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Introduction

Thie

How to explain the paradox that urbanism, as a profession, has
disappeared at the moment when urbanization is everywhere -
after decades of constant acceleration - is on its way to establishing
a definitive global “triumph” of the urban condition.

Rem Koolhaas (1995)

In his 1995 essay “Whatever Happened to Urbanism,” Rem Koolhaas
diagnosed urbanism as a failed discipline. In the light of rampant
global urbanization, the profession has failed to give shape or even
to influence the physical, social, and economic realities of cities.
While during the nineties, the main challenge was dealing with
quantity, now, almost twenty years later, the situation presents itself
as more ambiguous. Following more than fifty years characterized
by suburbanization and the erosion of urban centers, cities in the
developed nations have taken two different paths: They either have
returned as global economic players of unprecedented power, or
have become shrinking cities - hollowed out by deindustrialization
and demographic changes (Ryanz012). Meanwhile, in the emerging
economies of the developing world, urbanization is continuing at



an undiminished rate. Globally, it is expected that 67 percent of the
world population will live in cities by the year 2050 (United Nations 2012, 2),

For the discipline of urbanism, the struggle continues. Both of these
trajectories present challenges in terms of infrastructure provision,
housing, and socioeconomic development. But planners, policy
experts, and economists are no longer the only specialists responding
to these challenges. New actors enter the stage and bring new
approaches to the field. Perhaps the most significant developments
have happened in the domain of data-intense methodologies.

The term big data refers to the availability of massive amounts of
machine-readable information. This information is generated by
the sociotechnical systems in which humans are increasingly
entangled, by choice or by necessity: cell phone networks, credit
card systems, or social media networks. Since the “digital exhaust”
generated by these systems is so closely connected to our daily
lives, it becomes a valuable resource for observing the processes
and interactions of society at almost no cost. However, because

of the massive quantity of these data sets, which were not created
and structured with research purposes in mind, new methods are
required for analyzing them.

Following the increasing availability of such digital data sources
during the past ten years, the social sciences have taken a quantita-
tive turn, often labeled computational social science (Lazer etal. 2009).

In combination with large data sets, new computational methods
allow researchers to address topics such as environmental per-
ception, sentiment, or social connection, which were previously
limited to qualitative modes of inquiry. Computational social
science has brought together sociologists with physicists, mathema-
ticians, and computer scientists, who have recently discovered
cities as a topic that provides numerous intriguing research problems
to work on. In particular, the emerging field of network science -
the study of complex networks - has made a significant contribution
to urban research literature (Bsmer, Sanyal, and Vespignani 2007). Network
science stands for a shift from an exclusively spatial perspective

on urban data to a topological perspective, focusing on relationships
and interactions between people, places, and institutions at any



scale. In this sense, network science actualizes ideas that scholars
such as Manuel Castells have introduced into the urban studies
literature (Castells 1996). By abstracting cities as spatial social networks
of interaction, network science helped to uncover structural com-
monalities shared by almost all urban systems, allowing researchers
to describe and predict how cities evolve and will grow over time
(Batty 2013). In engineering, the field of urban informatics stands for
the instrumentation of cities with sensor networks (Foth 2009). This
includes the ubiquitous integration of technologies such as Global
Positioning System (GPS) into everyday devices, which have
enabled a real-time representation of urban conditions. Smart cities,
both an academic and an engineering discipline, is advanced by
systems theorists and companies such as IBM, Siemens, or Cisco.
The concept of smart cities promises to improve the management
of cities by making its infrastructures more adaptive - able to
collect information about its own state and to regulate itself based
on the state of the whole system. Finally, perhaps most funda-
mentally, the role of the citizen in the governance of cities has
changed in important ways. The rise of social media led to new
forms of participation and social activism. Beyond traditional forms
of participation in planning projects, citizens voluntarily fulfill
increasingly sophisticated roles in monitoring, management, and
governance of the city and its infrastructure - a phenomenon

that Eric Paulos called the rise of the “expert amateur” (Kuznetsov and

Paulos 2010),

In the light of these developments, we believe that it is necessary
to reexamine the state of urban planning, and explore, while avoid-
ing the trap of “Big Data Hubris” (Lazer2014), how these approaches
can lead to a new understanding of the city.

While the discussed approaches are relatively recent,
they are not without precedents. The history of urban planning has
many examples of paradigm shifts initiated by new technology.

By the 1960s, cybernetics, the science of dynamic feedback
systems, had started to leave a mark in the domain of urbanism,
with both good and bad results. On the positive side, cybernetic
models brought a fresh perspective for investigating urban systems.
With its focus on dynamic states, feedback, and systemic processes,
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cybernetics brought new attention to the temporal and ephemeral,
and was in many ways conflicting with high-modernist planning
theory with its strict compartmentalization of functions. But cyber-
netic models have also led to some catastrophic failures, as in

the case of the 1970s redesign of New York’s fire system by the
RAND corporation, which left poor neighborhoods underserviced,
resulting in rampant fires and social unrest (Flood 2010). The mis-
match between complexity of the problem and the inadequacy of
the means is self-evident in the perhaps most ambitious cybernetic
experiment: project Cybersyn, designed to control Chile’s national
economy under the Allende presidency (Pickering 2010, 258).

Apart from the obvious failure to capture the sociopolitical dimen-
sion of urban systems, cybernetics can also be challenged from
another perspective: it simply does not lend itself to good design
theory. It is apt for simulating adaptive, complex dynamic systems,
but it provides little guidance for future alternatives. As Andrew
Pickering suggests, cybernetics is performative rather than rep-
resentational: it operates in a black box that adapts to current states,
but it does not provide an abstract image of the world in its current
or desired state (2010,19). Nevertheless, the idea that data opens

up new territories for urban planning and design has a long tradition
that can be traced back to the meticulous mapping efforts by
Giambattista Nolli in eighteenth-century Rome or Ildefons Cerda
in Barcelona. In The Sciences of the Artificial, Herbert Simon calls
for a rigorous design science, a “body of intellectually tough,
analytic, partly formalizable, partly empirical, teachable doctrine
about the design process” (simon1996,113). Such a design science would
serve two functions: first to evaluate the performance of a given
design, and second, to guide the identification of alternative scenar-
ios. The role of design is the reconciliation between the “inner”
world of physical objects and an “outer” world of its goals and
functions. “The natural sciences are concerned with how things are.
[...] Design, on the other hand, is concerned with how things ought
to be.” (simon 1996, 114)
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About This Book

This is a book about models for capturing these phenomena for
understanding and improving cities. While big data can improve
our understanding of urban systems, little attempt has been made
so far to think about the consequences for design. This book
represents a cross-sectional view of the research agenda practiced
at the SENSEable City Lab at the Massachusetts Institute

of Technology. Situated in the Department of Urban Studies and
Planning, the Lab is an interdisciplinary institution exploring

how real-time technologies can help us to better understand our
cities, as well as conceiving possibilities how these technologies
can improve our cities. The authors of the individual contributions
are current and past researchers at the MIT SENSEable City Lab,
as well as frequent collaborators. They come from a range of
different backgrounds, including architecture and urban planning,
sociology, political science, mathematics, computer science,
physics, and visual design.

The contributions in this book address the generation of urban data,
their representation and analysis, and finally their relevance for
urban planning and design. To that effect, this volume is structured
into three parts. The first part focuses on case studies discussing
the origin of urban data, their collection and generation, including
their inherent gaps and biases. The second part focuses on ques-
tions of representation, either as visual or mathematical models.
The third part finally focuses on the implications for urban design.

In his opening contribution, Fabien Girardin explains the notion
of digital footprints, data left by humans using digital services.
Girardin distinguishes between passive footprints, generated with-
out the user’s awareness, and active footprints, deliberately
created and shared by the users. He illustrates how user-generated
data from photo-sharing websites can be used to investigate

the travel behavior of tourists. Since an increasing number of photos
voluntarily uploaded to such sites contain explicit geographic and
temporal information (Geotags), photo-sharing sites allow insights
into how different groups of people travel and which interests

and values guide them. Michael Szell and Benedikt Grof3 focus on
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the possibilities of public data sets collected for accountability pur-
poses. They work with a data set of 170 million taxi trips in New
York City over one year, and acquired from the city government
through a Freedom of Information Act request. Identifying

vast redundancies in the system, the authors explore the possibility
of an alternative, sharable urban taxi system. In the third con-
tribution, Tony Vanky investigates the sometimes-ambiguous rela-
tionships of trust of people toward urban data. Currently, there

are few attempts to measure the relevance of urban real-time data:
how they affect the interaction with urban infrastructure. Using
Singapore as an example, Vanky describes such measures: whether
there is use and appreciation of real-time urban data, and how

the information affects the spatial decisions of citizens at an individ-
ual level.

David Lee discusses the data collection methodology of participatory
sensing (Burke etal. 2006), a way to actively involve volunteers in
targeted data collection using location-based technologies. Using
the example of the Trash Track project, Lee explores how the
experience of participating in such a project in return changes the
behavior and perceptions of the participants themselves, for
example, whether the helping to investigate the fate of trash might
change their attitudes toward waste management and recycling.
Finally, Francisca M. Rojas maps the cultural geography of New
York City through aggregated cell phone data, contrasting the data
set with the official census information in terms of validity and
quality. In her analysis of the telecom data, she maps out not only
the global activities of New York’s economic centers; but also

the realities of immigrants and migrant workers who remain in
constant connection with their home countries.

The second section of the volume, dedicated to visualization and
modeling, is opened by Kristian Kloeckl, who documents an
initiative that explores the development of an urban real-time data
platform for Singapore, facilitating the collection, combination,
and distribution of multiple data streams from urban networks.
These “urban demos” provide concrete examples of how meaning-
ful visual representations of data open up possibilities for stake-
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holders from different domains, facilitating a crosscutting discourse
about urban issues. The visualization experts Pedro Cruz and
Penousal Machado reflect in their article on the use of metaphors
and figurative approaches in urban data visualization. They focus
on a dilemma that makes geospatial visualization a difficult
problem - the dilemma between the spatial nature of urban systems
and abstract nature of data to be represented. The authors explore
the relationship between the properties of the underlying data

and the representational strategy; distinguish between visualization
as a “photograph” or a “caricature” of information. The network
scientists Philipp Hovel, Filippo Simini, Chaoming Song, and
Albert-Laszlo Barabasi are concerned with the observation, formal-
ization and prediction of human mobility behavior based on tele-
com data sets. These data sets from cell phone network providers
include implicit information about the spatial movement of cell
phone subscribers, making it possible to answer questions such as:
how predictable are we in our daily routines? In their mathematical
analysis, the authors discover a surprising regularity in the way
people travel, and provide a mathematical model for describing
human mobility behavior. Kael Greco explores representational
strategies for urban data based on a mobility research case study
in the city of Riyadh, Saudi Arabia. The text approaches the
complexity and nuance of urban data from two related, but anti-
thetical perspectives: first, using spatial data to develop new
modalities of seeing the city, and second, using the structure and
composition of the city to provide new ways of seeing and under-
standing social data.

The third part opens with a contribution by the urban planner
Andres Sevtsuk, who contrasts the plan as the traditional represen-
tational tool of urban design with the representation of the city

as a network. Sevtsuk, a researcher in the emerging discipline

of configurational studies, shows how structural measures of urban
path networks, such as “betweenness” or “reach” offer powerful
approaches for explaining attractiveness and locational quality
within an urban system. Markus Schldpfer’s work also situated

in the domain of scaling studies addresses the issue of polycentri-
cism of urban structure in relation to the travel behavior of tourists
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and city dwellers. Using telecom data sets, Schlapfer investigated
the destinations and temporal rhythms of hundreds of thousand
people in Singapore, Lisbon and Boston. The physicist and
pioneer of the emerging research area of scaling studies, Luis M. A.
Bettencourt explains the many ways in which the overall scale of an
urban system determines a range of urban qualities and measures,
such as the average number of personal contacts, the per-capita
economic output and innovation, but also the prevalence of crime.
His mathematical theory describes how cities change as they grow,
and how these changes affect the lives of their citizens. Stanislav
Sobolevsky’s contribution focuses on the ramifications of human
communication for how regions and their boundaries are defined.
Using examples of countries such as Great Britain, France, and
Belgium, the author shows how Manuel Castell’s concept of the
space of flows (Castells 1996) can be charted in geographic space using
cell phone data.

How can these methods lead to a new design practice for cities?
Koolhaas concludes: “If there is to be a ‘new urbanism’ it will not
be based on the twin fantasies of order and omnipotence; it will

be the staging of uncertainty; it will no longer be concerned with the
arrangement of more or less permanent objects but with the irri-
gation of territories with potential [...] it will no longer be obsessed
with the city but with the manipulation of infrastructure for end-
less intensifications and diversifications, shortcuts and redistribu-
tions - the reinvention of psychological space.” (Koolhaas 1995, 31)

Computational models driven by data are a powerful way to
incorporate uncertainty, irrigate potentials, and capture subjective
and invisible qualities generally associated with psychological
space. Data allows us to model the highly dynamic nature of cities,
their social life, and their infrastructure networks at an unprece-
dented level of detail.
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Privacy and Surveillance

You imagine, as does everybody else for that matter, that our
organization has for many years been preparing the greatest docu-
ment center ever conceived, an archive that will bring together

and catalogue everything that is known about every person, animal
and thing.

Italo Calvino (1995)

Privacy and digital surveillance remain central concerns that are
tightly connected to the technical nature of digital systems.
Often, privacy issues arise as unintended consequences of these
technical properties. In 2010 it was revealed that the two major
mobile operating systems provided by Apple and Google store and
collect the location information of its users. The immediate
purpose was not surveillance or targeted marketing: both operating
systems relied heavily on information about known Wi-Fi spots
and cell towers for establishing the user’s location. Since the loca-
tion of private Wi-Fi spots is hard to come by and changes fre-
quently, both systems relied on users’ phones to collect this infor-
mation through an invisible service, by automatically mapping
every hotspot users encountered. Privacy concerns arise not from
this original purpose, but from its consequence - the existence

of a vast, dynamic database containing detailed information about
each user’s behavior.

In the early days of digital media, privacy was mainly discussed in
terms of data generation - who is allowed to collect data, and
who should have access? In the recent decade, this discussion has
shifted toward a discussion of control. This means that the user
should own and be able to control any data that concern her life,
including being able to trade that data in exchange for money or
services. In the simplest form, this control can be implemented via
opt-in and opt-out mechanisms. Research on digital traces also
leads to insights about how privacy can be protected in the age of
big data - what works, what doesn’t work, and how mechanisms
for privacy protection can be improved.
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The question of personal privacy is intimately linked to
questions of government transparency. Protection of privacy
requires mechanisms for controlling that those rules are actually
followed by companies and governments, which can be addressed
by a rigorous opening of government data sources. Full trans-
parency for the government, full privacy for the citizen is a frequent
demand. In reality, however, those two realms cannot be neatly
separated, as private citizens and governments interact in many
different ways.

However, none of the approaches sketched above are effective
against the “deep state,” the domain of government secrecy. The two
faces of big data, the civic and the threatening, are palpable in
current US legislation. The country has both one of the oldest and
most highly developed implementations of a Freedom of Infor-
mation law, which provides mechanisms for the mandatory public
access to government documents. At the same time, the govern-
ment circumvents this law by entertaining a vast network of agen-
cies operating under strict secrecy outside of public accountability
mechanisms. Bringing these issues under democratic control
through formal and informal measures requires a public discourse
that is informed by a high level of data literacy, a differentiated
knowledge of technology and digital data. We understand this book
as a contribution to developing data literacy by giving insights into
the nature and methods of data-driven technologies. Finally, there
is also a historical and cultural dimension of personal privacy.
Plain text is perhaps the most persistent and explicit digital expres-
sion of human speech and thought, requiring only minimal digital
storage space. Without a natural expiry date, the question of data
life cycles arises - should personal data, including embarrassing
messages from one’s youth, be deleted at some point, or made
inaccessible? On a larger scale, how much culturally relevant infor-
mation would be lost in such a case about our mostly digitally
documented world?

As Calvino’s story about the attempt to preserve the world’s memory
illustrates, the “total archive” would be an insurmountable restraint
for all human agency, which in his story ultimately leads to death.



Nevertheless, on closer inspection, the totalizing idea of
big data turns out to be a myth. The data distribution is highly
unequal; data is least available precisely where we need it most, for
example in the hinterlands beyond the digital divide. The contribu-
tions in this volume illustrate the immense value contained in
the traces generated by our digital lives for better understanding our
cities, our cultures, and our society. We consider the variety of
public data sets available from governments, research institutions,
infrastructures, and voluntary data provided by citizens a basis
for civic discourse and ultimately an integral part of public space.
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Catching the
World’s Eyes
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Visitors to a city have many ways of leaving voluntary or involuntary

Introduction

electronic trails: prior to their visits tourists generate server log
entries when they consult digital maps or travel websites; during
their visit they leave traces on wireless networks whenever they
use their mobile phones; and after their visit they may add online
reviews and photos. Broadly speaking, we propose two types
of footprint: active and passive, also referred to in the literature as
volunteered and contributed locational information (Harvey 2013).
Passive tracks are left through interaction with infrastructure, such
as the mobile phone network, which produces entries in loca-
tional logs, while active prints come from the users themselves
when they share locational data in photos, messages, and sensor
measurements.

The World’s Eyes project (fgure 1) investigated the active prints
that reveal how people travel and experience a city. Particularly,
we used the Application Programming Interface (API) of the photo-
sharing platform Flickr to access publically available photos.
In February 2009 Flickr broke the hundred-million-georeferenced-
photos count (over a total of 3 billion photos in the repository).



Fig.1.

Screenshot of the
World’s Eyes project
exhibited at the Design
Museum in Barcelona

in 2008.The visualiza-
tion uncovers the evolu-
tions of the presence
and flows of tourists.

As photos pile up to
reflect the intensity of
tourist activity, they
uncover where tourists
are, where they come
from, and what they are
interested in capturing
and sharing from their
visit.

This represents an unprecedented amount of publicly accessible
data produced through people’s interactions involving the Web
and mobile devices. We caught these “eyes of the world” to investi-
gate visitors’ mobility in diverse locations such as the Province

of Florence (Girardin et al. 2008a) and Rome (Girardin et al. 2008b) in Italy as
well as New YorK (Girardin et al. 2009),

Each time a user anchors a photo to a physical location,
Flickr assigns longitude and latitude values together with an accu-
racy attribute derived from the zoom level on a map. Unlike passive
prints, we consider that user-generated content provides unique
perspectives on mobility. Indeed, the effort of an individual to take
a photo, select it, upload it onto a Web-sharing platform and geo-
reference it can be more powerful than any survey or GPS log that
researchers interested in human space-time activity could access
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in the past. There is a very real richness to the “intentional weight
that people attach to disclosing their photos, and the results clearly
show that Flickr users have a tendency to point out the highlights
of their visit to the city while skipping over the lowlights of their
trip. This “Iwas here” brings a notion of subjectivity to the relation
of people with space and place (Dourish2006).

Our work suggests that exploiting this data set to know who
visits different parts of the city at different times can lead to the
provision of customized services (or advertising), the rescheduling
of monuments’ opening times, the reallocation of existing service
infrastructure, or the evaluation of specific urban strategies.

From a quite different perspective, tourists themselves could be
aware of the current ways in which they populate the city, and adopt
different strategies as a result.

From the Vision of Dynamic Maps of Human Processes to the Reality
The low cost and high availability of user-generated content now
challenges any field that benefits from an in-depth understanding
of large-group behavior. Indeed, only a few years ago, the possi-
bility to produce fully dynamic time-space diagrams from the fusion
of human activities data and novel forms of analysis was only
discussed in the conditional. For instance, Zook et al. envisioned

in 2004: “When many individual diagrams are aggregated to the
level of cities and regions, these visualizations may provide geogra-
phers, for the first time, with truly dynamic maps of dynamic
human processes. One might imagine them as twenty-first-century
‘weather maps’ of social processes.”

The presence of active prints suggests that we are at the end
of the ephemeral; in some ways we have new means to replay the
city and its processes. This potential to replay the city echoes very
well with the recent interest of local authorities and urban planners
in big data. For instance, tourism is hardly quantifiable, because
tourists leave minimal tangible traces of their stay. In the World’s
Eyes project, the analysis and mapping of this user-generated
content allowed the measurement of the attractiveness of leisure
cities and their points of interest. In contrast it also reveals the
unphotographed regions still free from the tourist buzz. As photos
pile up to reflect the intensity of the tourist activity, they uncover
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where tourists are, where they come from, and what they are inter-
ested in capturing and sharing from their visit.

In order to explore that domain, we followed several steps
that start from the collection of digital footprints. We used the
Flickr API to retrieve the coordinates of photos and their accuracy,
the time at which they were taken, and we also obfuscated the
identifiers of their owners. Since we were particularly interested in
the behavior of tourists, our analysis platform separated the pho-
tographers into two groups, locals and visitors, based on their
disclosed presence in the city over time. For the study of Rome over
a 3-year period, we collected a data set of 144,501 georeferenced
photos that had been uploaded by 6,019 different users. With the
accumulation of these data we extracted spatiotemporal charac-
teristics such as seasonality, usage patterns, and spatial distribution,
main flows of visitors (i.e., desire lines) and the main points of
interest of the city.

Presence in Space and Time

To map the spatial distribution of users, data is stored in a matrix
covering the entire study area. Each cell in the matrix includes data
about the number of photos taken, the number of photographers
present. In Rome, the analysis of visiting quickly uncovers the area’s
major visitor attractions such as the Coliseum and the main train
station next to the Piazza della Repubblica (Girardin etal. 2008b). In addi-
tion, temporal signatures provide further evidence to the different
types of presence that occur at tourist points of interest. In Rome,

it can be further hypothesized that the Coliseum attracts sightseeing
activities (i.e., photographers) over the weekend and that the
neighborhood of the train station provides facilities for visitors on
the move (e.g., people on business trips) during the weekdays.

Desire Lines

The study of digital footprints also enables us to uncover the digital
desire lines embodied in people’s paths through their visit of a
city or a region. Based on the time stamp and location of photos,
our analysis platform organized the images chronologically in order
to reconstruct the movement of the photographers. More precisely,
we start by revealing the most active areas obtained by spatial
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clustering of the data. Next, we aggregate these individual paths to
generate desire lines that capture the sequential preferences of
visitors. The location of each user activity (i.e., photo) is checked to
see if it is contained in a cluster, and in the case of a match, the
point is added to the trace generated by the owner of the photo.
This produces multiple directed graphs that support better quantita-
tive analysis, enabling us to obtain the number of sites visited by
season, the most visited and photographed points of interests,

as well as where photographers started and ended their journeys.

