms,
workers, and consumers. Such cities are viewed as
nonfunctional (2), with large numbers of people
in informal settlements [62% of the African urban
population according to (3)], poor transport infra-
structure and limited ability to commute (4), and
low worker productivity (5).
Here, we explore factors that may underlie


nonfunctionality of many cities in the developing
world. We analyze how construction decisions
made under weak and corrupt institutions can be
a driver of nonfunctionality. The built environ-
ment resulting from these decisions accounts for
two-thirds of produced capital in developing
countries (6) and is long lived. As such, weak
institutions undermine the competitiveness of
cities, and thus, bad decisions made today have
effects that last for generations. We first dis-
cuss recent model results and then use Nairobi,
Kenya—a city of about 5 million people that is
growing at a rate of 3 to 4% per year—to map out
how the built environment has changed and to
explore ways in which it appears to deviate from
an efficient pattern, with insufficient building
volume through most of the city.
In a recent study (hereafter referred to as


HRV) (7), we developed a general model of the
dynamics of economically efficient urban land
use and of key elements that impede efficient
urban development. To do so, we adapted a
standard urban model to a growth context and
the circumstances of developing countries. The
model captures rapid population growth and
two types of housing technology: Formal hous-
ing, in which capital is sunk, buildings are long-


lived, and construction decisions (such as build-
ing height) are based on expectations of future
rents; and informal, or slum settlement, where
construction is flexible or adjustable over time
(e.g., throughuse of corrugated iron sheets), build-
ing a single story is cheap, but building high is
very expensive. This distinction is illustrated in
Nairobi, where 57% of slumdwellings aremade of
sheet metal and 15% of mud and wood, whereas
90%of formal residences aremade of stone, brick,
or cement block (8).
In the efficient outcome in the model, slums


form at the edge of the city, where land is cheap.
As the city grows, old slums are converted to
formal settlement and new ones form on the ex-
panding edge. Formal sector development is sub-
ject to periodic demolition and reconstruction,
and structures become successively taller and
denser as the city grows and land values increase.
If slum housing is inherently of lower quality,
then slums will eventually be phased out entirely
as incomes grow, just as 19th-century tenements
and shacks in London and New York disap-
peared decades ago. Our model (7) analyzes two


main sources of inefficiency in the dynamics of
city development. One arises from the difficulty
of forming expectations; for example, pessimism
about future city growth undermines willingness
to invest and leads to a lower, more sprawling
city. The other is institutional obstacles in the
process of converting slum developments to
formal sector usage.
There are many such institutional obstacles.


Formal sector development requires financing
and enforcement of contracts, which in turn
requires land ownership rights to be formalized
to mitigate the risk of expropriation. Land rights
are often unclear because of coexisting systems
of private ownership (some illegal or quasi-legal),
communal ownership, and government owner-
ship. Competing claims may result in lengthy
court cases. Slum areas are particularly complex,
with “planning or regulatory powers... split be-
tween a galaxy of private sector actors, landlords,
chiefs and bureaucrats, and gangs” (9). Land
administration is subject to corruption. The
Kenyan elite has been guilty of land-grabbing,
with a government inquiry alleging that the
land allocation process has been subject to cor-
rupt and fraudulent practices and “outright plun-
der” (10). As a result, the cost and feasibility of
conversion to legal formal usage varies depend-
ing on a plot’s history; plots with high conversion
costs remain informal much longer. A spatial
jumble of land rights and conversion costs re-
sults in a hodgepodge of uses, land-use inten-
sities, and stages of redevelopment throughout
the city, including close to the center.
Studying these inefficiencies requires data on


individual buildings and the ability to track them
through time to quantify the potential loss of
building space. Such data are generally difficult
to obtain. For our Nairobi study, we used a
building footprint data set based on extremely
high-resolution aerial photos (well under 50-cm
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Fig. 1. City of Nairobi building height and distribution. Nairobi shows average built height in 2015
as 150-m by 150-m cells split across the formal and slum sectors. The compass (top left) points
north. The location of the Kibera slum and the CBD are marked.The boundary of the city spans about
22 km east to west and 11 km north to south; the map tilt may distort the appearance of distances.
Modified from HRV. [Background imagery Airbus Defense and Space 2016, taken from the SPOT5
satellite 20 September 2004].
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Schläpfer, Lee, Bettencourt, arXiv:1512.00946, 2015