Places of Interest

Previous work has demonstrated that spatially and temporally anno-
tated material available on the Web can be used to detect place-

and event-related semantic information (Rattenburyetal. 2007). In a similar
vein, analysis of the tags associated with the user-originating
photos revealed clues about people’s perceptions of their environ-
ment and the semantics of their perspective of urban space.

For instance, the word ruins is one of the most-used tags to describe
photos in Rome. Mapping the distribution of this tag for 2,866
photos uncovers the most ancient and “decayed” part of the city of
Rome: the Coliseum and the Forum. We used this semantic infor-
mation to define the main areas of photographic activities as part of
an economic impact study of The New York City Waterfalls in 2008.

Case Study: Measuring the Impact of an Event

In a case study that took place in summer 2008 around The New
York City Waterfalls public art project, we further explored the char-
acteristics of explicit digital footprints to define indicators that
measure the evolution of urban attractiveness. The objective for the
local authorities was to compare the evolution of the attractiveness
and popularity of urban places at the different vantage points

of the project. Therefore, we measured the spatial distribution of
locals and visitors and compared the evolution of the presence of
digital footprints as evidence of the positive impact of The New York
City Waterfalls on the attractiveness of the waterfront. Eventually,
two main results enhanced the City’s report on the event: the
evolution of attractiveness based on the presence of photographers
and the evolution of popularity based on centrality.
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Evolution of Attractiveness Based on the Presence of Photographers
According to the relative presence of photographers, our investiga-
tion analyzed the variations of attractiveness indicator based on

the presence of photographers during the summers of 2006, 2007,
and 2008 (the year of the Waterfalls). It reveals a positive growth

in the waterfront’s attractiveness of 8.2 percent in summer 2007
and 20.7 percent in summer 2008 with respect to that of other areas
of interest in New York City, such as Time Square and Central Park,
providing an indication of the potential impact of the presence

of the Waterfalls exhibition.

Evolution of Popularity Based on Centrality

The centrality of an area of interest determines its level of integra-
tion into the popular flows of photographers. Our PlaceRank
indicator revealed that between 2006 and 2007 the vantage points
lost their centrality by 15 percent while the other areas of interest
increased their centrality by 10 percent. However, between 2007
and 2008 the vantage points gained §6 percent while the other
areas of interest lost 30 percent. In 2008 the vantage points appear
as central as other areas of interest, meaning that they are on

the tourist path as much as other areas of interest in that section
of the city.

This case study provided indications that the emergence of
digital footprints creates an opportunity to evaluate in detail the use
of space, the impact of events, and the evolution of the built envi-
ronment. This approach could not only better inform urban design
decisions and city management, but also enable local authorities
to provide timely evidence to the public about the use of space and
about the impact of interventions within the urban fabric. Indeed,
the integration of our results in the official study of the economic
impact of The New York City Waterfalls public art project shows that
the indicators proposed by our analysis offered useful measures
to complement traditional methods.

Discussion

The ubiquitous technologies that afford us new flexibility in con-
ducting our daily activities are simultaneously providing the means
to study our activities in time and space. The exploitation of
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user-generated content to better understand mobility in the urban
environment led to several implications we would like to highlight.

Technical Implications
Besides our work on urban-attractiveness indicators, other research
groups have been using a reality mining approach to derive specific
characteristics of urban dynamics (Kostakos et al. 2008; Ratti et al. 2006),
A major challenge in this type of approach is to draw a clear under-
standing of the boundaries and biases of the data. For instance
not to confuse behaviors with endorsement, which can be consid-
ered as a limitation of The New York City Waterfalls case study, as
it used the density of digital footprints as indicators of urban attrac-
tiveness. Therefore, future studies will need to rely on calibrations
with ground truth information produced with proven techniques.
Additionally, some analyses suggest distinct profiles of
georeferencing and geotagging photos. These profiles might be
based on culture or nationality, the type of tourist in terms of their
length of stay or familiarity with the city, their level of technical
expertise or spatial orientation ability, and the type of task or type
of environment visited. Other questions that should be consid-
ered relate to the types of situations during which users are more or
less likely to use their mobile devices for data generation. Answers
to these types of questions should allow us to define better the
meaning of the data and to explore further their potential usage in
social sciences and urban studies.

Methodological Implications

The ability to replay the city shows that there are opportunities

for researchers to propose novel ways to describe the urban environ-
ment. However, there is a big assumption in seeing the world

as consisting of bits of data that can be processed into information
that then will naturally yield some value to people. It would lead to
what we would call data-driven urbanism, as if urbanism could

be driven by data. Indeed, the understanding of a city goes beyond
logging machine states and events. In consequence, let us not
confuse the development of novel maps from previously uncollect-
able and inaccessible data with the possibility of producing “intel-
ligent maps.” Our work precisely draws some critical considerations
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on the current state-of-the-art. At this stage we are still trying to
figure out: (1) What parts of reality does the data reveal? (2) What
we can do with them? (3) How can we communicate them to people
for acquiring information? (Still a far stretch from “intelligent.”)
Taking this caution into account, the application of our
research approach seems promising to gain knowledge on the pres-
ence and flows of humans at a specific space and with particular
technologies, leading to an approach we would coin as “human/
data-based urbanism.” It could consist in the use of:
« Qualitative analysis to inform the quantitative queries:
This approach first focuses on people and their practices, without
the assumption that something computational or a data process
is meant to fall out from that. This qualitative angle can then inform
a quantitative analysis to generate more empirical evidence of a
specific human behavior or pattern. A few approaches in that domain
address this perspective. Williams etal. (2008) for instance argue that our
understanding of the city could benefit from a situated analysis
of individual experiences within cities, rather than taking particular
urban forms as a starting point for the study of urban experience.
 Quantitative data mining to inform the qualitative enqui-
ries: In this approach, quantitative data help to reveal emerging
and abnormal behaviors, mainly raising questions. The qualitative
angle then can help explain the phenomena in situ. The quali-
tative approach actually requests to ask the right questions
to learn anything meaningful about a situation. An example of the
latter could have been applied to the context of the impact of
The New York City Waterfalls. We used digital footprints to reveal the
variations in spatial presence and abnormal patterns of temporal
presence over the course of a 3-year period. In addition to this quan-
titative analysis we could have performed qualitative observation
on the detected areas to reveal how the attractiveness evolved (e.g.,
Did people stay longer?).

This fosters the need for research and practitioners to develop a
coherent understanding of the traces of the activity: both qualitative
(e.g., audio and video recordings of action and interviews) and
quantitative (e.g., user-generated content). With significant data

on the actual use of the space, we can perform new types of postoc-
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cupancy evaluations, often overlooked in the practice of urban
design and architecture (Brand 1995). However, the tools, metrics, and
interpretation methods are still, for the most part, to be developed.

Societal Implications

Ubiquitous geoinformation is both immensely empowering (for the
people and places able to construct and consume it) and potentially
overpowering as institutional and state forces are able to better
harness information with growing personal and spatial specificity.
In consequence there are ethical and privacy implications to grapple
with. In conjunction with people’s own representation of trace-
ability, there is a legitimate concern about the implications of
research on geographically anchored digital footprints as presented
in the World’s Eyes project. Particularly our work exemplifies the
shift from a large-scale, top-down Big Brother threat to privacy to

a more local, bottom-up little sister types of people monitoring,
which makes the whole notion of opting out of technology adoption
one of whether to opt out of society.

In fact, these digital footprints have become inevitable in
contemporary society and also necessary if we wish to enjoy many
modern conveniences; we can no more be separated from it than
we could be separated from the physical shadow cast by our body
on a sunny day (Zooketal.2004), The growth of our data shadows is
an ambiguous process, with varying levels of individual concern
and the voluntary trading of privacy for convenience in many cases.
In summary, at the same time as ubiquitous geoinformation gives
us new means to map and model human dynamics, it will also
challenge current notions of privacy. The challenge is to appreciate
and use the complexity and richness of ubiquitous geoinformation
without crystallizing into authoritarian structures.
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Using Big Data to Research Human Mobility

Human activity data has a huge potential for improving urban traffic
systems. Data from human interactions such as phone calls, credit
card transactions, or social networks, reveals regularities, high pre-
dictability (Songetal.2002), and uncovers the hidden statistical “laws”
behind our everyday behavior and movement patterns. The study of
human mobility today is no longer limited to the social sciences;
researchers from computer science, mathematics, or physics study
our movement patterns as they would elementary particles of inani-
mate matter. Surprisingly, the aggregate and statistical behavior of
highly complicated organisms such as humans can in many situations
be understood and formulated in purely mechanistic terms (Ball 2003).
But how come all these terabytes of human mobility data
now so easily available, and what are the consequences for designing
transportation systems? This immediate availability is rooted in
both technical and social advances: mobile phones have revolution-
ized the way in which we communicate: we are always available -
and tracked. Telecommunication providers store the position of
the nearest cell tower during every call we place or for every SMS we
send. Global Positioning System (GPS) technology, equipped on
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every modern phone and mobile electronic device, allows an even
more precise tracking of positions. Not only the paths of walking
individuals can be tracked, but paths of individuals using any form
of urban transportation. Installed on vehicles, trackers can paint
powerful pictures of the flows of millions of vehicles within a city
(figure 1) and increase our understanding of collective human behavior
and the bottlenecks of our transportation systems.

On the side of social developments, let us highlight the so-
called open data or open government initiatives. Open data refers
to the concept that certain data should be freely available to every-
one to use as they wish, without restrictions from copyright, pat-
ents, or other mechanisms of control. Several administrative and
governmental institutions have demonstrated in a number of recent
cases that making data sets public can be a smart move: examples
include open data from the public transportation system of cities,
which have spurred the independent development of smartphone
apps for live bus and train schedules; the Open311 initiative allowing
citizens to more directly interact with their cities;" or various re-
positories aimed at use for scientists in various fields as listed in the
Open Access Directory.” In a similar spirit, OpenStreetMap is
a collaborative project mapping and publishing cartographic data
under an open license.® In the United States, the modern idea of
open government goes back to the year 1966, when a federal law
known as the Freedom of Information Act (FOIA) was signed by
President Lyndon B. Johnson, following ten years of congressional
hearings championed by Congressman John E. Moss to gain access
to deliberations of the executive branch under the Eisenhower
administration (Blanton2002), In his struggles, Moss was backed by high-
profile journalists seeking to eliminate the bureaucratic hurdles
and governmental secrecy of the time - as Moss remarked poi-
gnantly, “You had a hell of a time getting any information” (Kennedy
1978). The FOIA allows for the disclosure of previously unreleased
documents controlled by the United States government and defines
mandatory disclosure procedures. While it has been amended
many times since, the main principle is still in effect today, allowing
studies such as ours. Watergate and other far-reaching scandals
have ensured the continued existence of FOIA and remain a catalyst
for open information movements worldwide (Blanton 2002),



Fig.1.
Taxi traces in New York City, screenshot from Hubcab. The streets of New York City are partitioned

into 40 m segments, all taxi activity of the city over the full year 2011 is visualized.
A segment is shown in yellow if it contains more pickups, in blue if it contains more drop-offs.




The thickness of street segments is proportional to the taxi activity; almost all roads are visited
by taxis. Arterial roads tend to emerge as yellow while minor roads are blue, painting a beautiful
picture of a complex urban system.




Fig. 2.
Different zoom levels of
the Hubcab tool. The

high spatial granularity
of the data allows deep
zoom levels, showing

single taxi drop-offs and
pickups in New York City
on the street level.
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Apple updated its operat-
ing systems a few

weeks later, ending this
possibility.

Besides such desirable systematic initiatives for more avail-
able data in the public interest, data sources for researchers are
still often available only through private or unplanned disclosures.
For example, mobile phone information is usually proprietary
data owned by telephone companies - research teams to persuade
companies that data of public interest be disclosed for research
purposes. A prime example for an unplanned disclosure is the Enron
Corpus, a large database of over 600,000 e-mails written by 158
employees of the Enron Corporation, made public after the investi-
gation of the company’s scandal-ridden collapse in 2003.* Coor-
dinated social network analysis of the corpus had uncovered previ-
ously undocumented corporate practices and gave insight into the
nature of group dynamics in large organizations in general. In the
context of mobility, the case of Apple iPhones’ tracking and storing
easily accessible logs of their owners’ movements over several
months, discovered in April 2011, serves as a prime example for
an unplanned disclosure of human movement data. The discovery
of these logs led to initiatives such as crowdflow.net to create an
open database of Wi-Fi and cell networks.®

Improving Urban Taxi Systems
With so much data available, how can we use it to improve life
in cities? We are interested in the workings of urban transportation
systems. The rapid increase of urbanization and traffic volume
in cities makes the smooth functioning of city-based transportation
services more vital than ever before. The effect of congestion is
a major constraint in urban environments and is felt significantly
both economically and environmentally, with emissions impacting
regional air quality.

As one of the major modes of urban transportation, let
us here focus on urban taxi services. Despite its importance
in urban transport, the taxi industry has drawn limited academic
interest and has successfully resisted systemic changes and
improvements in the past. For example, several New York City
mayors had vowed to improve the system over the course of
a number of decades but the industry remained essentially the
same since the 1900s (Liz006). However, it is of crucial interest
to improve the efficiency of taxi dispatch systems for taxi companies
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and their clients, as well as urban planners - for example, to
decrease fuel consumption using dynamic allocation processes,
to improve service quality, and to improve the sustainability

of urban traffic.

In a recent research project we studied and made use of a
data set containing the positions of all 13,500 taxicabs of New York
City (NYC) recorded during all 170 million taxi trips over the year
2011. The taxi business in NYC is regulated by the NYC Taxi and
Limousine Commission (TLC) which issues strictly limited permis-
sions (called “medallions”) to cabs, granting the familiar yellow
vehicles the exclusive right to pick up passengers in response
to a street hail. Starting in 2008, all NYC taxicabs have been man-
dated by the TLC to be equipped with a so-called Taxi Technology
System (TTS) including a GPS tracker with a live map of the
vehicle’s location shown to the passenger on a screen on the back-
seat. The GPS data collected by the trackers is submitted directly
to the TLC. Installation of the GPS trackers was not without contro-
versy - occasional strikes and lawsuits from taxi drivers against
the TLC followed and have been ongoing for years, describing the
installations in one class action complaint as “unconstitutional,
warrantless invasions of their privacy,” after a number of medallion
licenses were revoked by the TLC for the alleged overcharging of
passengers on the basis of the collected data.” Regardless, the TLC
succeeded in its mandate and complete, anonymized data sets of
cab positions can now be freely requested by anyone from the TLC
via FOIA request.

NYC is not the only city where positional data of its taxi
fleet is available. In the Singapore-MIT Alliance for Research and
Technology (SMART) initiative, the largest taxi provider of the
city-state of Singapore has granted selected partners access to data
collected from 16,000 out of the total 26,000 Singaporean cabs,
for studies aimed to improve quality of life within the city. Similar
studies exist with data from Shanghai, San Francisco, or Vienna,
and more are expected in the coming years. Due to the high-grained
resolution and completeness over one full year, we focused first
on data from the taxi fleet of NYC; however, our results shall apply
without loss of generality to urban taxi fleets in any arbitrary
major urban zone.
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Analyzing data from NYC immediately reveals that the taxi system
as a whole is highly inefficient, as found in other cities as well.
Inefficiency can be quantified by the total length or time of empty
(i.e. no passengers) trips. Empty trip lengths typically display
bimodal distributions: The first smaller peak corresponds to the
expected average empty trip; the second peak can be found around
the distance of city center to airport. It is these special zones

of airports and city centers which play a major part in causing the
inequilibria between supply and demand. Taxi drivers tend to accu-
mulate at zones where pickups can almost always be expected,
such as major roads or other high-throughput locations like airports.
However, due to slow propagation of information, variations in
actual pickups can become highly increased - especially at airports,
queues of empty taxis can get very long at certain times when
many drivers get the same idea and go there in unison. This ineffi-
ciency leads to adverse effects such as higher-than-necessary
emissions, congestion, bottlenecks, etc. The consequences might
lead to a reconsideration in urban planning or a strategically
superior placement of these areas in future cities.

Several improvements of taxi systems have been attempted
in the past, most often in a self-organized manner. Ride-sharing
of taxis is a well-known phenomenon in many Asian cities, where
passengers split the costs for giving up some comfort and travel
time. More recently, commercial attempts at intermodal transport,
i.e., the combination of different transportation options, including

S http://www.moovel.com  taxis, as in Daimler’s Moovel,® or car-sharing services have been
introduced, however often suffering from acceptance or similar
efficiency problems. Further, a number of smartphone apps have
been developed to easily sense taxis, hail taxis, and pay for taxi trips
with the tap of a button. These apps are now being employed in
cities worldwide with varying success. Urban taxi systems as a whole
do not seem to have shown substantial changes, however.

It is due to this rigidity and inefficiency that we propose a
new system, which may replace old ones or work in parallel. For this
purpose we use the available data and mathematical modeling,
designing the new system to be more efficient, causing fewer emis-
sions, and being more affordable to customers than existing ones.
The trips in the NYC data set cover over 99 percent of all the city’s
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streets (except for parts such as Staten Island which are not serviced
by taxis). Each street segment has a unique set of destination
points and origin points (street segments were taxis are going to or
coming from). In particular we noticed that a large number of trips
could potentially be combined and therefore be saved. In dense
areas of Manhattan many pairs of street intersections exist where
up to 2 million trips are started and ended in the immediate vicinity
of the start and the end point (over one year). A large number of
these trips start and end at similar times, making them redundant
if the passengers were willing to share a cab. Therefore we focused
our approach on developing a new dispatch algorithm with the
basic idea of combining trips.

This new process aims to minimize the total cost of the ser-
vice while satisfying certain comfort criteria, e.g., customers should
not have to wait for an additional percentage of time than before.

In the simplest case a taxi has a capacity of two passengers. When
two passengers are found at the same starting point wishing to

be delivered to the same end point, both at the same time, the taxi

is able to pick up and deliver both. Some assumptions may of course
be relaxed, i.e., the start and end points do not necessarily have to
match exactly, or may just lie along the route of the longer trip. In any
case, we first show via simulations that the current taxi system may
be optimized to solve the demand more efficiently with a cab capacity
of two. It is then natural to expand the cab capacity to arbitrary larger
values. If models, simulations, and analytical investigations show
that a larger capacity is even more efficient, practical implementation
of large-capacity cabs may resemble “taxi limousines,” where pas-
sengers have their own private compartment inside a larger vehicle,
similar to buses but with individual, dynamic routes.

Mathematically, our approach defines a trip shareability
network where nodes are trips, and links between nodes mean that
two trips can potentially be combined following some rules and
limitations. When more than two trips are to be shared, the network
becomes a much more complex entity with links of higher dimen-
sion. The algorithm then solves the so-called maximum matching
problem, which leads to an optimal solution for the trip combination
task. Exact solutions are computationally not feasible for large
graphs, however algorithms exist which are able to approximate
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optimal solutions in reasonable run time. In this process we define
a prolongation parameter that stands for the amount of time

up to which a passenger is willing to prolong her trip. If this time is
chosen low, quality of service is higher since the passenger has

to wait for shorter time, but fewer trips can be combined. The situa-
tion is reversed for long prolongation times.

The aim of the study is to assess the potential for shareability
without substantially lowering the quality of service. Preliminary
results on the set of trips within Manhattan are encouraging:

For the case of two trips sharing, if passengers are willing to prolong
their trips up to five minutes, more than 9o percent of trips can be
shared, reducing total travel distance - thus pollution generated -
by more than 40 percent. In the case of sharing three or more trips,
the potential for shareability seems even larger. The trade-off of

an up-to-five-minutes-longer trip for a halved cost seems a reason-
able offer. Note that the trip-sharing algorithm appears straight-
forward to implement practically in an online dispatch system.
After hailing a taxi, a user can receive feedback on her shareability
options almost instantly.

While the technical details of a shareable urban taxi system
seem feasible to solve algorithmically, achievement of the poten-
tially major political task of convincing both authorities and
consumers of its viability remains an open question. The overhead
of extending existing technologies could be perceived as high,
and incentives for overcoming fears of contacts between alien pas-
sengers may have to be created (apart from split costs), such as
physically separated, private compartments within each vehicle.

Hubcab - The Tool

Parallel to our research efforts we have developed a complementary
online tool, named Hubcab, to give a larger audience the possi-
bility to explore the studied phenomena in an easy and fun-to-use
way, available at www.hubcab.org. The tool visualizes the same
data set of NYC taxi trips, displaying all 170 million taxi trips and
allowing interactive exploration of the city from a fresh perspective,
demonstrating the potential of a smart dispatch algorithm to a
worldwide audience.
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Particular attention was paid to represent the amount and
direction of the trips in an intuitive way. Drop-offs and pickups
are represented coherently and in a dynamic, hierarchically struc-
tured way, revealing the maximum information of single drop-off
and pickup points in higher zoom levels. This approach has the
advantage that the user can see both the direction and an approxi-
mation of the amount of the trips at the same time. For carto-
graphic data, we used maps from openstreetmap.org. A script was
developed to subdivide NYC’s vast road network into more than
200,000 segments of 40 meters’ length to provide a high-resolution
experience. The vast majority of these segments contains at least
one pickup or drop-off, some up to thousands (over a full year).
Hubcab allows users to zoom into the map of drop-offs and pickups,
showing single points of pickups and drop-offs in zoom levels
of unprecedented magnitude (figure 2). The user can switch between
different time slices, showing the full data or data segmented
in time highlighting different hot spots of pickup or drop-off zones
during different times of the day. The radius of this vicinity can be
changed on the fly. All the trips between pickup and drop-off points
are selected dynamically; Hubcab allows users to explore and
visualize the flows between 40 billion (200,000 x 200,000) pairs
of street segments. The Hubcab tool provides a unique insight into
the inner workings of the city from the previously invisible per-
spective of the taxi system with a never-before-seen granularity.
Hubcab allows one to investigate exactly how and when taxis pick
up or drop off individuals and to identify zones of condensed
pickup and drop-off activities. Most important, the visualization
of flows between any two points of the city allows citizens to
experience the redundancy of a large number of trips and the vast
potential for improvement. Hubcab expands and changes the per-
ception of urban space, and potentially the behavior of its inhab-
itants and visitors. Societal and political implications are apparent;
urban planning may significantly change through the use of
such tools. The sensed, visualized data can be utilized to better
design cities, prototyping new urban futures superior on a systemic
level. In our particular case this improvement is expected to lead
to less congestion in road traffic, lower running costs, and a less
polluted, cleaner environment.
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In our approach we have been using methods involving optimization

algorithms on graphs. Besides this logistical optimization approach,

what other types of solutions to the problem would be possible?