Building heights







Schläpfer, Lee, Bettencourt, arXiv:1512.00946, 2015
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Height prediction from urban scaling theory


Schläpfer, Lee, Bettencourt, arXiv:1512.00946, 2015


For cities to be functional: 







Schläpfer, Lee, Bettencourt, arXiv:1512.00946, 2015
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Building volume


Allometric scaling
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• Mobile phone data


Growing availability of human activity data







Source: New York Time Lapse by Dimid Vazhnik, 2015
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1. How many people will visit a future centre? 


2. From how far will they come? 


3. How often will they visit?


Greater Southern Waterfront (Image: URA) Jurong Lake District (Image: URA)







• Greater Boston area 
• ≈2 Mio. mobile phone users over 4 months 
• ≈109 location based records per month (triangulation) 
• 46,210 locations (500m x 500m grid cells)


Lets look into the data!







Quantifying the attractiveness of locations


1 visit per month 2 visits per month 3 visits per month







r   visiting distance (km) 
f   visiting frequency (visits per month)


Brightness of pixel: number of visitors, q(r,f)







Increasing visiting distance
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Increasing visiting distance







Dimensional analysis
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Increasing visiting distance







Newbury Street, Boston







number of visitors coming from 5 km and 4 times a month 
=  


number of visitors coming from 10 km and 2 times a month 
= 


number of visitors coming from 20 km and once a month


Example (v = 20km/month):


Newbury Street, Boston







What is the functional form of q(v)?
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What is the functional form of q(v)?


?


Can be derived from first principles!


Schläpfer, Szell, Ratti, West (in preparation)
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1. How many people will visit a future centre? 


2. From how far will they come? 


3. How often will they visit?


Greater Southern Waterfront (Image: URA) Jurong Lake District (Image: URA)
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1. How many people will visit a future centre?


From how far will they come. How often will they visit.
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Application to infrastructure planning







 


several years’ worth of information becomes available) to 
facilitate the mapping of human activity and migration within 
the country (e.g., people are more likely to migrate to areas 
with access to electricity, health and education). Both human 
activity and migration can provide an accurate estimation of 
electricity needs and facilitate better electrification plans, 
particularly when combined with other data sources used in 
state-of-the-art electrification planning practices 


In the light of the above, the proposed 
assessment methodology comprises four steps 
potential of mobile phone data to enha
electrification planning practices:  
(i) Assessment of the energy requirements and consumption 


characteristics of Senegal; 
(ii) Evaluation of the use of mobile phone data as a proxy for 


current and future electricity needs via correlation 
analyses; 


(iii) Assessment of potential future migration 
from non-electrified to electrified areas


(iv) Quantification of centralized 
electrification options considering mobile phone data
socio-economic and geo-referenced informat


The assessment of energy requirements 
characteristics of Senegal is meant to provide context on the 
expected energy needs of the mobile phone users whose 
activity is recorded by the different mobile phone
analysis is supported by socio-economic and 
datasets detailing the expected population and population 
density (i.e., average distance between households)
different areas in Senegal, as well as the 
health, education, markets and so on 
information is used to classify the mobile phone data 
information compiled from the mobile phone
(specifically from Dataset 1 and Dataset 2
characteristics of the corresponding area
correlation between the mobile phone data 
the relevant aggregated electricity profile can be assessed. 
This study is expected to highlight the conditions that make 


 
Fig. 2.  Level of electrification in Voronoi polygons
of the mobile phone towers. The locations of the settlements (cities, villages, 
towns) are taken from OpenStreetMap. 
 


several years’ worth of information becomes available) to 
facilitate the mapping of human activity and migration within 


ountry (e.g., people are more likely to migrate to areas 
with access to electricity, health and education). Both human 
activity and migration can provide an accurate estimation of 
electricity needs and facilitate better electrification plans, 


when combined with other data sources used in 
rification planning practices [14]. 