Previous research using mobile phone data has shown that the spe-

cific space syntax can constitute an important influence on the

geography of human activity (Readesetal.2009), and therefore on the

functioning of the transportation system. It might be viable to con-

sider rearranging urban structures for shifting land-use patterns,

with the goal of improving urban transportation systems in an inte-

grated approach. In any case, an efficient, systematic improvement

will be accomplishable only after measuring the status quo and

using rigorous analysis on the obtained data sets.
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Data Availability /Data
Relevance: Evaluating Real-
Time Urban Information
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* In this chapter, real-time
urban technology and
real-time technology are
defined as situated
technologies that provide
dynamic data and
monitoring in real time
or near real time.
Examples include traffic
congestion reports,
GPS-enabled public
transportation arrival
times, and air-quality
monitoring. Data related
to open government is
not included in this
study as it is not made
available in real time.
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Real-time urban technologies have flourished.' Traffic and trans-
portation information, environmental quality measures, even infor-
mation on the emotions of cities (mined from social media): all
these can be monitored in real time (Golder and Macy 2011), Traditionally
used for system optimization and management, these systems

are increasingly accessible to the general public. Mobile devices and
personal technologies can inform users of the current conditions
of the infrastructures and resources with which they interact on

a daily basis.

The availability of this data via new personal technologies
allows individuals to change behaviors in response to the current
situation of their environment. A person might leave home at a
certain time to beat traffic, timing departure according to real-time
information rather than routine or habit, for example. Or an indi-
vidual might remain at work just a bit longer to avoid rain during
their bus commute, drawing information from real-time meteo-
rological stations.

While the breadth and volume of information is growing,
there are few public measures of the relevance of this data, how
it alters human interaction with urban infrastructure. We note the
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number of users, but neglect the quality and manner of use.

This research is aimed at describing those measures: whether there
is use and appreciation of real-time urban data, and how the infor-
mation affects the decision-making processes of citizens at an
individual level. Here, we take a certain population in Singapore,
the subject of this case study, for our exemplar.

To borrow a term from engineering, this research is con-
cerned with the actuation of the data. Technological measures of
real-time data usage, such as records of API requests or the amount
of data transferred, have already been established. This study
looked beyond the movement of data, and endeavored instead to
examine the end user: focusing on the perceptions and actions,
if any, that resulted from use of the data. Further, while some stud-
ies of real-time information focused on isolating realms of tech-
nology, such as transportation alone, there is still an opportunity to
understand its implications broadly, both from the direction of
access, and from the ultimate use of that data for action.

For many planners, these technological services are the
means to empower the individual citizen to use and move through
the city more smoothly. People can depend on concrete infor-
mation, rather than intuition or memory to enhance their interaction
with the urban environment. In addition, they can contribute
feedback on the performance of the services they use. More and
more cities are equipping their public transit with real-time data
feeds. Energy companies are installing so-called smart meters
with mechanisms for customers to monitor their energy use in real
time. The sources of technological innovation are creating more
products to sell to cities for their own monitoring and evaluation
purposes. While the use of these technologies is unprecedentedly
widespread, current analysis fails to measure the end-user expe-
rience. Studies rely on remote measures, interpreting general use
by the number of API calls onto the network by software applica-
tions, or number of reports submitted, rather than the experience of
the end user, the citizen.

The assumption often made with regard to this technology
follows the mantra of “If you build it, they will come”- the more
opportunities for open and real-time data, the more citizen users
(Williams et al. 2008). The growth of these technologies is indisputable.
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It is expected by decade’s end, more than $ 108 billion will have
been invested in the implementation of smart urban technologies
(Navigant Research 2010), However, without an understanding of the
user’s experience, we cannot understand how and where these tools
have leverage, and whether the investments have actual impact

on the everyday lives of citizens. These measures can better inform
the process by which data may empower individuals to live more
efficiently, by understanding how much they want to be.

Singapore as Case

Singapore is a unique, potentially prophetic case. Cultural and
economic factors made the nation well suited for this study in par-
ticular. It was possible to test how individuals used and appreciated
available real-time data.

The country’s focus on technology has roots in Singapore’s
historical role in trade and commerce with the rest of the world.
The city-state became a fully independent republic in 1965 upon its
separation from the newly founded Malaysia, formed by the union
of Malaya, Sabah, Sarawak, and Singapore in 1963. Independence
was followed by the departure of the British military and the largest
employers from the island, and the movement toward a heavy
reliance on foreign direct investment and multinational corporations
seeking cheap land and cheap labor for economic growth. This lead
to the emergence of Singapore as one of the four Asian economic
“tigers.” In the latter half of the 1980s, Singapore’s economy began
a shift away from cheap manufacturing toward a strong service
sector in addition to “value-added” advanced manufacturing,
finance, and trade. To facilitate this shift, economic planners real-
ized the importance of information technologies as a strategic
thrust for development.

The government established the National Computer Board
(NCB) in 1981 “to drive Singapore to excel in the information age
by exploiting IT extensively to enhance our economic competitive-
ness and quality of life” (Mahizhnan 1999). The NCB published the first
National IT Plan in 1986, which aimed to develop public and private
sector IT capabilities, all the while enhancing the country’s overall
economic competitiveness. The subsequent plan, A Vision of an
Intelligent Island: IT2000 Report, released in 1992, examined how
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the results of a more pervasive and connected IT could make
Singapore a major economic hub of the world: “In our vision, some
15 years from now, Singapore, the Intelligent Island, will be among
the first countries in the world with an advanced nationwide
information infrastructure. It will interconnect computers in virtu-
ally every home, office, school, and factory.” (National Computer Board,
Singapore 1992)

More than simple export-oriented economic plans, the ambi-
tions were seen as infrastructure, an integral part of the holistic
development of Singapore. The government has estimated public
sector spending on urban information and communication tech-
nology (ICT) infrastructure will reach US $1.2 billion in 2013, up
4.8 percent from five years before, with an additional US $2.6 billion
as part of a larger technology master plan (infocomm Development Agency
2005). Concomitant to the development of Singapore’s economic
growth, however, were the increasing pressures on its urban infra-
structure. Quite literally, Singapore could not easily grow. Much
of the technological investment as a result went toward real-time
urban infrastructure for the management and operation of the
island’s urban infrastructure. Together, the milieu of economic and
urban conditions led Singapore to becoming a “smart city.”

While the government has made a strong commitment to technology
and the availability of data, there has not yet been an evaluation
on the adoption and perceptions by the public that is targeted.
Singapore offers a good environment to test the potential of real-
time information; this is a technologically savvy population,
where the concerns of the availability of technology for adoption
are muted as a result. As such, it provides a unique location for
one to evaluate the perceptions of real-time information as
the traditional barriers to adoption and use are of less concern.
Already, the number of mobile phones owned by the survey
respondents exceeded the number of individuals responding.
This figure is not unsurprising for the island, as the mobile phone
> The United States, by subscription rates are 145.24 per 100 individuals,” and nearly
:(Eﬂiﬁ‘;:;?ﬂii? 7 in 10 had access to the Internet (Singapore Department of Statistics 2012), This

per1i0oand HongKong ~ research also found that many were familiar with real-time infor-
179-39 per100. mation. This research found that when individuals were asked
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to evaluate their own familiarity of real-time information and real-
time data, §9.6 percent noted some familiarity with the concept.

A country in some ways ahead of the times, Singapore may prove
representative of what is to come across the globe, as smart

urban technologies continue to proliferate.

Methodology

An initial survey tested perceptions concerning data and the reasons
behind its use. From the larger Singaporean population, govern-
ment employees were selected for study based on their familiarity
with technology and their access to various types of technology
through their daily professional work. A total of 3,221 employees
were solicited to respond to the survey, representing about 20
percent of the Singaporean government. A qualitative analysis was
also performed to provide a contextual understanding of real-time
data usage at the time of decision making. This component of

the project focused on observing how individuals used and sought
information at several transit stations across the island. This
research provided insight into how the responses from the mobility
section of the survey translated into actions.

On the Move

Real-time data for mobility is perhaps the domain where one can
find the most opportunities for access. In this regard, a majority

of respondents “use real-time information to inform [their] mobility
and transportation plans”; more than two-thirds have sought real-
time transportation information. Individuals are currently seeking
information regarding their daily transportation plans - both
public transportation and road and traffic conditions. The reasons
for which individuals seek data and change modalities fall into
three general categories: (1) money; (2) time; and (3) ease. For most
people, the primary motivation to change travel plans is to save
time. Other reasons frequently given by subjects were to make the
trip easier to manage, to optimize their tasks and errands, and

to make the whole trip feel “smoother.” Saving money as a reason
to change plans came fifth on the list. We might speculate that this
is because of the relative low cost of the transportation system in
Singapore. These findings were also reinforced by the respondents’
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written comments; the majority of participants stated that they use
real-time information to change their commute to save time or to
reach their destination faster.

Item Before Data With Data A, ink
X n X n SD
3.5 ..070 37 45 08 07
24 3.2 75 093 0.8
Public Rail (MRT/LRT) o 27 T 2.85 89 1.02 0.2
B T s e 573 o
e e oes os

Note: 1=Not pleasurable, 2=Somewhat not pleasurable, 3=Neutral, 4=Somewhat pleasurable, 5=Pleasurable

Table 1. To evaluate a qualitative response to real-time transportation
Comparing between
users of real-time data,
andthose whohavenot: commutes were before and after their use of real-time information
How pleasurable is your
average trip?

information, individuals were asked to rate how pleasurable their

across transportation modalities. If an individual did not use real-
time data, they were asked to speculate their emotional response to
gauge the level of expectation. As seen in prior literature, individuals
responded that the use of the data made their commutes more
pleasurable, although the perceived improvement was slightest with
the public rail (MRT and LRT) systems. This is likely due to the
regularity with which trains arrive, often at an interval of less than
five minutes. In the case of pedestrian traffic, the expected improve-
ment was more than 100 percent greater than the actual per-
ceived shift. This imbalance of expectations could lead to distrust
of the open-data initiatives, even though they operate as planned.
The one notable exception is regarding the use of public bus
information; those who did not currently use the data expected less
improvement than seen with users.

While there is an effect of real-time information on how
pleasurable the commute is, which has been seen in prior research
as noted above, we find an interesting phenomenon that individ-
uals do not often change their routines all the time as a result of the
insight gained by the data. One can speculate that individuals are
enjoying their wait more. When asked if the real-time information
gathering has resulted in a “[purposeful change in] the time
you spent waiting for your mode of transportation,” 57.§ percent
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responded “sometimes” and 16.5 percent responded “never,” while
19.7 percent responded “often” and only 6.3 percent regularly
changed their wait time. Similarly, individuals infrequently changed
their choice in travel mode (e.g., switching from the MRT to a bus
or to a taxi). A majority said they sometimes change modes (65.4
percent), while 21.3 percent said they never do. Of the remaining,
11.8 percent said they often change modes, while only 1.6 percent
would often change.

These findings, however, seem to contradict the earlier
finding of people wanting to reduce commute and wait times. As
for the question of mode shifts, one reason for this may be due to
the population’s general reliance on the bus system over other
modes, and the duplication of buses serving certain routes in the
central area of the island. For instance, the People’s Park Complex
bus stop is serviced by eight buses that run along Eu Tong Sen
Road, which means that it is convenient to stick with bus services,
even if current information informs commuters of a delay in
regular service.

Conveying the Message

With regard to transportation, much literature highlights the mixed
success of at-stop real-time information signage in affecting the
perceived reliability and wait times for public transportation (Al-Deek
et al. 1988; Boyce 1988; Dziekan and Kottenhoff 2007; Dziekan and Vermeulen 2006; Schweiger
2003). But with the costs involved with installing and implementing
various mechanisms for access, the issue of where people access
the information is salient when trying to make the data as useful as
possible for the general population. The difficulty in creating access
plans is the variety of ways in which people use the data in their
decision-making process.

Literature noted the importance of where information is seen in
changing behavior related to energy consumption; it has to be regu-
larly seen in order to change our autonomic actions related to
resource usage. That is to say, the importance of both location and
access to information are relative to when we make decisions.

For transportation data, the challenge is that a large percentage
noted that their data use came only after their plans had been
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made; the data served to help in deciding mode shifts or smaller-
wait-time changes. Individuals during the qualitative analysis
said the same. The data came later in the decision-making process.

Fig. 1.

At Harbourfront, both at
the MRT station and the
bus stop, individuals can
be found using their
mobile devices as means
of distraction, but also
information gathering.

The importance of smartphones and tablet computers in this
society should not be underestimated. In both the survey and the
observations, individuals have a clear relationship with their devices
(figure 1). At any bus stop, or on the MRT, a significant number of
individuals can be found using their devices to chat with friends,
play games, surf the Internet, etc. Itoetal. 2005) recognized in Japan
a similar culture, where digital devices increasingly mediate social
life in public transportation. Specifically, device use is visually
based within this environment; phone calls are increasingly infre-
quent and often considered rude.

Various agencies in the government are now sharing their
data over APIs to allow the public to access the data and to develop
tools at large. The one exception is the agencies related to public
transportation. In May 2011 SBS Services, one of two public bus
transportation providers, closed its API to developers for use in their
applications (Yap20u). This action rendered several independent apps
and services unusable. What remained was SBS’s own Iris appli-
cation, with full functionality of real-time bus information. It does
get a lot of use by the public as a tool for trip status and planning,
but many individuals chided it as unintuitive, without relevance, and
difficult to use. With the recognition that respondents overwhelm-
ingly see their smartphones as their preferred access point for data,



a larger discussion about the openness of data and its availability
across spectra for multiple user groups is warranted: the preferred
method of access by users might be worthy of greater focus than is
in place at present.

The creation and sharing of these sources of real-time
information may come from a variety of sources, and each comes
with its own benefits and drawbacks. It is unsurprising that this
survey population would have a high degree of trust in government-
sourced information. In the domains of mobility, environmental
quality, and safety and security, the respondents noted, on average,
that they trusted the real-time information a majority of the time
(table 2), There is trust of nonpublic-sourced information, such as on
television, or broadcast news as well, but to a lesser degree. Further,
there is trust of crowdsourced information, which in many cases
can be quite accurate, but to the smallest degree of the three.

Item ‘ X n sD
Mobility

Official Public Sources (e.g., government) 3.19 124 0.46

Nonpublic Sources (e.g., private news televisic 2.88 124 0.45

Crowdsourced 2.56 124 0.59
Environmental Quality

Official Public Sources (e.g., government) 3.22 120 0.48

Nonpublic Sources (e.g., private news telev 2.96 120 0.44

Crowdsourced 2.49 120 0.57
Safety and Security

Official Public Sources (., governmenyy 3.20 121 0.50

Nonpublic Sources (e.g., private news television, non-government apps) 2.96 121 0.46

Crowdsourced 2.54 120 0.62

Note: 1=Always distrust, 2=Distrust majority of the time, 3=Trust majority of the time, 4=Always trust

Table 2.

How much do you trust
the following sources of
information?

48

Trust of this information is necessary for one to change their
habitual or intuitive actions, and repeated incorrect data could
lead to resentment and distrust. However, as this survey population
may be employed at agencies that also create government-sourced
data sets, or the data used may be the same data these individuals
have access to in a professional capacity, it is unsurprising there
is a higher level of trust placed on this government-produced data.
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The issue of trust of the data becomes important when one
is seeking behavior change; and trust is difficult to obtain.
Overwhelmingly, the survey respondents noted their trust of gov-
ernment-provided real-time data over that from other sources.

This could be due to the familiarity these government employees
have with the source of the data, or the data itself from regular
professional work with it. Repeatedly, however, respondents ques-
tioned from the qualitative research noted a distrust of the real-
time transportation data. Some mentioned that it was merely
propaganda from the government, while others could not reconcile
the schedule shown with their intuitive knowledge of a bus’s
performance.

A major challenge for the acceptance of real-time informa-
tion in planning and decision making is precisely due to the fact
that it is real-time. The fact that waiting times can count upward, or
hold for several minutes due to unpredictable transport conditions,
can be confusing and frustrating for the average user, and appear to
be unreliable or untrustworthy. In a way, it is like the general dis-

Fig.2. trust of the weatherman: We listen to the forecast, but know that it
Amanchecksaprinted 1S likely to be inaccurate. The irony is that many individuals, during
;‘hed”,'e forthenext 1> qualitative research, used the at-stop real-time signboards in

us arrival at People’s
Park, even though a tandem with referring to printed bus schedules - measuring static
digital signboardisjust g hedules against the actual real-time information. This was partic-

above the sign heis ] . ,
looking at. ularly true with the older bus riders at People’s Park (figure 2),
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This sentiment of distrust works against the heavy invest-
ments into signage and infrastructure to support the availability
of real-time information. Surprisingly, there were signs describing
the real-time information on the at-stop signboards, even though
printed maps tend to have a small key to interpret that information.
Education about this information to the larger public may be a
worthwhile consideration as this information becomes more avail-
able across the island.

Experience with data is a key to trusting it. One could spec-
ulate that demographic characteristics associated with “tech savvy,”
like educational attainment or age, would be predictors of trust.
However, no significant association between trust and education or
age could be found.

Conclusions
The challenge of measuring perceptions is that they change over
time. Changes in technology, the increased familiarity of certain
devices, and the ever-changing economic and societal pressures on
individuals can drastically alter the findings of a similar research
endeavor in the future. This research does offer a yardstick, and
a different perception on data within the milieu of the present, with
current technology and contemporary citizens.

Comprehensively, the mentality of “if we build it, they
will come” with regard to data has served Singapore well - largely
because Singapore has the capital to take risks in creating tools
for data access across modalities. However, with the insight from
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this research, it may be both more efficient and effective to target
specific habits and routines as places of intervention, focusing

on how users actually use the breadth of real-time information
available on the island. The general trend is toward openness about
the data, but especially with ambitions toward augmenting be-
havior, a specific focus toward targeted and focused interventions
may be more effective than the current “shotgun” approach to data

availability.
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Tracking Waste to
Reduce Waste

Introduction

One of the most promising applications of urban sensing is to pre-
sent data to citizens in a way that reveals normally unseen processes
in the city. These could be short-term ephemeral processes like
air-quality variation and traffic congestion on nearby roads, or they
could be long-term processes like growing crime incidence and
climate change. Each application is an opportunity to improve
awareness of a particular problem and evoke some sort of response
from citizens, either through a change of opinion or a shift in be-
havior, which could spark larger debate and positive action.

For most cities, building a new infrastructure of electronic
sensors remains prohibitively expensive. A cost-effective alter-
native to this is participatory sensing, where many volunteers
perform sensing tasks independently and contribute their data to
the whole picture (Paulos etal. 2009). For example, citizens blogging
photos of dying street trees could cost less than installing sensors
to monitor every tree in real time.

Such approaches engage the greater community and make
sensing more transparent and perhaps less threatening (Burke etal.
2006). Additionally, while data collected from nonexperts might be

52
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less robust for science or policy research, it could be more appro-
priate for feedback to citizens (Duttaetal.2009). For instance, if we

want to report air pollution to pedestrians, we should measure it at
street level where they are densest, rather than atop streetlights
and buildings. We still lack a good understanding of how we might
perceive data differently if we participated in collecting them.
Having citizens help measure phenomena that are not plainly visible
(like rising ozone pollution in the lower atmosphere) could prime
them to trust the results more than if they were simply broadcast

by experts. Citizens who have already invested time in revealing a
problem might be more likely to change their behavior as well. How-
ever, participating might also make us less confident in data, per-
haps by showing firsthand the practical limits or flaws of the process.
Any of these could have profound implications for urban sensing.

Trash Track
Trash Track began with a simple idea, to understand where our
garbage goes once it has left our sight. Technology now enables us
to track the movement of any man-made object from its creation
to its disposal, and the systems governing where our trash ends up
are both incredibly complex and rarely understood. Waste travels
an elaborate network of transfer stations, landfills, and reprocessing
plants by truck, train, boat, and plane, and is constantly rerouted
by regulations and markets. We wanted to understand how well this
infrastructure functions and how individual actions, such as throw-
ing away a mobile phone, translate into wide-scale consequences.
In October 2009 the MIT SENSEable City Lab studied the
movement of trash through the Seattle waste-removal system using
remote tracking sensors. Researchers from the Lab traveled to
Seattle to deploy 2000 GPS tracking tags; each tag was attached to
a separate trash item, then thrown away at some location in the
city (Boustani etal. 2011), We asked Seattle residents to volunteer through
the Trash Track website; selected volunteers provided trash items,
helped catalog and attach tags, and deployed trash into the removal
stream. Figure 1 shows how we worked with volunteers at their
homes to prepare the trash items.



Fig. 1.

Volunteers help with
distributed sensing by
identifying trackable
trash items, attaching
the tags using protective
quick-setting foam
adhesive, and throwing
these items away.
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Over the following two months, we remotely tracked the location of
each tagged piece of trash. We then visualized these paths in maps,
animations, and videos, presenting them in public exhibitions and
websites. This allowed both volunteers and the general public to

see the “second life of trash” in real time, after it was thrown away.
From such maps it was clear that trash could end up traveling far
beyond the city limits, across state and country borders, especially
electronic and hazardous waste. The method and direction of trans-
port could thus mean a great difference in the energy and emissions
impact of that waste.

By having their trash “talk” to them, we sought to connect
people with an urban infrastructure that is both ubiquitous and
inscrutable. Revealing the unseen processes of waste removal could
increase awareness of the environmental impact of individual
waste generation, and encourage citizens to act more sustainably.
This information would inform infrastructure planning at the
city, regional, or international scale, as well as trash-disposal deci-
sions at the individual, human scale.

During our study, we surveyed volunteers from this experi-
ment to measure how they understood and reacted to the real-time
maps of their trash’s movement. We also surveyed nonvolunteers
to determine if they reacted differently. We wanted to know: Did
the experience of helping to deploy the sensors alter how the volun-
teers viewed the results? If we want to use Trash Track to change
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attitudes or behavior on a large scale, does it help to have citizens
participate in the tracking?

Methodology
A total of 84 volunteers participated in the Trash Track project, over
two weekends in the month of October 2009. We remained in
contact with each of the volunteers since completing the tag deploy-
ment; they constituted group A of the study.

Group B comprised of members of the general public who
visited the Trash Track website. Because they did not participate
in Trash Track in any way prior to viewing the data, they acted as the
control group. They were recruited through e-mail announcements
of the website launch through the same social networks used to
recruit the original volunteers.

Tracking Results Website Interface

We collected the trajectories of each trash tag in real time over
three months, in the form of time-stamped geographic coordinates.
We overlaid these raw trajectories on a Google Maps mash-up,
with custom icons showing the first and last known locations and
a line tracing out all points in between. Users could view the

paths of each trash item individually, or see the latest known loca-
tions of a batch of trash tags. The user could choose to filter by
type of trash, or to see only their own trash (for volunteers who pro-
vided items). Figure 3 illustrates the two basic views of the Web
interface. Since the data shown was generated in real time, the actual
results shown would change during the months following initial
deployment.

We asked each participant in these two groups to complete
two surveys, one prior to viewing the tracking results website and
one afterward. The survey questions attempted to capture the ways
individuals responded to the Trash Track data. Both the presurvey
and postsurvey asked Likert-scaled questions on the subject’s
current attitudes and beliefs in the impact of their decisions on the
environment. Subjects were asked about their attitude toward
waste generation and disposal, as well as how often they took cer-
tain sustainable actions like recycling and bringing e-waste to
designated disposal sites.
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Fig. 2.
Visualization of the trajectories of every trash item tracked in the experiment.
Visualization: Dietmar Offenhuber, SENSEable City Lab 2010
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Fig. 3.

An example of the Web
interface presenting the
data results of Trash
Track to the public. On
leftis the view of a
single item’s trajectory;
on therightisan
aggregated view of
where many tags have
ended up. White
markers represent
transfer stations and
disposal sites local to
Seattle.
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We tested two hypotheses:

(1) Both before and after viewing the Trash Track data
traces, volunteers and nonvolunteers held different attitudes and
reported different behaviors related to trash disposal.

(2) Viewing the Trash Track data led to a change in atti-
tudes and behaviors. The nature of this change differed for volun-
teers and nonvolunteers.

Results

Using an online survey tool, we polled more than 200 visitors

to the Trash Track website before they were able to view the data
traces from the tag deployment. A month later, we contacted
every participant with a request to take the postsurvey, with 70 of
the original participants completing this follow-up questionnaire.
From these 70 responses, 32 were volunteers from the Seattle
deployment, and the remaining 38 were website visitors who had
not volunteered.

We first compared average responses among the two
groups. Volunteers placed higher faith in local disposal and recy-
cling systems, and understood where their trash went after
disposal. They also sought to reduce their waste footprint and
recycle more after viewing the Trash Track data, significantly
more so than nonvolunteers. In contrast, viewing the data traces
closed the gap between nonvolunteers and volunteers, who at
first seemed more confident knowing the locations of hazardous-
waste disposal and how Trash Track worked.
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Ordinal logistic regression models further revealed how
volunteering correlated with stronger responses to sustainability
questions. Volunteers were more likely to consider the amount
of packaging waste that came with purchased products. They were
more likely to believe in the efficiency of waste-removal systems
and the effectiveness of curbside recycling. The same models
showed that in general, subjects only changed their responses to
two of these questions after viewing the data traces. When con-
trolling for the different aspects of the Trash Track traces that they
investigated, both volunteers and nonvolunteers felt an improved
understanding of where their trash went and how the Trash Track
system worked.

A final regression model tested whether volunteers changed
their responses between surveys in significantly different ways
from the nonvolunteers. This model revealed three things:

(1) On the presurvey, volunteers were more likely to
indicate knowing the locations of hazardous disposal sites than
nonvolunteers.

(2) Nonvolunteers were more likely to indicate knowing the
locations of hazardous disposal sites after seeing the Trash Track
traces.

(3) Volunteers experienced the opposite effect upon seeing
the Trash Track traces. They were less likely to indicate knowing
the locations of hazardous disposal sites on the postsurvey.

Concluding Remarks

In summary, the models show that, while the information feedback
from Trash Track did significantly change some people’s under-
standing of trash issues and sensing technologies, it did not signifi-
cantly change their attitudes or behavior toward trash generation
and disposal.

Volunteers involved in executing the experiment reported
engaging in more frequent sustainable behavior. On average, they
tried to reduce their waste impact by reusing items, minimizing
packaging, and recycling when outside the home more often than
nonvolunteers. They also expressed more confidence in the effec-
tiveness of the waste-disposal system and their own understanding
of it. Yet, these effects did not completely linger in the long term.
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Past the “high” of participating in the experiment and seeing its
results, volunteers lost or gained little in the following months. The
memory of the event might have faded over time, without new
information or ways to participate beyond that initial engagement.
The three significant changes between the presurvey and post-
survey were in knowledge-based questions. Both volunteers and
nonvolunteers reported significant differences in how well they
understood where their trash went, how the Trash Track experi-
ment worked, and where hazardous-waste disposal sites were
located. As an experiment in creating awareness, then, Trash Track
achieved some success in explaining how the waste stream works
and how tracking technology can be used to reveal its path.

At the same time, the opposite ways that volunteers with
the project and nonvolunteers changed their responses to the latter
question (knowing where hazardous-waste disposal sites were
located) points to another, potentially positive outcome of viewing
the traces. For some, the traces revealed previously unknown
facts about where these materials are disposed. For others,
the traces demonstrated that the system was more complex and
unpredictable than they had previously thought, forcing them
to reevaluate exactly what they knew and did not know about prac-
tices in their city.

We must be careful about drawing broad conclusions from this
study, considering the inherent problems of self-selection and ceil-
ing effects in using voluntary surveys. In the context of waste
disposal, we must study these effects further, in more controlled
settings with a larger sample population, in order to understand
how participatory sensing supports citywide behavioral change.
From free-response questions on our survey we found anecdotes
that indicated some discrete attitude and behavioral changes:

o “[Trash Track] made me more aware of details on how to
dispose of certain items. Before, I had been too lazy to look up
where to take an old laptop or light bulbs. I didn’t want to throw
them away, so they just stay around. Trash Track made me moti-
vated to learn the proper disposal process for such items.”

+ “Drawing the connection between my garbage and where
it goes creates a sense of responsibility. Hopefully it will help me
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bridge the gap between my consumer choices and making the planet

a little cleaner.”

We believe such quotes reflect the potential impact of participatory
sensing projects, and future projects should try to reliably effect
lasting change. For instance, a focus on electronic waste items and
their sometimes long, unpredictable trajectories could engage
participants over a longer period of time. The risks presented by

unsafe e-waste disposal are more immediate and severe, and

citizens often have more options for disposal that can be tracked
and compared. A crowdsourced e-waste tracking project, with
independent deployments in homes across the world, could yield
valuable data for the collective, while revealing best practices to
the individual.

Fortunately, the technology behind sensing trash locations

is advancing and becoming increasingly scalable, allowing for more

accurate, real-time feedback to citizens. How this feedback can

encourage sustainable behavior, and transform social normes, is

worth further careful study.

We would like to acknowledge the
Trash Track team and volunteers

in Seattle who helped execute the orig-
inal experiment; Qualcomm, Waste
Management, Sprint, and City of
Seattle (Office of Arts and Culture
Affairs, Seattle Public Utilities,

The Seattle Public Library), and all the
SENSEable City Lab Consortium
members for material and technical
support.

SE

Boustani, Avid, Lewis Girod, Dietmar
Offenhuber, RRex Britter, Malima I.
Wolf, David Lee, Stephen Miles,
Assaf Biderman, and Carlo Ratti.
2011. “Investigation of the Waste-
Removal Chain through Pervasive
Computing.” IBM Journal of Research
and Development §5, nos. 1/2
(March): 119-129.

Burke, Jeffrey A., Deborah Estrin,
Mark Hansen, Andrew Parker, Nithya
Ramanathan, Sasank Reddy, and
Mani B. Srivastava. 2006. “Participa-
tory Sensing,” World Sensor
Web Workshop, ACM Sensys 2006,
Boulder, CO, October 31,2006.

Dutta, Prabal, Paul M. Aoki,

Neil Kumar, Alan Mainwaring, Chris
Myers, Wesley Willett, and Allison
Woodruff. 2009. “Common Sense:
Participatory Urban Sensing Using

a Network of Handheld Air Quality
Monitors,” Proceedings of the 7th
ACM Conference on Embedded Net-
worked Sensor Systems. New York:
Association for Computing Machin-
€ry, 349-350.

Paulos, Eric, R. ]. Honicky, and Ben
Hooker. 2009. “Citizen Science:
Enabling Participatory Urbanism,” in
The Handbook of Research on Urban
Informatics: The Practice and Promise
of the Real-Time City, edited by
Marcus Foth. Hershey, PA: Informa-
tion Science Reference, 414-436.



Manhattan

7/
Brooklyn
J s
/ / =

Staten Island

Fig.1.

The visualization shows how different neighborhoods reach out to the rest of the world via the
telephone network. The city is divided into a grid of 2-kilometer square pixels where each pixel is
colored according to the regions of the world wherein the top connecting cities are located.
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Fig. 2.
The volumes of Internet data flowing between New York and cities around the world. The size of
the glow on a particular city location corresponds to the amount of IP traffic flowing between that

place and New York City. A greater glow implies a greater IP flow. Visualization: Aaron Koblin,
SENSEable City Lab 2008
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Francisca M. Rojas

New York Talk Exchange:
Revealing Urban Dynamics
through the Global Tele-
communications Network

)

Introduction

This study is based on the MIT SENSEable City Lab’s New York Talk
Exchange project, which created several visualizations of telephone
calls between New York City and the rest of the world using data
from September 2008 (Rojas et al. 2008). This study analyzed that data
further to better understand how telecommunications flows can
reveal otherwise invisible global dynamics of urban places. To which
areas of the world is New York most intensely connected through
the telecommunications network? Which neighborhoods are the
most global when measured through international telephone calls?
And what may be the purposes of those global telecommunications
links?

The use of telecommunications data to understand urban dynamics
and inform urban planning and policy is not a new approach. Ithiel
de Sola Pool notes that as early as 1915, “telephone companies were
the principal source of systematic demographic information on
urban and neighborhood growth trends and characteristics.” (1983, 42)
Almost a century ago, the availability of these data led to the growth
of the field of urban planning. In the mid-1950s the geographer Jean



! The share of the inter-
national telecommu-
nications market in New
York City held by the
telecoms provider
involved in this study
is not publicly available,
but according to the
FCC’s 2007 International
Telecommunications
Data report, in 2004 this
company generated more
than one quarter of the
total billed international
minutes in the United
States.
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Gottmann also recognized the value that could be extracted from
flows of information for studying cities. Gottmann analyzed AT&T
domestic long-distance call data from New York in Megalopolis
(1961), where he proposed that by understanding the density and
directionality of information links between places, we could also
understand something about the activities rooted in those locales.
“The density of the flow of telephone calls is a fairly good measure
of the relationships binding together the economic interests of

the region. Telephone calls represent not only economic and gov-
ernmental relationships but also social and family links.” (Gottmann
1961, 500) A half-century later, the digital traces generated by the city
allow us to pick up on this approach and investigate links on a
global scale.

The Data
The analyses in this study rely on three sources of information:
(1) aggregated long-distance telephone call records provided by a
major US telecommunications carrier; (2) neighborhood demograph-
ics drawn from the US Census; and (3) fieldwork consisting of
semistructured interviews and observation in select neighborhoods.
The call data includes long-distance telephone traffic between
New York City neighborhoods and more than 200 countries around
the world. The number of calls and the sum of call minutes between
two locations are aggregated into ten-minute increments for every
day of September 2008. This includes calls made via landlines, wire-
less phones, and prepaid calling cards. Within New York, the calls
are geographically located and aggregated on the scale of a wire cen-
ter, or telecoms switching station, dividing the city into 67 distinct
areas for analysis. The demographic data is joined to the call data on
this same geographic scale. We estimate that the data analyzed in
this study represents about 25 percent of the total international call
traffic for the city." This is the figure used to normalize call data in
the analyses presented for this study.

Twenty-four semistructured interviews were carried out in
upper Manhattan and central Queens, two areas of the city with
a high intensity of international calls. Interview questions mirror the
call data by asking subjects about the frequency of calls in a month,
length of conversation, mode of call, and cost. This approach
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facilitates the interpretation of the quantitative analyses, helping to
determine, for example, whether the calculation of call minutes per
capita looks reasonable and if the weekly call pattern coincides
with people’s lived experience.

A Dual Geography of Talk

Prior analyses of international practices in global cities suggests that
New York City’s counterparts in globalization should be primarily
its business partners: London (UK), Tokyo (Japan) and Frankfurt
(Germany) (Sassen 2001, 2002; Derudder 2008). A few studies on global cities
discuss how information and communications technologies (ICTs)
also enable transnational practices among migrants, with cheap
phone calls in particular acting as the “social glue” that binds immi-
grants to their countries of origin (Levitt and Glick Schiller 2004; Vertovec 2009).
By analyzing calling destinations from one of the world’s most
emblematic commercial and immigrant cities we should expect
telecommunications flows from New York to link both to the city’s
global business counterparts and to its corresponding migrant-
sending countries.

In examining New York’s long-distance calls according to
their international destinations we see that among the top ten
calling counterparts for New York City, seven are migrant-sending
countries to the city and only three are notable business partners.
Table 1 shows the share of call volume by country alongside figures

* Theanalyses presented  on New York’s foreign-born population and US trade partners.”
here use outgoing call
minutes as the standard
base of analysisinstead  and are also the top two sending countries within New York’s
of the number of calls.

The Dominican Republic and Mexico are ranked first and second

o foreign-born population. Meanwhile, the three countries with obvi-
This is the protocol by

which the Federal Com-  ous business relationships to the city, using US trade data as a

ZSELC;;?ZISeZZ?;;;hY proxy, are the UK, Canada, and Germany. A third type of country
base their measures emerges from this list, those that have both a trade relationship
and analyses. with the US and that send migrants to New York: Mexico and India.
Alook at per capita GDP for each of these countries suggests that,
with the exception of Mexico and India, strong economies tend
to trade goods with the US, while weak economies tend to export
labor to the United States.
Examining call volumes by country is informative but may

obscure the gravitational pull of New York toward a particular
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Guatemala

World Region Call Destination | Call Destination | NYCForeign- | USAImport |USAExport |PerCapita |Type
from NYC from USA Born Partner Partner GDP of

(%) (%) (%) (%) (%) (USD) Link

C.America/Caribbean 11.7 2.3 13.1 0.2 0.5 4,179 M

3 ™

0 7 M/T

Note: M=migrant, T=trade partner, M/T=migrant and trade partner

Sources: compiled by author from data from large US telecommunications provider, US Census 2006-2008 American Community Survey (ACS), Federal
Communications Commission 2009, IMF Direction of Trade Statistics 2008, International Telecommunications Union Basic Indicators 2007

Table 1.

Comparison of top ten
destination of calls from
New York City ranked

by percentage of total
international call min-
utes for September 2008
with the corresponding
percentage of US total
international calls (2007),
NYC percentage of
foreign-born by country
of origin (2006-2008),
US trade partners (2007),
and Per Capita GDP
(2007).

The Central America and
Caribbean region does
not include Mexico,
which is considered to be
part of North America.
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region of the world. Measuring the volume of calls by world region
(figure 3) reveals that the city has a strong relationship with Central
America and the Caribbean, reflecting the strength of migrant links
to the city.® By being principally oriented to Central America and
the Caribbean (30 percent of total international calls), followed by
Europe (23 percent) and North America (16 percent), New York
diverges from the national US trend in terms of its global links
through telecoms. International calls from the United States as a
whole are generally destined for North America (29 percent), Asia
(20 percent), and Europe (15 percent) (FCC2008), consistent with
the country’s principal trading partners (MF 2008).

New York’s calling destinations represent a mix of commer-
cial partners and immigrant-sending countries and thus reveal a
dual geography of international telecommunications links. In terms
of engaging telecommunications as a tool for transnational activity,
migrants appear to be on equal footing with global corporate in-
terests in generating considerable international call volumes out of
New York.

Migrants and International Calls
Migrants’ influence on the volume of New York City’s international
calls can be examined further by seeing if the concentrations of
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International calls

from New York by world
region (September 2008)

Not all 223 countries rep-
resented in the call

data are included in the
regressions reported

in figure 3 because the
2006-2008 American
Community Survey does
not list country of origin
data for as many coun-
tries as New York’s
neighborhoods connect
to over the telephone.
Nevertheless, up to 69
countries are represented
by data for call minutes
and foreign-born popula-
tion in each borough.

| T I I
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outgoing international call traffic (%)

Source: Large US telecommunications provider

particular foreign-born groups in the city’s five boroughs match up
with the volumes of call traffic destined for different countries.*
This analysis employs a simple regression by borough (Bronx,
Brooklyn, Manhattan, Queens, Staten Island), where the destination
countries of phone calls from that borough are regressed on the
country of origin of each borough’s foreign-born population. This
regression model log transforms the two variables to normalize the
distributions and linearize their relationship.

The fit of the regression model is strongest in Manhattan,
where the foreign-born population model accounts for 67 percent
of the variability in international call volume. We find that for a
10 percent increase in Manhattan’s foreign-born population from
a given country, on average we can expect 10 percent more
minutes of talk to that country from Manhattan per month. This
interpretation is also valid for Brooklyn and Queens. While these
results imply an almost one-to-one association between the presence
of foreign-born groups and the volume of calls to their countries
of origin on the borough scale, by not controlling for income by coun-
try of origin these results may be less precise than desirable. Never-
theless, finding that foreign-born groups and calling destinations
by country statistically coincide supports the premise that commu-
nications flows can inform us about urban dynamics on a subcity
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able to establish a relationship between migrants’ countries of
origin and their calling destinations.

Finding a relationship between the origin and destination
of telecoms flows on a neighborhood scale presents the possibil-
ity of updating the century-old planning practice of using tele-
phone data as an indicator of demographic change and growth in
the city. In an age when the function and management of urban
areas is increasingly digitized - GPS-enabled transit systems
already communicate the whereabouts of a bus in real time - and
where powerful computation can easily analyze these resulting
data sets, the information cycle between city function and city
manager could become instantaneous. It is conceivable that the
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Population Division of New York City’s Department of City Plan-
ning may be able to use data about the origin and destination

of international phone calls to generate estimation algorithms that
predict migrant flows into and out of the city on a neighborhood
scale on a regular basis. Given the importance of migration to
the city’s vitality, such an approach could both expedite the city’s
enumeration efforts without relying entirely on the US Census’s
efforts, which notoriously undercount foreign-born people,
particularly those who are undocumented migrants, and provide
information on a scale of spatial aggregation below that of the
Community District level.

Extroverted Neighborhoods

To determine which areas of the city are the most oriented abroad,
or “extroverted” (Massey1994), we scale further down from the bor-
ough level to the city’s neighborhoods. Extroverted neighborhoods
are those that have the highest ratio of international total call min-
utes to domestic (US) call minutes. This analysis therefore involves
separating the long-distance call minutes by domestic and inter-
national destinations as shares of the total long-distance volume.
We can then compare the New York City neighborhood rates

of international calls to the US-wide share of international calling
minutes, which serves as a threshold figure to determine whether
to designate a particular neighborhood as extroverted. According
to data for 2008 from the US Federal Communications Commission
and the International Telecommunications Union, 12 percent of

all long-distance calls made in the United States were destined for
international points in that year. By this threshold, 14 out of the

64 wire centers analyzed in New York City record a higher percent-
age than the US average in outgoing international calls.

The extroverted neighborhoods are all primarily residential
areas of the city in the outer boroughs (fgure 4), “...where the city’s
working and lower-middle classes reside, and where its new immi-
grants settle” (sanjek1998,20). Indeed, the percentage of foreign-born
people in all but one of the neighborhoods is well above the city
mean of 34 percent. These global links become apparent when
walking through places like Elmhurst in Queens, one of the more
extroverted neighborhoods of the city. On Whitney Avenue you



5 Not included in this table

nor in further analyses

is the Tribeca/China-
town wire center since
the high call volumes
associated with this node
is not representative of
conditions in its respec-
tive neighborhood but
rather is a function of
New YorKk’s citywide tele-
communications infra-
structure. This wire center
contains within it at least
two major long-distance
switching stations that
route much of the city’s
long-distance traffic for
the telecoms provider
involved in this study: 33
Thomas Street and 32
Avenue of the Americas.
These exchange build-
ings collect and route
long-distance traffic for
areas beyond their
immediate vicinity and
thus represent a case
where we see many more
calls aggregated than
can be explained by the
demographics that
correspond to that wire
center’s geographic
boundaries.
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are transported to Indonesia; Bexter Avenue takes you to Colombia;

coexisting on Roosevelt Avenue are India, Pakistan, and Mexico;

and you can visit a cross section of Asian locales along Broadway.
Notably, none of the business centers of the city - not

the Financial District or even Midtown - can be considered an

extroverted area by measuring the ratio of international to domestic

call volume. Nevertheless, in absolute and relative terms, some

of the business-oriented wire centers, including Chelsea and the

Financial District, are the areas of the city that generate the most

international call minutes (table 2),°

Neighborhood Characteristics

To what extent does neighborhood context help predict the strength
of international ties in that location? The principal variables that
may explain variation between neighborhoods in terms of how
extroverted they are via telecoms are: rate of foreign-born residents,
rate of people who speak a foreign language, and median house-
hold income. If international calls are the social glue of migrant
transnationalism, then high rates of foreign-born residents and
foreign-language speakers should serve as strong predictors for

a neighborhood’s extroverted calling activity. We find that indeed,
the percentage of foreign-born people in an area is a significant
predictor of international calls as a percentage share of total long-
distance minutes.

A regression analysis of international calls as a percentage
of all long-distance calls by median household income indicates
an inverse relationship between income and percentage of interna-
tional calls. Table 3 reports the coefficients for regressions that em-
ploy dummy variables to compare across income categories - low
(below $38,320), medium ($38,320-$71,850) and high (above
$71,850) - while holding constant the percentage of foreign-born,
the percentage of foreign-language speakers, and the number
of households per neighborhood.® The omitted variable represents
the middle-income neighborhoods in New York.

All models indicate that low-income neighborhoods will
generate a predicted volume of international calls that is 4 percent
higher than middle-income neighborhoods. Low-income neigh-
borhoods differ significantly from middle-income neighborhoods
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To divide income into
low, middle, and high for
New York City, [ use

the median household
income for New York as
drawn from the wire
center data provided by
the large US telecoms
provider, which is
$47,900.1determine low
to be at or below 80
percent of the median
(<$38,320), middle to be
80 to 150 percent of

the median ($ 38,320 to
$71,850), and high to

be at 150 percent of the
median and above
(>$71,850). This method
comes from Booza et al.
2006. Excluded in the
regression analyses of
this section are the wire
centers that correspond
to Tribeca/Chinatown
since it is not representa-
tive of its geographic
vicinity; JFK Airport,
since it does not have
corresponding demo-
graphic information, and
an unnamed wire center
in Manhattan that does
not have corresponding
call data. Other outliers
with international calls
above two standard
deviations from the mean
were also removed for
this analysis.

in this respect. But high-income neighborhoods are predicted to
make 4 percent fewer international calls than middle-income areas
of New York, a result that is only significant in Model 1, where no
control variables are included in the regression.