In the light of the above, the proposed framework and 
steps to quantify the 


potential of mobile phone data to enhance state-of-the-art 


requirements and consumption 


valuation of the use of mobile phone data as a proxy for 
electricity needs via correlation 


ssessment of potential future migration of population 
to electrified areas; and  


and decentralized 
considering mobile phone data and 


referenced information. 
requirements and consumption 


characteristics of Senegal is meant to provide context on the 
expected energy needs of the mobile phone users whose 


mobile phone towers. This 
economic and geo-referenced 


expected population and population 
density (i.e., average distance between households) in 


the access to electricity, 
 in each area. This 
mobile phone data 


mobile phone towers 
Dataset 2) based on the 


characteristics of the corresponding area, so that the 
correlation between the mobile phone data in a given area and 


aggregated electricity profile can be assessed. 
conditions that make 


the mobile phone datasets an accurate
future electricity needs and profile
migration trends towards electrified areas within the country 
are assessed based on the mobile phone 
Dataset 2). Again, this information can provide insights 
the future energy needs of an area after 
potentially improving electrification decisions. Finally, 
information extracted from the mobile phone data is 
with geo-referenced data to 
options for electrification, 
development of diesel engine
and development of dwelling
an example of the assessment of electrification options for 
Senegal based only on geo-referenced data).


A detailed description of each of the methodology 
relevant studies is provided in the next sections.


IV. ENERGY REQUIREMENTS 


CHARACTERISTICS OF 


The energy requirements 
currently available for Senegal are represented 
electricity demand profiles, solar radiation
different areas, and the size and location of villages and their 
access to electricity, health, and education


The aggregated electricity deman
basis (i.e., 8760 data points) for the whole country was 
provided by Senelec [15]. The solar radiation and temperature 
profiles for Senegal (also 8,760
were obtained from the SoDa solar energy services da
[16]. A thorough description of the different types of villages 
in Senegal, their location, 
education and health services 
electrification study for Senegal 
[14] (see Table I for an example of typical services considered 
for villages of different sizes).


Analysis of the abovementioned information 
the differentiation of the mobile phone data based on the 
context of the area where the 
The reception area of each
approximated by a Voronoi diagram (i.e., the area 
corresponding to a given tower comprises all points that are 
closer to that tower than to any other tower).
mobile phone data corresponding to each Voronoi area 
classified based on the level of electrification in the area 
where the mobile phone towers are located, as shown in Fig. 
2. This differentiation of the mobile phone data is critical to 
identify the conditions where mobile phone data is a good 
proxy for energy needs, as will be further discussed below.


polygons defined by the location 
The locations of the settlements (cities, villages, 


Table I: Example of the maximum amount of institutions
considered for average villages of different population sizes in 
Services 


500 
Hospitals 1 
Schools 1 
Markets 1 
Public Lighting points 3 


 


3


an accurate proxy for current and 
electricity needs and profiles. Afterwards, potential 


towards electrified areas within the country 
are assessed based on the mobile phone mobility data (i.e., 


his information can provide insights into 
needs of an area after it is electrified, thus 


potentially improving electrification decisions. Finally, all this 
extracted from the mobile phone data is combined 


to build different state-of-the-art 
 namely, MV grid extensions, 


engine-based (community) Microgrids, 
and development of dwelling-level PV systems (see [14] for 
an example of the assessment of electrification options for 


referenced data).  
A detailed description of each of the methodology steps and 


is provided in the next sections. 