This regression analysis indicates that the rate of interna-
tional calling minutes is influenced in divergent ways by the
rate of foreign-born people in a neighborhood and an area’s median
household income. While finding a positive association between
the foreign-born and international calling is to be expected given
the importance of ICTs in immigrant life - a finding that is further
supported in this study by field interviews - it is nevertheless
surprising to discern an inverse association between income and
international calling. This means that the people living in neigh-
borhoods with the fewest economic resources are the ones most
engaged in transnational practices through telecommunications.
While this can be attributed in part to the dramatic fall in prices
for international calls, it is also a testament to how vital global com-
munications links are to the immigrant communities that make
up the list of extroverted neighborhoods, almost all of which have
median household incomes that fall below the city’s median figure
of $ 47,900. In fact, we can even expect the middle layers to be
more engaged in global talk than the highest-income neighborhoods
of the city, including its commercial areas. Nevertheless, as shown
in table 2, commercial areas do dominate global talk in terms of
absolute volume, but in considering international talk as a share of
total calls, we find that lower-income immigrant areas of the city
are the most engaged.

Patterns of Talk

What is the purpose of this intense engagement across boundaries
through telecommunications? Analyzing patterns of call data by
day and by hour allows us to infer the purposes of international
calls. A comparison of the daily volume of long-distance calls by
domestic and international destinations for the most extroverted
neighborhood in New York City, Elmhurst in central Queens,
illustrates a striking cadence of call patterns by day of the week
(figure 5). The volume of domestic calls, indicated by a black line, is
high on Mondays and Tuesdays and decreases as the week



Commercial Areas of New York

Neighborhood Borough International Minutes | Domestic Minutes
Chelsea Manhattan 5.53 4.95
Financial DIStrICtH " "Manhattan “2 24”' T 2 67 o
MurrayHlII B 299
U Mamheman 093 om
Manhattan 0.72 1 40
Manhattan 049 055
Manhattan 038 . ° 5° [
Manhattan 032 . 041
BowlingGreen  Manhattan 028 . 033
Clinton """ 'Manhattan  0.20 0.41

Residential Areas of New York

Neighborhood Borough International Minutes | Domestic Minutes
Flushing Queens 1.18 0.83
Washlngtah“l;ielghts Manhattan 062 o9 T
inwood Manhattan' s
Elmhurst e Queens gy
Corona el 40‘.‘.‘. I
Flatbush e Brooklyn' g ma
I Brookiyn’ Cgmg
I
... Queens 047 028
Jamaica Queens 0.47 0.18

Note: International call minutes are normalized by population and estimated market share of the
US telecommunications provider and indexed by the mean per capita volume of calls for all wire centers.

Source: Author's analysis of data from a large US telecommunications provider

Table 2. progresses. Domestic calling dips dramatically on Saturdays and

Rank oftop extroverted 115 eyen further on Sundays. Yet the rhythm of international
areas of New York by . g .
normalized call volume  calls, shown by the gray line, reveals an inverse effect where calling
for international and : . : .
domestic calling and d1p§ during the week and pea.ks on the.weekands, implying the
type of wire center/ social purpose of calls. The difference in calling patterns between
neighborhood: predomi- v 0 Jays and weekends suggests that international calls from

nantly business or resi- X . . . . . .
dential immigrant neighborhoods principally serve to maintain links to

family and serve affective purposes. By contrast, call volumes

in the Financial District in Manhattan are consistently high during
the week and low on weekends, with more domestic calls than
international calls (figure 6).
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Table 3.

OLS Regression coeffi-
cients for international
call minutes as a per-
centage of total long-

distance calls on dummy

variables for low and

high median household

income, percentage of
foreign-born, percent-

age of foreign-language

speakers, and number

of households for neigh-

borhoods in NYC

Explanatory Variable ‘ModeH ‘ModeIZ ‘Model3 ‘Model4

Low Median HH Income 0.04** 0.04** 0.04** 0.04***
(belov $38,320 002 (0.02) 001)  (0.01)

High Median HHIncome ~ -0.04* 000  -0.00  -0.00
(above $71,850) 0020  (0.02) 0.02)  (0.02)

Foreign-Born Population (%) 0.20%%%  023%%  0.22%%*
(0.04) (0.06) (0.06)

Foreig'ﬁ‘-Languag‘é‘Speakelk"sm(“.%.:). T T o040 G004
(0.05) (0.05)

e v

(2.11%)
o s

009 - 002)
044 - 046
60 60

N

Note: Numbers in parentheses are standard errors. *p < 0.05, **p < 0.01, ***p < 0.001.

Source: Author's analysis of data from a large US telec ications provider, ber 2008 and 2007-2008 American
Community Survey (ACS)

A comparison of calling patterns by hour of the day supports
the assessment that international calling from immigrant neigh-
borhoods reflects the social nature of these transnational exchanges.
Figure 7 overlays the pattern of calls aggregated by hour for the month
of September in four areas of the city: Elmhurst and Washington
Heights (solid lines) as representative of extroverted immigrant
neighborhoods, and the Financial District and Midtown West
(dashed lines) as representative of commercial areas of the city.

As in earlier analyses, the figures are indexed to the mean value for
international call minutes by wire center. The predominantly
business-oriented neighborhoods generate their highest call volumes
during the day, with peaks between 9:00 a.m. and 12:00 noon.
Meanwhile, the predominantly immigrant neighborhoods reach
their peak calling hours very late into the evening, consistently be-
tween 11:00 p.m. and 2:00 a.m.

A manager at the La Nacional call center in ElImhurst - where
people make international calls from booths, or cabinas - corrobo-
rated these patterns in the data: the weekends are the busiest
days for the cabinas, while Tuesdays and Wednesdays are the slow-
est days. Interviews supported this finding, with subjects noting
that weekends were the days where they called most and spoke the



Fig.5.

Long-distance calls
during September 2008
from EImhurst (Queens)

Fig. 6.

Long-distance calls
during September 2008
from the Financial
District (Manhattan)
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hour of the day

Source: large US telecommunications provider
Note: Figures from September 2008, indexed to mean call minutes

longest not only because they had the time to do so but also be-
cause they were more likely to find their calling counterparts
at home. Calling to the fixed lines of home phones is an important
strategy since a popular unlimited international calling plan for
mobile phones allowed outgoing calls only to fixed telephone lines.
Also with prepaid calling cards, rates tend to be substantially
lower when connecting to landline phones than when calling to
mobile phones.
For migrants from the Dominican Republic in particular,
“Sundays are about three things: church, family and rest,” according
to an elderly Dominican woman who arrived in New York City in
7 Translated from Spanish  the late 1960s.” Generally, people in Latin America do not work on
by the author. Sundays and most commercial establishments are closed on that
day. Calling family at home on a Sunday gives the caller the oppor-
tunity to speak with the maximum number of family members
at one time. After church, people come together at home for a long
lunch and calling on Sundays ensures that New Yorkers will connect
with family in their country of origin, and that both calling coun-
terparts will have enough time to get news, manage business, and
share gossip over the phone.
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Conclusion
While it is evident from previous research that advances in ICTs
over the past twenty years have facilitated the processes of
globalization for corporate functions, particularly in a command-
and-control center such as New York, the question of how the
other leg of globalization - immigration - has fared due to the in-
creased affordability and accessibility of ICTs remains to be
explored more deeply. This work has sought to open a window into
the nexus between migration and telecommunications by showing
that migration is indeed an influential force in shaping New
York’s global space of flows (Castells1996), and that ICTs such as the
telephone are fundamental tools in forging the transnational
processes that today help define the twenty-first-century migrant
experience.

This study is a snapshot in time of how New York relates
to the world through the global telecommunications infrastructure
with a focus on how these invisible global dynamics are reflective
of life in immigrant neighborhoods. The global destinations of
calls from New York are more diverse than existing research would
have us expect and include not just trade partners but also some
of the city’s more significant migrant-sending countries. A strong
predictor of the variation in volume of international calls gener-
ated from city neighborhoods is the rate of foreign-born residents
and median household income. This approach is supported by
evidence that migrants’ countries of origin coincide well with the
destination countries of international calls on the scale of the bor-
ough, adding another dimension to the strong association between
foreign-born groups and international call volumes. And finally,
international calls in immigrant neighborhoods follow a marked
pattern of high volumes on the weekends and during the evenings,
reflecting the purpose of calls as being social and affective in
nature. Having established that some of the city’s most globally
engaged or extroverted neighborhoods have high concentrations
of immigrants, ethnographic fieldwork sought to answer how
and why migrants engage in global talk.

Perhaps the connection to how an analysis of intangible and
invisible flows of information on a global scale can inform the prac-
tice of urban planning and policy on the city and neighborhood
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scales may appear tenuous. But conceptualizing the hybrid, transna-
tional experiences of migrant groups in the twenty-first century -
which are largely facilitated by ICTs - is fundamental to understand-
ing urban areas in the United States and in other developed coun-
tries moving forward. Foremost in this respect is the fact that New
York City has reversed its decades-long population decline and
instead has experienced growth in the past thirty years solely

as a function of foreign immigration (NYC Department of City Planning 2004).
The city is projected to continue growing due to international
migration into the coming decades and we can expect that telecoms
links to sending countries will likely deepen.
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Kristian Kloeckl

The City as a Digital Public
Space - Notes for the
Design of Live Urban Data
Platforms

Think of an encounter with a friend on the street. You both stop and
exchange information - greetings, personal anecdotes, the weather,
etc. In the conversation you choose your words based on your
knowledge of the subject matter, as well as your knowledge of your
friend’s background. When he frowns, you understand that he
disagrees; his gesture informed you he wanted to intervene and
respond. You stop to give him an opportunity to speak up. You note
that your friend is getting impatient when he looks at his watch.

He sees that you have noticed his impatience and explains he has
an appointment to catch. All of this happens in real time, based

on the exchange of many tiny signals. We are able to capture the
dynamics of such interactions effectively, given the signals ex-
changed are perceivable, strong enough to be registered, and are
understood by the recipient.

We adapt to environmental information similarly; however,
it becomes more difficult with growing distance to the phenomenon
of interest, or when its signals cannot be registered by the human
senses. Now, consider being able to read all these sources of
environmental information and base decisions upon them, just as
effectively as in the conversation with your friend.
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Urban space today is pervaded by digital networks and sys-
tems, creating information that represents human activity. While
most digitally managed urban systems generate operational data for
their own purposes, they normally do not share those data directly
with other systems or the public. As a result, digital information re-
presenting human activity in the city exists in many different places,
locked within their specific domain. In the LIVE Singapore! project,
we developed an open platform for the collection, combination,
and distribution of large numbers of such real-time data sources,
encouraging developer communities to use these data streams for
the creation of meaningful and beneficial civic tools.

LIVE Singapore! acknowledges that vast amounts of data
are being generated as a by-product of urban system operations, and
that this data contains meaningful information beyond the bound-
aries of the original system. In this sense, LIVE Singapore! does
not attempt to solve a specific urban issue, but rather explores
the development of new digital tools that enable fundamentally new
approaches to how urban issues can be addressed.

Singapore: An Ideal Real-time City?

Singapore is in many ways an ideal setting for the exploration and
experimentation of an open real-time data platform for multiple
reasons. Singapore is a city-state and as such all territory is one city,
both in terms of its dynamics as well as in terms of political admin-
istration. Singapore’s §,076,700 inhabitants (based on the 2010
Census) live in an area covering only 710.2 km? of surface area. Its
territory is an island connected with the Malaysian mainland via
only two bridges for motorized traffic; all other passenger and
freight transportation is managed either via sea or air, with Changi
Airport being a significant hub in the Southeast Asian region.
Singapore is the world’s second-largest container port as well as
largest transshipment container port in the world. Singapore is

a highly developed city, with advanced infrastructures and networks
and a tech-savvy population with a cellphone penetration rate of
143.6 percent in 2010 (Source: IDA - Infocomm Development Agency Singapore),
Additionally, Singaporeans are familiar with radical changes in their
city structure considering the country’s rapid growth since its
independence in 1965 both in economic as well as in infrastructural



84

terms: Singapore’s subway system, opened only in 1987, has now
expanded to four lines, 87 stations, and 130 km in length (Source: Land
Transport Authority Singapore),

For all these reasons, Singapore is an ideal context for
setting up an experimental urban real-time data platform, with an
investigation of all the research and development aspects con-
nected to it. Given these special circumstances, the biggest risk is
that not all results may be generalizable into other urban contexts.

Open Data Initiatives and Platforms
LIVE Singapore! is inspired by recent open-data initiatives. In May
2009 the US government launched the first of what has since
been referred to as data.gov (data.gov201) initiatives, making nonsen-
sitive historical data sets publicly available “to easily find, down-
load, and use data sets that are generated and held by the Federal
Government.” Some of the motivations for “giving data about
people back to the people” include fostering economic, scientific,
and educational innovation and promoting citizen participation,
as well as reducing government costs. This initiative has been repli-
cated in various other countries and cities (e.g., UK, London,
San Francisco) and multiple applications have been created based
on open data sets available through these platforms.

Beyond public data, platform projects such as Xively allow
sharing sensor data over the Web (“data brokerage”), as an infra-
structure for the Internet of Things.

An Open-Platform Project

The LIVE Singapore! project builds upon the above-described
initiatives. It is a flexible and scalable open platform enabling the
collection, combination, and distribution of real-time data urban
streams. The project understands itself as an enabling platform

for developer communities, who can build applications using com-
binations of the data feeds available through the platform. As in
the case of the data.gov initiatives, we firmly believe in the creative
potential of cities and their inhabitants, and let citizens, city
planners, companies, and authorities work with live data streams,
setting the base for an emerging economy based on new ways

to extract value from data.
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While our previous projects with real-time data from a single source
have yielded interesting results, it becomes increasingly clear how
the combination of very different types of data can bring about even
richer insights. The data used in this project can be divided into
three groups: (1) data as a by-product of existing networks;
(2) data collected with tags or sensors; and (3) data actively shared
by people.

As such, the platform has to resolve the conflicting require-
ments to provide data connectors that require little preparation
and standardization on the provider side, not to discourage partici-
pation, and at the same time to make data streams as interoperable
and coherently structured as possible. In this sense, LIVE Singapore!
increases the complexity of the urban system, since “complexity
is directly related to connectivity. As connections or interconnections
proliferate, complexity expands and, correlatively, information
increases.” (Taylor2002,139) This leads to another of the platform’s
declared requirements, to provide easy access and easy programma-
bility in order to attract a large active developer community.

Meaningful Relations Between Different Data Types Are Created
by Users Themselves

Traditionally, the main value of online platform projects is the data
that these platforms accumulate and which give them deep in-
sights into their user’s activities and preferences. LIVE Singapore!
is fundamentally different - it deals with stream data and therefore
does not store any data. It is always the data provider who has
control over what data are made available, simplifying questions of
data ownership, privacy, and security. The platform is therefore
structured in a way to make data streams available in a coherent
form without storing them. Historic data are therefore hosted

on the providers’ side and made available through connectors via
the platform.

The main value of LIVE Singapore! lies therefore in keeping
track of the connections made between real-time data streams by
developers and users creating applications. This also leads to a
question of semantics related to the connections: what is the value
and meaning of the combination of any group of data streams?

Our approach lets the users make and describe these connections
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in order to gradually grow a knowledge management system in-
forming the evolution of the platform.

Feedback Loops

Human activity in cities generates data in multiple technology
systems. For example, when riding the subway and tapping an elec-
tronic ticket to enter and exit the station, a data trace containing
information about your ticket number, the trip start and end time,
and the line number is generated. Taken together, this data stream
can give insight into how many passengers are on a train at any
given time, where train delays effect most passengers, and so on.
By presenting this information back to people, they can take
decisions that make the system more efficient. As cybernetics pio-
neer Jay Forrester explains, a feedback loop is created: “In an
information-feedback system, conditions are converted to informa-
tion that is a basis for decisions that control action to alter the
surrounding conditions. The cycle is continuous. We cannot properly
speak of any beginning or end of the chain. It is a closed loop.”
(Forrester 1961, 61) While it is certainly still the case that in such a system
“it is always the presently available information about the past
which is being used as a basis for deciding future action” (bid, 1),
working with real-time data today as described does move that past
significantly closer to the present. While Forrester points out that
delays in systems do not necessarily have a negative effect, rather

a stabilizing one, the feasibility of shorter delays increases the
flexibility and can help to use resources and energy in a more effec-
tive way.

This raises important questions: Will real-time feedback
loops decrease the stability of the system, or instead might they
establish stability? We might take some cues from Donella Meadows
when she points out that the interconnections between the system’s
parts play a special role: “Changing interconnections in a system
can change it dramatically.” (Meadows 2008, 16)

System Pictures

When dealing with real-time data from urban systems and networks,
the SENSEable City Lab has always placed emphasis not only

on platform software development and the analysis, but also on the
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communication of insights embedded in data collected and studied
within the urban context. Data visualizations have proven particu-
larly useful in this undertaking. As Meadows describes so well,
“Words and sentences must, by necessity, come only one at a time
in linear, logical order. Systems happen all at once. [...] To discuss
them properly, it is necessary somehow to use a language that
shares some of the same properties as the phenomena under discus-
sion. Pictures work for this language better than words, because
you can see all the parts of a picture at once.” (bid, ) This character-
istic of providing the whole picture at once is also the reason

why control rooms dealing with large amounts of data show sophis-
ticated diagrammatic representations rather than just numeric
information. A second reason for the strength of data visualizations
is the additional processing power that can be tapped into on the
spectator’s side. Seeing an animated visualization of urban real-time
data involves the spectator’s capability of interpretation. She will
bring in prior knowledge and experience for analyzing and filtering
the information in the process of observation, similar to a person
standing on top of a high-rise building to observe the traffic situa-
tion before deciding which way to drive off - in this case the specta-
tor brings in her knowledge of past processes and integrates

them with what she sees in real time.

LIVE Singapore! Urban Demos

LIVE Singapore! focuses on making urban real-time data available
to citizens, and in this spirit, at iterative steps, prototypes are
being developed and shared with the city’s public to inspire public
discussion about the potential of harnessing this data for the
planning, management, and living of our cities.

To this point the first two of these urban demos have been
developed: the “LIVE Singapore! exhibition” at the Singapore Art
Museum in April 2011 and the “Visual Explorations of Urban Mobil-
ity” project showcased at the Future Urban Mobility Symposium
organized by SMART (Singapore-MIT Alliance for Research and
Technology) at the National University of Singapore in January 2012.



Fig.1.

Isochronic Singapore:
Using GPS location and
speed data from the
city’s largest taxi fleet
operator (16,000 taxis)
we use this data as

an indicator for overall
road travel times.
Asvehicular trafficopens
up and jams during the
course of the day, the
time we need to move in
Singapore shrinks and
expands.How long

will it take you to go
from home to any other
destination? In this
isochronic map the
deformations are propor-
tional to travel time

- and reveal the changes
in the course of a
weekend/weekday.
Visualization: Xiaoji
Chen, SENSEable City
Lab
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First Urban Demo: LIVE Singapore! Exhibition

The LIVE Singapore! exhibition, staged in the former Saint Joseph’s
Institution, now an art museum, comprised five projections and
one LCD screen showing dynamic, interactive visualizations driven
by combinations of data sets and live streams from several key
urban networks, including the airport, taxi fleet, environmental
agency, container shipping port, cellphone network, electricity net-
work, and the wind speed sensor network.

Second Urban Demo: Visual Explorations of Urban Mobility
Following the showcasing of the prototypes at the Singapore Art
Museum and in collaboration with Singapore’s Land Transport
Authority, we developed three interactive applications that provide
insight into the wealth of information that the data generated by
Singapore’s transportation infrastructure offer. Prototypes of these
applications were presented as Visual Explorations of Urban
Mobility in 2012 in Singapore.
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One of the applications, called Touching Bus Rides, developed
within the Visual Explorations of Urban Mobility project, focuses
on the public transportation bus network. Singapore’s public
transport system requires passengers to tap their smart card passes
when boarding and alighting subways and buses. While these
actions translate into different, distance-based fare prices for trav-
elers, they also offer perspective on the passengers aboard those
vehicles at any given time.

An interactive multitouch interface enables users to actively
explore Singapore’s bus network and see where most passengers
get on and off buses, how people connect between the island’s
stations, and the way these patterns change throughout the day.

Users can switch between various visualization modes
to get different perspectives on the same data set. The selected bus
line, the highlighted bus stops, and the currently chosen time
stay consistent in all modes, while the application seamlessly ani-
mates through the different visualizations. The application displays
multiple bus service charts with symbols indicating the boarding
and exiting of passengers at each station, and allows comparison
over time. A user may also select and isolate a single bus route
on the map of Singapore. The timeline of this visualization doubles
as a histogram representing passenger load. The user can quickly
browse through time, altering the range dynamically from 30-minute
intervals up to an entire day.

Observations from the Urban Demos
The two urban demos described above aim at showing the value of
abundantly available real-time operations data generated in urban
space. In the context of our research, the role of such urban demos
is manifold: (1) to bring together the various fields of research in
the development of iterative working prototypes capable of convey-
ing the project vision; (2) to enable citizens to experiment with
the project and prototypes and provide valuable feedback for further
development; (3) to provide a concrete milestone for external
partners to join in making the project become a reality.

Making these urban demos happen involves the formulation
of data-sharing agreements with urban system operators and
the coordination and collaboration with their in-house departments
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Facing page, top: Fig. 2.
Raining Taxis:
Singapore’s mobility is
heavily reliant on taxis,
but what happens

when it rains? Getting
hold of a cab is not the
easiest thing in the
world. This interactive
visualization helps
explore how Singapore’s
transportation system
behaves by combining
taxi and rainfall data,
and investigating how in
the future the system
can be streamlined

in order to better match
taxi supply and demand.
Visualization: Kristian
Kloeckl, Aaron Siegel,
SENSEable City Lab

Facing page, bottom:
Fig. 3.

Urban Heat Islands:

As heat is generated by
energy usage, high-
energy consumption
can translate into

small local temperature
rises of up to a few
degrees (called man-
made or anthropogenic
heating). Combining
data on the energy
consumption of the city’s
different zones with

the wind speed, local
temperature rise can be
estimated. In this sense,
a potential addition

of measured urban tem-
peratures can provide
the basis for a future city
condition-monitoring
program. Visualization:
Xiaoji Chen, SENSEable
City Lab

For example in the case
of data generated by
electronic ticketing

in public transportation
networks the primary
purpose is to grant a pas-
senger access to the
transportation system
upon the verification of
the validity of his ticket.
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throughout the process - work that goes beyond our group’s usual
research focus. This process has provided us with valuable insights
into the comprehensive spectrum of challenges and opportunities
involved in working with urban data.

Unlocking Data Silos
Since the systems have not been designed with the intention of
sharing generated data, an understanding of these systems is neces-
sary in order to use and share their data in a meaningful way.
Often this creates steep technological challenges - meaning either
the data cannot be shared outside the system or it would require
a considerable investment to do so. Furthermore, data interopera-
bility is another key issue, not only for sharing data between
different organizations and systems, but also within single organi-
zations that use multiple distinct systems. The combination of data
generated by systems within a single organization often rivals
the complexities of combining data beyond institutional boundaries.
Using data beyond its original purpose requires a thorough
understanding of how and in what context that data are generated."
For example, if a sensor provides temperature readings on the
outside of the building, it matters to know whether it is located near
a ventilation outlet, exposed to sunlight, or in the shade. Projects
such as LIVE Singapore! can often be an incentive for data providers
to dig deep in the modalities of data generation within their
organization to fully exploit the data’s potential. System data is
usually managed by IT departments, which often are even physically
distant from the departments of planning and operations. Conse-
quently, those responsible for managing data systems tend to focus
on the system’s flawless operation from a technology perspective.
However, those involved in planning and operation decisions often
have little or no access to the information concealed in that data.

Enabling the Codevelopment of Ideas for New Urban Solutions
Developing meaningful visual representations of urban system data
is a critical component of creating access to information concealed
within. This enables bringing together stakeholders from a wide
range of disciplines and competences to open up a new domain of
discussion and creative thinking.
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Formula One City: Large-
scale events disrupt
cities daily routines.
What better opportunity
to explore this effect
than Singapore’s
Formula One Grand Prix?
How does this event
impact our daily life?
How do we respond to it?
How do we share our
excitement via cell
phone? On this dynamic
map the color and size
of the glow are propor-
tional to the amount

of text messaging during
the Formula One race.
While the right side

of the screen shows the
race day, the left side
compares the same day
of a nonrace week.
Visualization: Kristian
Kloeckl, Oliver Senn,
SENSEable City Lab
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Facing page, top:

Fig. 5.

Real-Time Talk:
Singapore’s mobile phone
penetration is above 140
percent; many own more
than one device. How do
we make use of the island’s
cell phone network via
voice calls and text mes-
sages? How can this
inform us about the usage
of urban space in real
time? In this visualization
height (logarithmic scale)
and color (linear scale)
intensity indicate the level
of cell phone network
usage. Visualization: Aaron
Siegel, Kristian Kloeckl,
SENSEable City Lab

Facing page, bottom:
Fig. 6.

Hub of the World:
Singapore is the world’s
largest transshipment
container port and one
of the busiest airport
hubs in the world. The
visualization addresses
questions such as:

How does this constant
stream of people and
goods passing through
affect Singapore?
Where do these flows
come from and go to
and how many of them
are here to stay?
Visualization: Kristian
Kloeckl, Aaron Siegel,
SENSEable City Lab
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Fig. 7.

Fig. 8.

Photos from the LIVE
Singapore! exhibition
opening on April 7,
2011 at the Singapore
Art Museum (SAM) and
the 2012 Future Urban
Mobility Symposium

An example for this is the ChangiNOW initiative, which was
born out of the first of the urban demos described above. Once
we had initiated the work with data from a taxi company and the air-
port, the idea was born to bring airport data of actual passenger
arrivals together with free taxi availability, to better match demand
and supply at an airport’s taxi stands - an often overlooked example
of intermodal trip connections.

As another example, the Touching Bus Rides touch-table
brought multiple stakeholders together. Their discussions resulted
in ideas for three applications: (1) creating dynamic bus lanes,
activated based on the number of bus passengers stuck in slow-
moving traffic; (2) the establishment of dynamic express-bus
lines that would make direct connections between distant stations
whenever real-time demand patterns would indicate such a need;
and (3) the creation of dynamic information boards at bus stops
to inform waiting people of the occupancy of the next bus in addi-

tion to its arrival time.
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This interdisciplinary way of working with urban systems
data reflects the role of data as a boundary object, in that “they
have different meanings in different social worlds but their structure
is common enough to more than one world to make them recog-
nizable, a means of translation” (star and Griesemer1989). As an example,
data generated by a telecommunications network might be
investigated to inform about diverse aspects such as the system’s
status, existing social networks among the subscriber base,
spatial mobility dynamics, and economic activity, to name but
a few. In this way, working with urban data through interactive visual
interfaces and across disciplinary boundaries enables the formu-
lation of new questions about urban dynamics that go beyond
the resolution of mere optimization problems. While substantial
research and development has been carried out in recent years
to make this become a reality, some of the key challenges in moving
forward will be the definition of ownership of data as well as of
any platform capable of facilitating its consultation and exchange
in order to successfully represent a city’s public dimension in
the digital domain.
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Fig.1.
Top: Photograph of the traffic of Lisbon at 9:00 a.m., rush hour
Bottom: Evolution of the city during the day: different areas are illuminated, and the color of

the arteries changes. Visualization: Pedro Cruz, Penousal Machado
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City Portraits and
Caricatures

Introduction

Cities are a very rich source of data in order to understand how
people organize themselves on different scales. The discourse

on the visualization of cities offered different approaches, from
more abstract to illustrative and figurative ones. In this chapter, we
approach the visualization of cities in a less abstract, puristic way.
Distancing ourselves from scientific visualization, we embrace
what we call a figurative approach to visualization. With this approach
we take a step back from the idea that visualization has to repre-
sent data only in the most direct and abstract way. The figurative
approach extends the concept of portraits and caricatures into

the realm of data, using visual metaphors and introducing visual
distortions for emphasizing certain aspects of the data. This
permissiveness enables us to build visualization artifacts that use
playful analogies to better communicate the complex nature of
cities to a nonacademic, general audience.

This article will describe the process that took two visual-
ization cases from a direct to a figurative approach, not entering
into detailed technicalities, but tying it with a cogent discourse that
presents and applies portraits and caricatures in the context of
data visualization.
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A Figurative Approach to Visualization

Information visualization is an interdisciplinary area that intersects
graphic design, human-computer interaction, computer graphics,
and data mining. Its objective is to synthesize large amounts of data
for broad audiences, creating and clarifying messages from data.
The figurative approach described herein uses a taxonomy of pho-
tographs, portraits, caricatures, and disfigurements to describe
distinct approaches to visualization. The main concept behind such
taxonomy is degrees of authorship. We refer to authorship as the
varying intent with which a particular perspective over the data

is made visible by its creator. Authorship flourishes in contemporary
information visualization, mostly under the term “information art”
and is also embedded into scientific visualizations. It is important
to notice that visualization artifacts that go beyond the sole purpose
of analyzing patterns in data are often seen as distortions of the
truth, especially in the context of academic visualization. While this
is a legitimate argument under a puristic perspective, the caricature
of data is conceptually inevitable, as Fernanda Viégas notes:
“traditional analytic visualization tools have sought to minimize
distortions, since these may interfere with dispassionate analysis.
Is it possible that this focus on minimizing ‘point of view’ is
misguided? For one thing, it is generally impossible to create a
visualization that is truly neutral, just as it is impossible to create

a flat map of the Earth’s surface without distorting distances.”

(Viégas and Wattenberg 2007, 190)

Considering that authorship is always present to some degree in
data visualization, our taxonomy identifies four major ways to
undertake data visualization characterized by an increasing degree
of authorship: photographs, portraits, caricatures, and disfigure-
ments. But authorship is not the only characteristic to describe
these concepts and tie them together in a continuous fashion. The
figurative approach focuses on the idea that visualization does

not have to invest mainly in abstract aesthetics, but can carry strong
visual metaphors and exaggerate certain data features in its com-
munication language. Since information visualization is part of

the broader data visualization field, which also encompasses scien-
tific visualization and, arguably, artistic visualization, this seem-
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ingly unscientific taxonomy describes this spectrum within visual-
ization from the more scientific to the more artistic.

Data Photographs

In our taxonomy, photographs are the most direct reproduction

of a data set - models that are the closest to a one-to-one mapping
of data. This notion refers to Lev Manovich’s concept (2011) of
visualization without reduction or direct visualization. Instead of
mapping data into a symbolic abstraction via Jacques Bertin’s
visual variables of position, size, value, texture, color, orientation
and form (ertin1967), direct visualization preserves the nature of

the data.What is text in a data set remains text on the representation
space; what is an image remains an image; what is speech remains
speech, and so forth. Although not deprived of authorship, because
a photograph can be taken from different angles, they intend to
faithfully reproduce the subject while maintaining every character-
istic of'it, in this case, data.

Data Portraits

In data portraits, the author has a more pronounced role than in
photographs, by recurring to visual metaphors in the representation.
Visual metaphors herein do not account for merely decorative
visual elements, described as “chartjunk” by Edward Tufte (983), but
refers to graphical elaborations that have a close semantic meaning
toward the data set and the author’s message. These semantic
metaphors are closely related to Donna Cox’s visaphors (Cox2006) in
the sense that they are approximations of data, more dependent

on subjective interpretations. A semantic visual metaphor is a figu-
rative evidence of certain characteristics in data in addition to

the ones directly mapped. Such evidences are elaborated on a graph-
ical level and result in less abstract, often more familiar, natural
and expressive artifacts.

In addition, visual metaphors carry a sense of novelty and
uniqueness, that nevertheless can get lost once embedded into our
culture. For example, the pie chart, first introduced by William
Playfair (1801)" was at that time a novelty that has been lost with
their pervasive use. Pie charts carry a tender visual metaphor that

in Europe (London, 1801).  conveys a sense of unity of the parts in a whole.
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Data Caricatures

We regard data caricatures as an extension of data portraits since
they also take advantage of semantic visual metaphors. They have,
though, its distinctive features that we explain below.

A caricature is often regarded as a figurative representation
of a subject that exaggerates its prominent features in order to
improve recognizability (Redman1984). This augmented recognizability
is a consequence of what is called the “peak shift effect”: an indi-
vidual trained with a visual representation 7, shows a response to a
similar representation b that increases with its differences com-
pared to r (Ramachandran and Hirstein 1999). Such a reference model r is an
essential part of a caricature, which is always present, either physi-
cally or as a mental image.

The concept of caricature in a data visualization context
comes with certain restrictions. As explained, caricatures depend on
a mental image as a reference. Such a reference can generally not
be taken for granted in data visualization since even the most direct
visualizations introduce a new form for previously unvisualized
data. Therefore, the application of caricatures in a visualization
context depends on the familiarity of the reference model for its
caricatured representation to allow for comparing the differences.

As suggested above, caricatures are tied with the concepts
of exaggeration and recognizability. Exaggeration in the context of
data means an overemphasis of one data dimension over the others.
This can be graphically attained in several ways beyond the am-
plifying numerical differences in the data, as done in the work
of Peter Rautek (Rautek etal. 2006), resulting in distortions of form, posi-
tion, size, or color of a visual element toward the reference.
Recognizability means, in the context of data, the clarification of
a caricature’s intent, highlighting messages derived from the data.
While a data caricature is not necessarily superior in clarifying
a message compared to a photograph or a portrait, we nevertheless
believe that this is the case for many visualization solutions.

To summarize, a data caricature is a visualization model that graph-
ically distorts a reference representation of a data dimension
in order to emphasize that same or other depicted dimension.

An obvious way to implement data caricatures in visualiza-

tion is through the distortion of geographical positions. This
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principle has been applied since the nineteenth century with carto-
grams. Cartograms distort geographic maps in order to represent
other data dimensions. For example, area cartograms resize coun-
tries in a world map proportionally to their population or GDP.

This idea was simplified by Daniel Dorling, famous for the Dorling
Cartograms (1996) - these cartograms do not maintain the shape

of geographical objects, but usually replace them with circles of a
size proportional to the mapped dimension. Although they oversim-
plify geographical shapes, Dorling Cartograms have proven to be
very effective. The caricatural property of such methods lies on the
emphasis given to a certain data dimension (population, for exam-
ple) against a geographic map. This map is the reference model

that is either fully represented or that can be mentally reconstructed.

Data Disfigurements

Data caricatures introduce distortions in the representation of data.
When such distortions are exaggerated beyond certain levels,

they can result in data disfigurements. Data disfigurements overem-
phasize certain dimensions to a point of communicating erroneous
messages toward the data. They corrupt the semantic value of
visual metaphors, undermining the clarification intent of visual-
ization, and even producing unintelligible artifacts. Nevertheless,
the exaggeration of distortions gives more room for authorship and
potentially more memorable artifacts.

Figurative Visualization of Cities

The case studies in which we implement direct and figurative
approaches to visualization refer to mobility systems of the cities of
Lisbon and Singapore. Lisbon’s data set” contains GPS traces of
vehicles in the city during one month, with position and current
speed indication. The Singapore data set includes information
about people boarding and leaving buses (so-called tap-ins and tap-
outs) at bus stations with its respective paid fares in the city of
Singapore over one week.’

Photographing Lisbon
The spatial and temporal resolutions of Lisbon’s data set did not
allow a visualization that clearly depicted traffic patterns for each
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day separately. Therefore, the information was condensed into
a single virtual day, grouping the data by the second and displaying
it as an animation. In order to enhance the temporal patterns in
traffic even more, each vehicle, represented by a small white dot,
leaves a trail that remained visible for 30 minutes in simulated time.
The trail is almost transparent and colored accordingly with the
speed of the vehicle. Using a restricted color scale of pure hues, the
colors red and orange indicated slower velocities, pure green for
50 km/h, and the cyan tones for higher velocities. The trails tend to
visually cluster into thicker lines for major arteries that emerge
with mixed hues and opacities, representing traffic density (by thick-
ness and opacity) and average speeds (by hue) at that point in time.
For example, narrow streets tend to be thinner and red, while
highways are thicker and green. The color of the highways that cross
Lisbon changes to more yellow hues at rush hours.

Visualizing a data set usually involves looking for problems
in the system being depicted: the most apparent salient features
in Lisbon’s data set are the congested areas. In order to emphasize
those, another visual component was added that draws with a
very low opacity the area covered by each vehicle in 30 minutes.
The covered area is defined by closing the route, connecting its
origin and destination points; its opacity is higher as the velocity
lowers, and the hue is the same as the corresponding trail. This
representation emphasizes the areas with slower traffic, being more
opaque orange and red (speeds that get closer to green are almost
transparent in this representation). Drawing such areas pinpoints
the most problematic areas in Lisbon during the day, which is
an easier perceptual task rather than trying to delineate those areas
by only extracting colors of lines - it is notorious, for example
how downtown keeps being illuminated during daytime, and how
peripheral areas activate before the rest of the city. More than
directing the audience’s attention, it also adds visually to the arti-
fact, making it more detailed and at the same time more compelling
(figure 1), All the superimposition of semitransparent lines and
shapes leaves little room for the visual extraction of concrete data
points, such as the temporal velocity of a certain vehicle, but it is
a direct representation, a photograph, of data and provides an over-
all picture of the traffic evolution during a day in Lisbon.
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Due to the high level of detail, the artifact had to be rendered
offline and assembled into a single animation afterward. However,
it is sometimes of interest to have a real-time visualization, making it
possible to pinpoint problematic issues as they unfold. The follow-
ing project on Singapore addresses such intentions.

Photographing Singapore

The data set concerning Singapore’s bus network describes stops at
bus stations, but provides no information about the trajectories
between stations. Nevertheless, we consider that the representation
of such trajectories could provide a much more tangible artifact
and an interesting visualization challenge: representing buses mov-
ing on a network, and not just buses at bus stations. To attain this,
buses were implemented as programmed automatons that simply
respond to inputs from a simulated environment (reactive agents),
where data constitutes the environment. This also permitted the
fulfillment of another objective: creating an interactive visualization
that runs in execution time, enabling the rapid visualization of

the outcomes of the applied techniques.

Each bus, as an agent, only knows its next stop, its arrival
time, and the current simulation time. Data is injected on execution
time into the simulation environment, redirecting each tap to the
corresponding bus. Each bus has a buffer of the next stops, each in
charge of retrieving the next bus stop when the time has come,
as well as removing passed bus stops. Knowing only the arrival time,
the next stop, the current position, and the current time, the bus
travels to the next stop. Many approaches could be used to model the
movement of each bus between bus stops: the first approach
implemented a nonlinear movement, varying with the time that the
bus has to reach the next stop. It was named “lazy buses” because
the agents, in spite of knowing that they had to be at a certain
stop at a certain time, start their travel slowly, but rush as the time
urges (the distance traveled between two stations is inversely
proportional to the squared time for the destination).

Beyond the portrayal of buses’ travels, it was also interesting
to depict which were the more congested. The density of bus
stations in the visualization canvas did not allow for the labeling of
each of them at the same time. A geographical clustering algorithm
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was used to pick which stations were the most congested, with more
than N buses stopped at the same time. Our approach to such an
algorithm (Ester et al. 1996; Finkel and Bentley 1974) was capable of accommo-
dating a good performance, running in execution time for the
amounts of data being used. The first results of the clustering as well
as the lazy buses’ behavior implementation are depicted in figure 2.
Small gray crosses represent all the bus stops, and triangles the
actual buses, with the triangle indicating the current direction. Only
the bus stations that correspond to clusters of buses at that instant
are labeled.

Caricaturing Lisbon

In order to build a caricature of Lisbon’s data set, we had to first work
on its portrait and therefore a semantic visual metaphor. We see
cities as systems with complex behaviors, but which have their own
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identity by shape, normal activity cycles, and abnormal activity
bursts that should be diagnosed. On that account, and also

on an authorial aesthetic choice, the traffic in Lisbon is portrayed
exploring the metaphor of a living organism with circulatory
problems by building a system of blood vessels.

A computational structure, a form-preserving “skeleton”
subject to simulated elastic, spring-based forces, was generated for
each major road in Lisbon. The skeletons are connected when
roads intersect and also affect other neighboring areas when they
move. This allowed the city to change its shape accordingly with
the traffic on the arteries. Springs, as elastic devices, are able to
change their shape with some resistance when reacting to a force.
If changes on data values act as forces for those springs, then we
are able to attain smooth transitions between shapes, as well as to
naturally return to the initial shape configuration when the forces
are null. Those shape mutations translate the actual perceived
distances within a city, contrasting with the common geographical
mapping (that is, for our caricature, the reference model). This
type of mapping is a classic caricatural visualization since it is
a type of distance cartogram - such cartograms are common in the
form of isochronic cartograms, mapping all the geographic dis-
tances in function of travel time from a well-defined origin point.
In our case we wanted to present how the travel times evolve for
each artery at the same time and also how changing these distances
alters the overall shape of the city.

We are dealing with a rather complex spring-based physics
system - as previously mentioned, each spring distends or com-
presses according to the data; in this case, each spring is also con-
nected to others, forming a skeleton. As a consequence, each spring
cannot change its shape freely, being also influenced by connected
springs and other data values. With so many frequently opposite
forces being applied to the same elastic devices, there is a high risk
of rupture - the skeletons collapsing in configurations that make
unintelligible images of the city, and by extension, disfigurements.
Therefore, we had to ensure temporal stability in order to attenuate
abrupt variations, leaving time for the system to adapt to new
variations and avoiding ruptures. That way, data was averaged to
a single day, and only aggregations of one hour with intervals of
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10 minutes were used to influence the system and produce the visu-
alization (i.e., from 3:20 to 4:20, from 3:30 to 4:30, and so on).

The system is then excited in the following ways: a greater number
of vehicles on a vessel tends to make it thicker, and higher speeds
tend to contract its length (and vice versa). The latter behavior

was chosen in order to transmit a global impression of the perceived
distances within the city. This behavior shrinks the city when the
traffic velocities are higher, and distends it in the rush hours when
the city faces congestion problems. The vessels were also colored
accordingly: lower average speeds imply the darkening of a

vessel, expressing slower circulation and stagnant blood (figure 3).,
The vessels’ visualization results in an artifact with crude aesthetics
that is innate to our visual metaphor, pulsating for each rush hour
and stressing which roads are more congested. The compression
and distention of each artery and the entire city caricature shows
the perceived distances and deviations from the average speeds

in traffic.

Caricaturing Singapore
Another classical technique that exhibits caricaturist features is the
fish-eye view, introduced by George Furnas (.986) and later applied
to maps (Keahey and Robertson 1996), This technique augments a geo-
graphical region of interest, while distorting its periphery in order
to maintain other parts of the map on the canvas. The main differ-
ence from cartograms is in how the data caricature works: carto-
grams distort one dimension (geographic positions) to emphasize
another (e.g., GDP), while in fish-eye views the same dimension
(geographic positions) is distorted to emphasize a restricted set of
the same dimension (region of interest). In addition, fish-eye views
also carry a visual metaphor that makes a device to build data
portraits: the magnifying glass.

Caricaturing Singapore’s data set followed this approach.
We used a data lens to solve the problem of displaying the details
of each bus stop on a street level while keeping a global context.
Nevertheless, the magnification provided by a classic fish-eye
view is not sufficient for the magnification requirements of this
visualization.To attain it, a new type of lens was developed, one
that transforms the behavior of a magnifying glass (typically the
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Fig. 3.

Blood vessels in Lisbon
at 7:04 a.m. (left) and
8:44 a.m. (right),

just before and after the
morning rush hour. It
can be observed that at
the beginning of the
rush hour, the main
vessels of Lisbon carry a
high number of vehicles,
but without traffic
congestion problems

as the vessels are
contracted. At 8:44 a.m.
the average speed in the
main vessels decreases,
originating an expan-
sion of vessels and of the
entire city.

projection of the map on an hemisphere on top of the plane) into
a projection on a very oblate ellipsoid on top of the plane (figure 4).
The implemented data lens is an interactive visualization
tool that allows the user to uncover layers of information that reveal
at greater detail the activity of Singapore’s bus network. The lens
can be dragged over the city’s bus network or remain focused on a
set of bus stops. The properties of the lens that a user can modify
(the position, size and zoom level) help distinguish even very nearby
bus stops. In addition, the lens provides access to every feature in
the data set by filtering several types of information layers: the line
numbers of buses currently stationary at each bus stop, the number
of passengers on each bus, and the aggregate paid fares by pas-
sengers alighting at any one stop. Users can rapidly switch between
these information layers to explore correlations between bus lines,
stops, waiting times, passenger load, and paid fare prices.

Remarks
Data caricatures aim at pushing the boundaries in contemporary
information visualization by balancing the distance from the
dispassionate depictions of scientific visualization with the verge of
artistic visualization. This balance is maintained by regarding data
caricatures as instruments for design with a clarification intent -
to communicate effectively and efficiently with an audience.

Data caricatures are framed in a figurative approach together
with photographs, portraits, caricatures, and disfigurements
for visualization. A photograph is mainly about direct mappings, or
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visualization without reduction. Portraits differ from photographs
by introducing strong visual metaphors. Visual metaphors have

a semantic intent, constituting a figurative evidence of certain char-
acteristics in data in addition to the ones directly mapped. Such
evidence is elaborated on a graphical level and result in less
abstract, but more expressive artifacts. A data caricature embraces
this idea of semantic visual metaphors, extending it with exaggera-
tions in order to emphasize aspects of data. Such exaggerations can
culminate in pure distortions by introducing coarse inaccuracies -
data disfigurements.