REQUIREMENTS AND CONSUMPTION 


CHARACTERISTICS OF SENEGAL 


requirements and consumption characteristics 
Senegal are represented by the country 


electricity demand profiles, solar radiation and temperatures in 
and the size and location of villages and their 


access to electricity, health, and education services. 
The aggregated electricity demand profile on an hourly 


basis (i.e., 8760 data points) for the whole country was 
The solar radiation and temperature 


760 hourly data points for 2013) 
were obtained from the SoDa solar energy services database 


A thorough description of the different types of villages 
, and their access to electricity, 


services were obtained from a previous 
electrification study for Senegal prepared for the World Bank 


(see Table I for an example of typical services considered 
for villages of different sizes). 


Analysis of the abovementioned information can facilitate 
the differentiation of the mobile phone data based on the 
context of the area where the mobile phone towers are located. 


reception area of each mobile phone tower has been 
a Voronoi diagram (i.e., the area 


corresponding to a given tower comprises all points that are 
closer to that tower than to any other tower). For instance, the 


corresponding to each Voronoi area can be 
classified based on the level of electrification in the area 


towers are located, as shown in Fig. 
. This differentiation of the mobile phone data is critical to 


ditions where mobile phone data is a good 
proxy for energy needs, as will be further discussed below. 


 
Table I: Example of the maximum amount of institutions/services that are 


considered for average villages of different population sizes in Senegal [14]. 
Village size (population) 


 1,000 5,000 10,000 
1 1 2 
1 2 3 
1 3 13 
6 50 99 


Electrification rates in Senegal







Using information from mobile phone infrastructure  
to facilitate electrification







Mobile(phone(data(as(a(proxy(for(electricity(demand(


M
ob


ile
%p
ho


ne
%a
c.
vi
ty
%


El
ec
tr
ic
ity


%d
em


an
d%
(M


W
)%


(a) (b) 


  
(c) (d) 


  
(e) (f) 


  
!


0


2000


4000


6000


A
i


 


 


200


300


400


500
Number of calls, A


i
 [−]


Electr. demand, D [MW]


0 50 100 150
hour


0


200


400


 


 


200


400


600


D


Number of calls, A
i
 [−]


0 50 100 150
hour


0


20


40


60


80


100


A
i


 


 


200


300


400


500
Call duration, A


i
 [h]


0 50 100 150
hour


0


5


10


 


 


200


400


600


D


Call duration, A
i
 [h]


0 50 100 150
hour


0


200


400


600


A
i


 


 


200


300


400


500
Number of users, A


i
 [−]


0 50 100 150
hour


0


5


10


15


20


25


30


 


 


200


300


400


500


600


D


Number of users, A
i
 [−]


0 50 100 150
hour


Mobile phone data as a proxy for  
electricity demand







!"#$%&'(&')$
*+",'-./,01%2$-",%33"2401%25$6.'7$3.8-01%2$9%-",05'$


:.'#$
;%62$
<.++08"$


!"#$%%"&'"'($)*$&(


=.,-%8-.4$
=<$8-.4$">'"25.%2$


?<$%-$=.,-%8-.4$


Electrification recommendations


Martinez-Cesena, Mancarella, Ndiaye, Schläpfer !
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• Growth of park correlates with population size  


• Singapore: Growth of park spaces is sub-linear 
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Q1: Can we apply the hypothesis of Urban Scaling in 


HDB Towns 
 


Do Properties of HDB Towns Scale Correspondingly with Population? 


Q2: Can urban scaling trends help us derive principles 
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People taking more than 60min to travel to work 


increases unboundedly with an increase in town size  
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Similar trend: People taking more than 60min to travel to  
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Revealing that……. 


Towns with more residents and higher density, tend to 


have disproportionally more people working farther 


away from the town.   


 


• Town locality (e.g. spatial structure of the whole island, connectivity to other 


areas/employment clusters) 


• Town profile (e.g. employment opportunities; mixed land use and development 


intensity; capacity of amenities; public transport)  


• Demographic profile (e.g. greater diversity of residents, types of jobs, income 


level, vehicle ownership) 


• ………. 


Underlying  principles for future planning  
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