We implemented and applied the notion of caricatures to
the visualization of cities. We believe that by using a caricatural
approach to the portrayal of cities we can approximate audiences by
using strong metaphorical semantics and delivering more concrete
messages. For example, inhabitants of a city already have a men-
tal image of certain aspects of it - if we compare such an image to
the representation of an ideal model, then we have a distortion
that is of interest to convey and where caricatures can adequately be
used. Furthermore, such distortions can also be a natural conse-
quence of visualization models that follow an approximation strat-
egy to complicated mathematical problems. Such as in our work,
agent- or physics-based models that smoothly adapt to data
are much more generic than instantly reacting ones, enabling us to
recycle them to other cities and even other types of data. Indeed,
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such models are ideal for a caricatural approach since they can be
directly traduced to nature-based aesthetics, which, accordingly to
Greg Judelman (oos), are often used in the context of visualization

to decode complexity. Such as in nature, where complexity exists in

various scales, the usage of nature-inspired systems seems to be

a natural caricatural approach to cities, depicting information with

different levels of granularity while maintaining the essence of

the message. With this, we believe that caricatures are capable of

playing a major role in information visualization, augmenting

efficacy, efficiency, and memorability of communication, presenting,

and approximating cities to people.
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In recent years more and more data has been generated, contributing
to the rise of network science (Albert and Barabdsi 2002; Lazer et al. 2009), The
available networks encompass a plethora of fields and mechanisms,
including protein-protein interaction, food webs, information
flow, data transmission, transportation, social interaction, and many
more. In particular, social networks can be studied in greater detail
as an increasing number of data sets become readily available
in the digital age. Among them are networks reflecting friendships,
consumption behavior, and mobility.

The analysis of what is generally termed big data from social
contexts allows for the inference of human behavior (Barabési200s;
Eagle and Pentland 2006; Onnela et al. 2007a; Eagle and Pentland 2009). To put it even
stronger, empirical data is a crucial component to be able to under-
stand, forecast, and model aspects of daily life such as human
mobility. One type of data set that is especially suited to serve as a
proxy for the study of mobility arises from the usage of mobile
phones (Gonzilez and Barabsi 2007; Gonzélez et al. 2008; Wang et al. 2011; Bagrow et al. 2011;
Bagrow and Lin 2012), The empirical data set used in this chapter, for
instance, consists of anonymized call data records (CDRs) of 10
million customers from a single phone company. A CDR is generated
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every time one of the users initiates a call or sends a text message.
It contains an anonymized caller identifier, an anonymized callee
identifier, and time and date of the call or text message as well as
the location of the caller. The latter is approximated by the location
of the nearest mobile phone tower that handles the call. Similar
data sets have been used to investigate the geography of communi-
cation networks and space-dependent communities (Lambiotte et al. 2008;
Blondel et al. 2010; Expert et al. 2011), An example can be found in the strong
language-dependent divide between Dutch- and French-speaking
regions of Belgium. This divide is identified by community de-
tection of the mobile phone communication network, a method that
sorts network nodes (users) into clusters (communities) that have
many internal and few external, intercommunity links.

The aim of this chapter is to provide a perspective on human
mobility based on the analysis of mobile phone data. We address
the following questions: How predictable are we in our daily routines
(Songetal.2010b)? What are the mathematical laws and functional
dependencies, also known as scaling laws, of human travel (songetal.
20100)? What are the ingredients for models that describe the
observed patterns (Siminietal. 2012)?

In order to answer these questions, we consider not only the
mobility aspect of the data providing information about the indi-
vidual mobile phone user’s whereabouts (where does a call originate
from), but also the social information of the data set (who calls
whom). Furthermore, our analysis spans distance-wise several
orders of magnitude ranging from urban via regional to countrywide
distances.

Predictability of Human Mobility

To get a flavor of the data included in this study, the left panel of
figure 1 displays the exemplary trajectory of a single user during

a one-month-long observation period. This particular user visited
N=31 different locations, which are given by the closest mobile
phone tower and recorded every time the user placed a call (black
dots). The set of tower positions is depicted by gray dots, and

the gray lines mark the approximate reception areas derived from
a Voronoi lattice. This lattice is given as the boundaries between
locations that are closest to different towers. In other words, all that
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locations within the Voronoi cell of a specific tower have in common
is that they have a smaller distance to this tower than to any other
tower. This method is a standard procedure also applied by mobile
phone network providers to roughly determine the reception area of
a tower. The black lines indicate the trajectory by connecting the
positions of the chronological sequence of calls placed by the user.

Among the 31 locations there is a large number of places
that are only visited a few times, but only a small number to which
the user frequently returned. This typical behavior can be abstractly
visualized by the mobility network shown in the center panel.
There, each network node corresponds to one location and two nodes
are connected by a link if they are places of two subsequent calls.
The size of the node reflects the percentage of communication
events originating from the respective tower, that is, the percentage
of calls and text messages via that tower. In this visualization one
can easily identify a central hub that is connected to a large number
of less-frequented nodes. Ranking the different locations according
to their visitation frequency yields a power-law dependence,
as depicted in the right panel of figure 1. This is also known as Zipf’s
law (Zipf1946).

Further quantitative insight into the mobility is given by
the radius of gyration. This quantity is calculated as the average
distance of all recorded locations to the center of mass of the trajec-
tory and thus provides a characteristic length scale of travel.
Mathematically, the radius of gyration 7, for each user, who is re-
corded during L events at positions 7, ..., 77, is defined as

(1) =/ T i(ﬁ-im)z
i=1

L
with the center of mass ~ 7opy=L" Z 7
=1

Calculating 7, for all users on record leads to the normalized
distribution shown in figure 2. The curve has the shape of a fat-tailed
distribution. This indicates that most trips are local and cover
only small distances. Similarly, only a few users display a charac-
teristic travel distance of tens or hundreds of kilometers.
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Fig.1.

Top: Trajectories of an
anonymized mobile
phone user who visited
the vicinity of N=31
different towers during
amonth-long observa-
tional period, in which
the user placed a total of
L=119 calls. Each time

a user makes a call, the
closest tower that routes
the call is recorded,
pinpointing the user’s
approximate location
(black dots). Gray lines
represent the Voronoi
lattice, approximating
the area of reception of
each tower (gray dots).
The black lines corre-
spond to the recorded
movement of the user
between the towers.
Center: Mobility net-
work of the same user.
The size of the nodes
corresponds to the
percentage of calls the
user made in the vicinity
of the respective tower,
and the widths of the
edges are proportional
to the frequency of

the observed direct
movement between the
respective towers.
Bottom: Rank of location
vs. visitation frequency
(Zipf plot).
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Fig. 2.

Normalized distribution
of the radius of gyration
r,. Data: February 2009

14

probability P(r,)

radius of gyration r,/km

In addition to the analysis of characteristic travel distances,
we make use of the temporal information embedded in the data
set (when a call is placed). This addresses the question of predict-
ability. In short, we aggregate all calls recorded for each of the 168
hours of the week over a period of several weeks. That is, we extract
for each user a list of places, where he/she called someone on
Mondays between 12:00 a.m. and 1:00 a.m., 1:00 a.m. and 2:00
a.m., all the way to Sundays between 11:00 p.m. and midnight. For
each of the 168 lists, we then determine the primary location,
which is the tower that handled the most calls. The ratio R; of the
number of recordings at this tower to all calls,

number of appearances at primary location

(2) R;= )

total of number of appearances

provides a measure of regularity for each hour of the week,

i=1, ..., 168. An example: If a user is found 8 times at one location
and 2 times at another for one particular hour, then we obtain

a value of regularity of R;=8/(8+2)=0.8. Figure 3 depicts both the aver-
age number of locations N (top panel) and the averaged regularity
R (bottom panel) for each of the 168 hours of the week. Here the
average is taken over a class of users with between 12 and 100
events per day. The curve confirms what one might have intuitively
expected: People are most regular with the least number of loca-
tions during early-morning hours and least regular with the largest
number of locations during commuting times between home and
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Fig. 3. workplace. This effect repeats for each weekday but is less pro-

Regularity of mobility:
Ratio R to find a user

at his/her most frequent
location and number
of different locations N
with an hourly resolu-
tion for each day of the
week. Data: May 2009
for a class of users
between 12 and 100
events on a daily
average

nounced on the weekends.

A question that links the radius of gyration introduced in the
beginning and regularity is: Are users with a larger characteristic
travel distance (larger 7,) more or less regular in their behavior?

To account for the difference in the total number of locations, we
consider the relative regularity R/R .4, Where R ,,4=1/N serves as
a reference case. This case assumes that the user visits the N
recorded positions in a random but uniform manner. One might
expect that users who do not travel far are more regular, but evalua-
tion of the data exhibits the opposite trend. Figure 4 shows the
weekly average R/R ,,q in dependence upon the radius of gyration.
Counterintuitively, we find that users with larger radius of gyra-
tion have a larger relative regularity. In other words, people become
more regular if they travel longer distances.

Borrowing techniques from information theory and statis-
tical physics, it is also possible to estimate the maximum predict-
ability of a user’s whereabouts. For details involving entropy and
Fano’s inequality see Songetal. (2010) and references therein. The
main result is twofold: (1) The predictability narrowly peaked at
0.93, meaning that the locations are picked at random not more
than 7 percent of the time; (2) surprisingly, the predictability
does not drastically decrease for users who have a large radius of
gyration, but it saturates at 0.93. This means that, regardless of the
distance a group of individuals travel, the set of places they visit
remains predictable 93 percent of the time.



Fig. 4.

Averaged relative
regularity R/R anq VS.
radius of gyration r,
indicating that users
with large ry have high
relative regularity
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Mathematical Functionalities of Human Mobility

So far we have discussed empirical evidence for regularity and

the characteristic length scale of human travel. In the following, we
present simple models that reproduce the empirical findings. At
first, we focus on a stochastic model for individual mobility and its
accuracy concerning the radius of gyration. Later we also introduce
a model to account for migration patterns, which can be derived
from first principles.

The individual mobility model builds on the empirical
observation that our daily travel experience is dominated by many
short distances, short waiting times, and frequently visited loca-
tions, whereas large excursions and long periods between subsequent
trips are rare (Gonzlezetal. 2008). Mathematically, the probability
distribution P(At) of the waiting time At, for instance, is formulated
as a fat-tailed distribution P(A#) ~ |A¢|** with o< <1. This formula
reflects in the form of a mathematical functionality that long waiting
times are less likely than short periods between two trips. The
jump-size distribution that describes the statistics of the length of
a trip given by the distance between visited towers has a similar
form with an exponent a. One could try to design a model simply
on the assumption of these two findings leading to a continuous-
time random-walk model (Brockmann etal. 2006), but as shown by Song et al.
(20102) this does not capture all aspects of human mobility.

In addition to the scaling laws for the selection of the waiting
time and jump size, two generic mechanisms should be included
that are schematically depicted in figure 5. The first mechanism
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Fig. 5.

Schematic diagram of
the individual mobility
model: The configura-
tion attime t is shown in
the left box, indicating
the user’s current

and previously visited
locations (here: N=4,
including the present
location). The size of
circles drawn at each
location is proportional
to the visitation
frequency. At time t+At
(with At chosen from

a fat-tailed distribution)
the user can either go
to a new location from
his/her present location
with some probability,
where that distance

is again based on a fat-
tailed distribution
(exploration; upper
right), or return to a pre-
viously visited location
with the counterproba-
bility, where the place of
return will be chosen
with a probability equal
to the frequency of his/
her earlier visits (prefer-
ential return; lower
right).

timet+At

location at time t %
x / O
O exploration

@ or
|

) b
preferential return
ry
T N /T
.

already visited locations

is exploration. After a waiting time At the individual relocates to

a previously unknown position. Both the waiting time and the jump
size are chosen according to empirically confirmed fat-tailed
distributions. This case occurs with a probability Pexyioration=0N A
where N denotes again the number of previously visited locations.
In other words, the likelihood of exploring a new location becomes
smaller if one has already been to a large number of different
locations. The parameters g&<(0,1] and y=o0 can be determined from
the data. With the counterprobability 1-Peypioration, the user returns
to an already visited position. As a consequence of the functional
dependence of Peypiorations ONE is more inclined to return to a known
place if one has already visited many locations. Furthermore,

the return position is picked from the set of visited locations with a
probability proportional to the visitation frequency, that is, more
frequently visited places have a higher likelihood to be selected for
a return visit. This coins the notion of preferential return.

The validity of this model can be tested considering the
radius of gyration discussed earlier in this chapter (see equation 1 on page
112), The result is shown in figure6. The left and right panels display
the data and model predictions, respectively. The shapes of the
curves and the scaling exponents are in good agreement supporting
the assumption of the proposed model.

To demonstrate the good agreement of the individual mobility model
with the data at hand, figure 7 shows the case of a single user as
predicted by the model (a=$=0.6, y=0.2,9=0.4). The comparison to
figure 1 already suggests a very similar set of mobility characteristics
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based on visual observation of the trajectories and the mobility
network. The model also yields a quantitative agreement as
illustrated by the Zipf plot (bottom panel of figure 7), which displays
the result of both the empirical data and the model.

In addition to the results presented above, the individual
mobility model also reproduces other aspects like the probability to
find a user with a specific number of visited locations or an ultra-
slow growth of the radius of gyration over time. Here the notion of

118



Philipp Hével, Filippo Simini, Chaoming Song, Albert-Laszl6 Barabasi

-
=
1

Fig.7.

Top: Trajectories as
predicted by the individ- r
ual mobility model
(a=B=0.6, y=0.2, p=0.4).
The model user behaves B
similar to the one
depicted in figure 1 and
visits N=31 location F
during L=116 calls.
Center: Mobility network
of the same user (layout -

asinfigure1).
Bottom: Rank of loca- o 10 20 30 40
tion vs. visitation

distance / a.u.

frequency (Zipf plot),
where the empirical
data of figure 1 is added
as filled dots.
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an ultra-slow process refers to a much slower growth than ex-
pected for the standard reference case of a continuous-time random
walk model (Brockmann et al. 2006; details can be found in Song et al. 2010 a),

Universal Mobility Model
Next to the individual mobility model with its inherent fluctuations,
which nicely reproduces the scaling properties of human mobility,
one can also formulate a parameter-free model to describe mobility
and migration patterns. It is only based on the population density.
Hence, it does not require any a priori information such as waiting
time or jump-size distributions. This model is called a radiation
model, because it is derived using the following physical concepts
(Simini et al. 2012); Particles (commuters) emitted at a source (location
of origin) can be absorbed by the environment (terminate their
commute at a surrounding location) with a certain probability. The
traveled distance (length of commute) depends upon the thickness
of the material (population density of the surrounding locations).
Thus, the radiation model aims to estimate the commuting
fluxes, 1.e., the average number of commuters traveling per
unit of time between any two locations in a country. It starts from
the population m; and n; at pairs of locations i and j, respectively.
Furthermore, it takes into account the aggregated population
between i and j by introducing the total population s;; in a circle of
radius r;; centered at i. The model predicts the average flux (T;»
from i to j by the following formula

Q) (TH=T; T
3 yo <mi+nj> (mi+nj+s,~j>
where T;=) T;;

i#]

denotes the total number of people starting from location i. Consid-
ering N, commuters in total, this number is simply given by

T; =miNC/Z m; ,where Z m;
i i

is the population of the whole country under investigation.
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Fig. 8.

Schematics of the radia-
tion model: The numbers
in the municipalities
denote the respective
benefits, which are the
highest offer received
from that area. An indivi-
dual at the center
location (black) com-
mutes to the nearest
area with a higher bene-
fit (arrow).

13
14 11

14 18

19

Figure 8 provides a schematic diagram of the radiation model.
It is described as follows: An individual at a certain location will
commute to the nearest location that offers a better benefit than his/
her home location, where the benefit of each location (shown as
numbers in figure 8) indicates the highest offer from the local compa-
nies, whose number is assumed to be proportional to the population
of each location. In the depicted, exemplary case, a person at the
center municipality (benefit 10, black area) is predicted to commute
to the municipality with benefit 14 as indicated by the arrow,
because it is the closest area with a higher benefit. The gray region
marks the corresponding circle of radius r;; that enters the model
(3). All other locations within that circle offer a smaller benefit than
the home location.

Simini et al. (2012) showed that the radiation model is superior
to other models that predict migration patterns, such as the widely
used gravity model. It determines the number of individuals Tj;
traveling from location i toj as follows:

«a B
@ Ty=—2
f (V i‘>

where the deterrence function f (r;) is usually assumed to be
a power-law or exponential and « and f are adjustable exponents.
The analogy to Newton’s gravity law provides the name. It was
assumed that migration between two cities is like gravitation,



Fig. 9.

Top: Probability distri-
bution of a call over
adistancer.

Center: Probability
distribution of a call to a
municipality with popu-
lation size n.

Bottom: Comparison
between measured and
simulated fluxes for
each pair of municipali-
ties. Data: Number of
phone calls between
users living in different
municipalities during a
period of 4 weeks with

a total number of
38,649,153 calls placed
by 4,336,217 users.The
data was aggregated

to obtain the total
number of calls between
every pair of munici-
palities. Reproduction of
figures 3(g) to (i) from
Simini etal. (2012)
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with the masses of objects, which are subject to their mutual gravi-
tational force, substituted for population densities at different
locations. Accordingly there is more interaction, i.e., flux, between
close and populous places. This model, however, suffers from
several limitations such as a rigorous derivation, a well-funded
choice of the deterrence function and parameters, a requirement
to fit parameters to data, an unboundedness in the limit of large
population sizes, and an intrinsic neglect of the terrain between loca-
tions i and j. All of these can be overcome by the radiation model.
In general the radiation model can be applied to various
contexts such as long-term migration and transport-driven processes
like freight transportation. Here we focus on its predictive power
concerning mobile phone data. Figure 9 illustrates the comparison
between data, the gravity model, and the radiation model. The top
panel depicts the distribution of the probability that a call is
placed between two locations with a distance ». While the gravity
model has discrepancies both for small and large distances,
the radiation model matches the data better. The same holds for
the probability of trips to locations with a population size n, which
is shown in the center panel. Finally, the bottom panel displays the
fluxes between all pairs of municipalities measured in the data
compared to their predicted value (gray dots). The black dots corre-
spond to the mean number of predicted calls for each bin. The
candlestick bar indicates the gth and 91st percentiles. This interval
overlaps for all bins with the diagonal added as a thin black line.

Summary

We have demonstrated how big data - in our case mobile phone
data - can be used to analyze human mobility over several orders of
magnitude. We identified scaling laws as well as regularity of daily
routines, and presented simple models that reproduced the empir-
ical findings to a large extent. The universality of the discussed
scaling laws and the applicability of the models suggest a relevance
and importance for the scale of human behavior and infrastructure.
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Seeing the City through
Data/Seeing Data through
the City

In early 2007 a group of Google Earth users made a curious dis-
covery in San Diego. Panning across the newly available satellite
imagery, the armchair Magellans noticed a set of structures

that formed an inexplicable shape when viewed from above; a Nazi
swastika (figure 1). The find went viral - well before the concept of
going viral existed - and was picked up by major news outlets. It was
quickly discovered that the complex, whose surrounding roadways
are coincidentally named after WW1II-related sites, was actually
built in 1967 by the US Navy. Now visible to anyone with an Inter-
net connection, the base’s plan view caused great public outcry, and
the resulting political pressure led to a $600,000 reconstruction
project to unmake the abhorrent shape (erry2007). “We don’t want

to be associated with something as symbolic and hateful as a swas-
tika,” a spokesperson said. The Navy claims the exact form and
orientation of the structure was wholly unintentional, and simply
the consequence of a humiliating planning oversight. But whether
deliberate or not, it’s clear the project’s planners, architects,

and builders were not anticipating a god’s-eye-view perspective
on the finished project. As ridiculous as the whole episode was,

it highlights a particularly powerful idea: New ways of seeing can



Fig. 1.

Aerial image of a US
Navy building complex
close to San Diego.
Source: US Geological
Survey © 2013 Google
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drastically refigure our understanding of, and relationship to, place.
Google had reprocessed and reframed urban data in a fashion that
literally enabled a new perspective on the city - in this case reveal-
ing the largest government-subsidized swastika on the planet.

Of course, not all urban data sets are as intrinsically visual
as satellite imagery. Many require the context of urban spatiality
to understand and operationalize them - i.e., they gain salience and
power when seen through the city. The de facto example of this
power - thanks in large part to Edward Tufte’s proselytization (oo,
24) - is on display in John Snow’s 1854 cholera outbreak map (figure 2).
In the middle of the nineteenth century the city was inextricably
tied to health, as planners and theorists aimed to disentangle the



Kael Greco

-
N

Fig.2.

Dr. John Snow’s

spot map of death cases
during the cholera
epidemic of 1854 in
London’s Golden Square

Source:
www.wikipedia.org

growing health problems that came with increasingly denser
agglomerations of people. Of particular concern during the mid-
1850s was the cholera epidemic. Basic germ theory had not yet
been accepted by the medical field, but by mapping cholera deaths
across Soho, Snow was able to tangibly communicate the idea
that cholera was transmitted not through infected air, but rather
through contaminated water and food.

Data-Overload and the Curse of Dimensionality

Like the march of technology, the practices of visualization and
mapping are inextricably tied to the promise of the infinite, or as
James Corner put it, “mapping unfolds potential; it re-makes
territory over and over again, each time with new and diverse con-
sequences” (1999,213). This thought, coupled with the proliferation

of the big data paradigm, has furthered the intoxicating belief that
any and everything can be described, manipulated, modeled,

and simulated through computation. In the era of big data, quantity
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is king, and every additional dimension brings us closer to per-
fection in representation. Jorge Luis Borges’s “On Exactitude in
Science,” a cautionary tale on the pursuit of the one-to-one ideal,
has been all but forgotten. We no longer balk at the prospect of
comprehensively describing and simulating our world - Google has
assured us this is an inevitability, and the new existential dread

sits on the crumbling line between the real and the simulated (Beane
etal.2012); now we're afraid of losing the ability to tell where the
physical world ends and the datascape begins.

While an ontological exploration of reality in this context
is admittedly a bit cheeky, underneath this goofy progression of
logic rests the subtle implication that, again, more is more - every
piece of datum carries, at the very least, a modicum of descriptive
power. This prevailing notion is that important stories sit some-
where within all data, and consequently, the task of analysis and
representation is to simply uncover these stories. And thus, the
march toward data-absolutism continues, instilling a tendency to
cast meaning where it simply doesn’t exist - to identify or construct
false patterns in the great static that is big data.

What does this all mean in the context of the city? On a
fundamental level it underscores the fact that urban data are pow-
erful and capricious; they encapsulate countless dimensions at
myriad physical and temporal scales, and a wide gulf exists between
possible relationships and actionable results. Our struggle is now
in reclaiming a sense of legitimate, verifiable meaning from the
morass, i.e., reorienting our processes of modeling, simulation, and
representation to distill value while also keeping validity in check.
The following case study illustrates our approach to achieving this
delicate balance.

The City of Riyadh and the UTS Project Vision

Rapid economic and demographic changes throughout Saudi Arabia
are posing new challenges and opportunities for the Kingdom.

Of particular concern is the explosive growth of the nation’s capital,
Riyadh, where development is quickly outpacing transportation
infrastructure. Further straining the city’s already limited roadway
capacity is an explosion in vehicular traffic; between 1987 and 1995,
automobile trips increased at the rate of 9 percent per year.
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The UTS project aims to develop an innovative, highly
dynamic urban traffic system to address the mobility challenges
specific to Riyadh. To this end, the project is based on creating
an alternative to traditional intelligent transportation systems
by taking advantage of the digital traces of our everyday lives to
create models for mobility analysis, intervention, and planning,
for policy makers, planners, and development professionals,
as well as for the citizens of Riyadh themselves.

Conceptually, the project includes both short- and long-
term components. Over the short term it hopes to analyze the
performance of human mobility over existing infrastructure; iden-
tifying hidden inefficiencies and potential points of improvement
across the urban transportation system. The long-term perspective
is geared toward future city development, as it serves to address
the region’s higher-order trends in an effort to forecast scenarios
for increased service allocation and growth.

The culmination of the project rests in the formulation of
a mobility data browser, a platform to facilitate collection, analysis,
modeling, and representation of a variety of urban data sets and
a variety of timescales. Beyond its specific focus on mobility, the tool
itself does not project any overarching agenda; rather, the hope is
to aid in the creative combination of data streams that are typically
perceived as incongruent, all in the hopes of revealing previously
imperceptible or obscured connections.

Before diving into various analysis methodologies and rep-
resentational strategies, it is important to clarify the data foundation
on which the project is based. We partnered with telecom compa-
nies in the region to collect roughly one month of total phone activ-
ity across the country. The cell phone is one of the most powerful
real-time sensing mechanisms currently available to us; the ubiquity
of digital devices allows us to capture extremely high-resolution
traces of humanity across a variety of dimensions. Saudi Arabia’s
mobile phone penetration is above 198 percent - an astonishing
figure suggesting that many across the Kingdom own more than
one mobile device. We aggregated nearly 100 million daily network
connections, assigned to more than 10,000 unique cell towers.
Each anonymized call detail record (CDR) held a precise time and
duration measure for the connection, the caller’s location, the type
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of connection (phone call, SMS, Internet query, etc.), and the user’s
type of service (subscription, prepaid, etc.).

Analysis and Visualization: Seeing Riyadh through Data

We began by spatializing the data and generating a suite of activity
profiles at different physical and temporal scales. Figure 3 shows
cellular usage patterns over one day across (1) the city of Riyadh,
and (2) the entirety of Saudi Arabia. The aggregate cellular activity
(number of calls, texts, and data queries) over an interval of fif-
teen minutes is plotted by color (dark to light on a logarithmic scale)
for each cell tower. These static images present a powerful impres-
sion of the dynamics of social life across the region (alongside
charting out the territory’s telecommunications backbone), but ulti-
mately they offer mere suggestions rather than answers, eschewing
the rhythm or pace of life. Bringing more context to the fore -

city imagery, infrastructural form, and temporal dimensionality -
we arrive at a much richer representation of the rhythm and pace of
life across the city.

Figure 4 shows cellular activity through color, transparency,
and height (again in logarithmic scale) pixelated across the metro-
politan expanse of Riyadh. As opposed to seeing the cell towers
as discrete points in the city, we show network traffic interpolated
over a100 x 100 grid. In this sense, each grid cell is assigned an
intensity based on its distance to surrounding antennas and their
activity levels using a Gaussian smoothing function. The temporal
activity is interpolated in a similar manner, and although impos-
sible to demonstrate through print, the final visualization projects
a much more natural view - a strong portrait of the social character
of the city. With the inclusion of satellite imagery as a base map,
we arrive at a unique view of how the social rhythm of the city is
expressed over built form. As a basic sanity check for our data,
we see - as one would anticipate - very low activity levels through
the early morning hours before the downtown core becomes
buried in an eruption of traffic that slowly spreads outward to hang
over the region for the remaining hours of the day. We also see
clear subcenters emerge that correlate with construction density,
and these subcenters appear to be partitioned by the roadway
network itself.
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Fig. 4.

Cellular activity aver-
aged across the geog-
raphy of Riyadh. Height
and color represent
aggregate activity over
a 15-minute interval.
Visualization: Kael
Greco, SENSEable City
Lab 2013
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The city’s shifting activity profile also highlights a rich temporal
signature of communication that is all Riyadh’s own. Watching
the oscillations of the activity landscape, a unique character
emerges - we see that the city really doesn’t come alive before
noon, and peaks in aggregate activity around 6:15 p.m. With

a careful eye, we can begin to pick out subtle regional delineation
across the time slices: the residential neighborhoods to the south-
west and northeast of the downtown core activate well before

the rest of the city, and experience the strongest interhour fluctua-
tions throughout the course of the day. Lastly, the temporal
dynamism presents some peculiar discontinuities throughout the
day - almost as if all phone traffic is suddenly halved at strange
intervals. (We’ll return to this phenomenon later.)

Inferring Home /Work Locations
Expanding our time intervals to capture broader day and night
variation we can begin to differentiate home and work locations
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across the city - a methodological precursor to inferring urban
land use. We define home locations as the most visited cell tower
areas during weekday nighttime hours, and work locations as

the most visited cell tower areas during weekday daytime hours.
This essentially breaks down to filtering users who make the
majority (60 percent) of nighttime calls in one place between the
hours of 10:00 p.m. and 6:00 a.m., and the majority of daytime
calls between 9:00 a.m. and 3:00 p.m. in another place.

The process left us with approximately 2 million weekday
home-work pairs, but the question became: How can we put
these to use? Can the combination of these pairs tell us something
new about the operational structure of city? Of course, each
home-work dyad by its very nature defines the start and endpoint
of a commute, making a fundamental step toward understanding
travel demand, but is it possible to see something unique in the data?

We began by accumulating each home and work location
bounded by the expanse of the city and geographically smoothing
the results in two separate maps. We then created an additional
map to highlight the extremes, subtracting resident locations from
work locations, shown in figure 5,

The map highlights the discrepancy between the entirely
residential and entirely worksite locations, showing some mono-
centrically clustered worker hotspots that follow the overall spatial
logic of the city. At the periphery we also see a number of uni-
versities show up strongly as work locations. Lastly, we see high
agglomerations of residences to both the south and east of the city,
with smaller pockets scattered throughout. Again, this is in line
with a subjective survey of the land through Google maps and dis-
cussions with locals.

Detecting Mobility Communities

The home/work visualizations above point to an organizational
logic of the city. Can empirical analysis confirm the strong regional
clusters we see in the preceding maps? And if so, how can we
visually explore the implications of the underlying community struc-
tures? If we conceptualize all of home/work commutes as a city-
wide mobility network, we can conceivably break this network into
subcommunities by applying a regional delineation algorithm.



Fig.5.
Map of work/home
location differential

a) King Saud University i
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Fig.6.

Partitioning of the origin/
destination network into
mobility communities.
Visualization: Kael Greco,
SENSEable City Lab 2013
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The process begins with the citywide network of connected
cell tower locations, where a weighted directed edge between
two nodes is defined as the cumulative trip flow between them. The
algorithm then uses a modularity optimization scheme, such that
subnetworks are clustered in a way that minimizes total internal arc
disruption. Each resulting subcommunity represents an area where
the majority of commuters live and work. In total, we identified
seventeen distinct communities in Riyadh.

By overlaying our results on the geography of the city, a
number of interesting relationships are revealed. Most strikingly, the
clusters correlate very closely with the main arteries of the city.
Mobility communities seem to be heavily reliant on the street net-
work itself, underscoring the city’s overall dependence on highway
infrastructure. These results also support the commonly held
belief that heavily trafficked streets, on many levels, are instruments
of segregation and control, or perhaps more optimistically: Good
streets make good neighbors.

From Social Rhythm to Directionality

CDRs have the ability to tell the stories of urban inhabitants in near
real time. From the planning perspective, one of the most mean-
ingful stories we can glean is an individual’s mobility pattern, which,
at an aggregate level, describes one of the most vital components
of urban analysis: origin-destination matrices. Constructing accurate
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Fig.7.
Origin/destination
traces. Visualization:
Kael Greco, SENSEable
City Lab 2013.
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O-D matrices is a crucial component for transportation network
optimization - not only for assessing moment-to-moment capacity
constraints, but also for forecasting future needs. Traditionally,
O-Ds are constructed through onerous census surveys that are con-
ducted every five to ten years. The process is long and costly,
and when completed, only provides a rudimentary snapshot of
travel demand.

While some have proposed the installation of exhaustive
sensor networks to bypass these inadequacies, our approach
is to leverage the ubiquity of the sensing apparatus already in our
environments, namely cell phones. By collecting and filtering
each user’s mobile activity as a sequence of cell tower locations,
we are able to estimate a population’s travel demand in terms
of origins and destinations of individual trips. We’ve shown that
these approximated O-D flows hold a strong correlation to census
estimates (Calabrese etal. 2011); however, this approach includes the added
benefit of capturing travel demand at highly dynamic time slices
ranging from seasonal variations to hourly fluctuations. Such a high
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temporal resolution has the potential to reshape our understanding
of urban mobility.

We first constructed O-D matrices on an hourly basis in
an effort to show them alongside the network activity. In visualizing
the result, we represent each “trip” as an arc that rose from origi-
nating to terminating cell tower. Each arc embodies a variable
number of trips, and to illustrate this we altered its thickness and
height in correspondence to the intensity of activity along that
route (on a logarithmic scale). To further highlight directionality,

a color scheme has been applied that shows origins in blue and
destinations in green (figure 7). The O-D arcs are drawn over the same
city base geography, on top of the social interaction mesh from
above, in an effort to reveal unseen connections between the two
data sets.

The resulting dynamic maps hold a striking similarity to the
local intuition of vehicular flows across the city, and the overall
O-D arcs correspond quite closely to the underlying street network.
Most notably, the visualized results show intense activity along
the city’s main arteries, King Fahd Road and both the Northern and
Eastern Ring roads. Additionally, after conducting a series of work-
shops and interviews with community leaders and planning pro-
fessionals, these results were found to be in close alignment with the
citizenry’s subjective understanding of commuting patterns. To
further validate our findings, we compared the estimated O-D flows
with the best ground-truth measurements of roadway activity that
were available: historical traffic counts. These volumes were collect-
ed by moving a small collection of pneumatic tube sensors across
the city, intersection by intersection, at forty-eight-hour intervals.

These counts were built into the visualization as half-
spheres placed at their respective intersections. Each sphere changes
shape and color at an hourly rhythm in line with the measured
volume. Again, the main sections of the city line up quite nicely,
however, some intriguing O-D activity can be seen to the southeast
of the city center that, unfortunately, has no corresponding car
count figures to compare against. This remains an open area of explo-
ration for the future.

The final step of this line of analysis will be transforming these
mesoscale commuting flows to activity on the road network itself.
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Fig. 8.

Mobility communities
resulting from the
partitioning process.
Visualization: Kael
Greco, SENSEable City
Lab 2013

Facing page, bottom:
Fig.9.

Combining O-D flows
with historical traffic
counts.

Right: Fig.10.

O-D matrices across
Riyadh from 6:00 a.m. to
9:00 a.m., 9:00 a.m. to
12:00 p.m., 12:00 p.m. to
3:00 p.m., 3:00 p.m. to
6:00 p.m., 6:00 p.m. to
9:00 p.m., and 9:00 p.m.
to 12:00 a.m.
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By probabilistically transposing our collected O-D trips to a detailed
Geographic Information System (GIS) database of road segments,
we are able to quantify the impact various mobility communi-

ties have on the aggregate transportation network - demonstrating
the potential for an exhaustive real-time representation of
commuting. The technique has the power to quantitatively identify
both overburdened arteries and the specific congestion points

that initiate the city’s daily gridlock (figure 6). Similar studies have
found that just a small number of drivers from a small number of
neighborhoods can be responsible for tying up key roads. Due to
their reliance on already sensitive metropolitan roads, Wang et al. (2012)
identified 15 census tracts (out of 750 total) at the heart of Boston’s
traffic problem. Whether or not this will be true in Riyadh

remains to be seen.

The Speculative Frontier: Seeing Data through Riyadh

The preceding research utilized inherently “social” data to uncover
patterns of large-scale human dynamics across the urban form,
resulting in temporally precise representations of Riyadh’s pulse
and cyclically shifting directionality. With this introductory analysis
under way we can shift our focus to the other end of the contin-
uum that was put forth in the introduction - uncovering hidden
social trends by filtering the network of human interaction through
the city itself. There are a multitude of contextual factors that
make Riyadh, and the Kingdom of Saudi Arabia as a whole, a fasci-
nating subject for geospatial cultural analysis. This begs a number
of more theoretical questions: What compelling sociocultural
factors have we captured in our data that can be activated through
the frame of the city? Returning to John Snow’s cholera map, are
we able to reveal hidden facets of social life by affixing our data

to the structure of the city? And consequently, what can this trans-
position further teach us about the character and composition

of urban form in Saudi Arabia? What follows is merely a trajectory
for further study. Its primary objective is to highlight questions
whose solutions could be found somewhere at the murky interface
between social and physical geographies. These brief thought
experiments are by no means exhaustive, but they are presented
in the hopes of sketching a periphery for future inquiry.
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Starting with the broad context of Saudi Arabia, one can’t
help but notice gender segregation is the most obvious place to
begin any sort of comparative social analysis. The nation is known
for its rigid gender norms. From the compulsory nigabs (veils) to the
requisite accompaniment of a male guardian, Saudi women face
a heavily protected - if not unconditionally restricted - existence.
Can the backdrop of the city shed light on how this defines daily life?
Using our anonymized CDRs in combination with demographic
information will allow us to empirically explore how this segrega-
tion manifests itself across the country. In particular, Saudi
Arabia holds the dubious distinction of being the only country in
the world that prohibits women from driving cars. With few
options for public transportation, women must instead depend on
either male relatives or hired drivers to move about their environs.
Is it possible to quantify this restriction spatially - can we recon-
struct and represent the geography of exclusion? What would such
alandscape look like? Which areas are associated with the most
and least female accessibility and how are they distributed
across various cities? Can we then disentangle the culturally im-
posed restrictions from those that are made physical through
urban design? How does this segregation manifest itself through
the human interaction network - does the spatial constraint
hold here as well? And finally, what are the resulting implications
for city policy makers, planners, and managers?

Another cultural phenomenon that is unique to the Arab
world is the daily call to prayer. As intimated above, we found
an intriguing pattern in mobile activity distributions that was unlike
any other country or city we’ve analyzed before. At various points
in the day activity would simply drop off for around thirty to forty
minutes before picking back up to its typical trend. These inactivity
“valleys” were actually the result of these daily prayer times.
Millions of Muslims across the country put down their phones to
turn and face the holy city of Mecca to give prayer five times a day.
Shops and businesses essentially close down for roughly twenty
to thirty minutes while the religious police - the Mutaween - surveil
the streets in the hopes of sending all loiterers to the nearest
mosques. To our surprise, our activity distributions very closely
capture this behavior. The precise timing of these calls to prayer



depend on the position of the sun in the sky, and thus, by differenti-

ating the CDR distributions into western, central, and eastern

regions, we are able to see the prayer times moving across the coun-

try as demonstrated in the figure above. This presents another

series of intriguing questions. As we’ve already seen in the “social

pulse” visualization (figure 3), this sudden dip in cellular activity

is identifiable when applied to the geography, but can we quantify

and map the intensity of the disruption and show which areas

are most affected by calls to prayer? What is the relationship of dis-

ruption to the spatial organization of urban environments - how

would our measure of intensity correlate to patterns of land use?

Does it follow the density distribution of mosques? Leading from

this, can we detect and illustrate how prayer time disruptions

are expressed through mobility? Do average trip lengths shorten

during prayer windows as one would anticipate? Lastly, can the

intensity of disruption serve as a proxy for regional religiosity? Can

we find any correlation between religiosity and characteristics of

the human interaction network?

We will continue forward with all of these questions in mind,

using the urban context as the pivot point on which we can orient

our gaze in the search for answers. And through this careful, back-

and-forth negotiation into and away from the spatial frame, we

hope to arrive at a collection of representations that capture new

ways of seeing both the city and the social forces operating

through the city.
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Places - Implications
for Design
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“Cities happen to be problems in organized complexity,” commented
Jane Jacobs on the ballet of daily life on Manhattan’s Hudson
Street in the 1960s. “The variables are many, but they are not helter-
skelter; they are ‘interrelated into an organic whole.” (Jacobs 1969, 433)
Jacobs was reacting to the prevailing urban design discourse of her
day, which claimed to bring order to complex social life through
formal interventions. The problem was, Jacobs argued, that archi-
tects and planners had a poor understanding of the social and
economic interactions that take place in dense urban environments
and their interventions were therefore disconnected from the
real needs of a place. Further, it was not clear to what extent the
form of the environment played a role in their success at all,
since the activities of Hudson Street were shaped by numerous
cultural, historical, and geographic factors beyond form.

“How much a park is used depends, in part, upon the park’s

own design,” Jacobs remarked. “But even this partial influence
of the park’s design upon the park’s use depends, in turn, on who
is around to use the park, and when, and this in turn depends on the
uses of the city outside the park itself. Furthermore, the influence
of these uses on the park is only partly a matter of how each affects
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the park independently of the others; it is also partly a matter of
how they affect the park in combination with one another, for certain
combinations stimulate the degree of the influence from one an-
other among their components. [...]No matter what you try to do to
it, a city park behaves as a problem in organized complexity, and
that is what it is.” (1bid., 433-434)

Fifty years forward, the challenge of describing and analyz-
ing complex spatial interactions in the built environment still
remains one of the central challenges for urban design (Batty 2005).

It would be naive to suggest that urban designers lack the interest
or the willpower to delve into the social organization and invi-
sible forces that shape places in contemporary cities. On the con-
trary, there is ample evidence that investigating the workings of
diverse and heterogeneous urban environments in detail is widely
popular (for example, Belanger et al. 2001; Rienets, Siegler et al. 2009; Busquets 2006;

Sorkin 2009),

Some critics have suggested that developing a better under-
standing of the interactions between social processes and urban
form is also hampered by designers’ limited education in social
sciences. A number of urban sociologists have alerted urban
designers to remain wary of what Webber has called “some deep-
seated doctrine that seeks order in some simple mappable patterns,
when it is really hiding in extremely complex social organization
instead” (Webber1963,54). While it is true that most designers are not
trained in qualitative and quantitative methods of social analysis,
there is also a rich body of literature within as well as outside
of the urban design field to offer rigorous examples of good social
analysis that uncover the complex interaction between the phys-
ical configuration of space and its occupancy patterns (Gehl 2010;

Whyte 1980; Peattie 1968; Gans 1962). The studies demonstrate that what might
appear as complexity to an outsider typically conceals order

that remains yet to be uncovered or, as Jacobs put it, organized
complexity.

In this chapter we argue that managing spatial and social
analysis of complex urban environments is not only challenged by
research methods and analytic skills needed to describe and inves-
tigate the interactions between the form and function of a place,
but also by the conventions of spatial representation in which the
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problems under study are depicted. We argue that the most perva-
sive medium for describing the built environment - the plan -
comes with certain limitations that make it difficult to use for study-
ing complex spatial interactions between different users of a
neighborhood. Every built environment contains a spatial order,
which determines relationships of proximity and adjacency
between different buildings, public spaces, and routes that connect
them. These relationships influence how different circulation routes
are utilized, how visible or connected public spaces are, or how
conveniently buildings are located with respect to one another.
These spatial patterns, in turn, determine what places are better or
worse for particular land uses, which public spaces different build-
ing tenants routinely encounter, and how the activities of one
space might influence the others. We suggest that a network repre-
sentation of the built environment offers an effective framework
for capturing and operationalizing such relationships of urban form.
The plan - a two-dimensional depiction of the form, and
sometimes of the functions of a built environment - remains the
best known and the most utilized medium of spatial representation
among designers and scholars of the city (Conzen 1960; Moudon 1986;
Anderson1993). Plans are powerful tools that convey spatial information
in ways that are readily comprehensible to professionals across
disciplines. Yet plans can be misinterpreted, and the rich variety of
content and meaning they contain is easy to miss (Mandelbaum 1990;
Hoch 2002; Ryan 2011), Perhaps most important for the study of complex
urban environments, plans store a wealth of information on
the built environment, but leave all interrelationships of proximity,
adjacency, and interconnectivity between its various elements
to be gauged and interpreted by the eyes of a reader. Plans do not
embody explicit information about the connections between its
elements (e.g., streets, buildings, institutions, etc.); these connec-
tions need to be estimated visually by inspecting what is connected
to what, how, and why. Put alternatively, plans are rich in elements
of the built environment, but poor in conveying the interrela-
tionships between these elements; the quality of their analysis is
consequently largely dependent of the quality of their analyst.
Reading spatial relationships from a plan is possible, but
labor-intensive and far from trivial. While one-to-one relationships
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are generally easy to read from a plan - reading a route from a
subway station to a particular building is relatively simple - doing
the same for one-to-many relationships can be complicated. Gaug-
ing the relationships from a subway station to all possible build-
ings that are located within a ten-minute walk along the available
pedestrian routes is not trivial and takes time. Yet this might be

an important criterion for deciding the location for a new station.
Add to that the constraints of street crossing (e.g., traffic lights,
underpasses), a narrowed focus on only buildings of a particular
use category (e.g., only residential buildings) and the different
sizes of the buildings (e.g., the number of dwelling units in each
building) and we quickly arrive at a complex problem that is hard
to digest. Business owners choose locations according to access

to their clients or suppliers, residents according to nearby amenities,
and municipal infrastructure investments are more likely to be
approved for more utilized sites. Such relationships are important
to understand if planned environments are to attract their desired
users and public spaces their desired activity patterns. Gauging
how the built environment might impact such decisions from a plan
is difficult and requires multiple sets of spatial relationships to be
read simultaneously. Doing it fast enough to keep pace with an
urban designers’ thought process is even more challenging. Human
brains tend to operate in a serial manner and are quite poor at
processing multiple parallel computations simultaneously Minsky
1988). The reader may try, for instance, to memorize two or three
limited sets of numbers simultaneously. An analysis of spatial rela-
tionships in real urban environments may necessitate a processing
of hundreds or thousands of such relationships in parallel.

In order to represent and analyze such complex spatial
relationships, urban designers and planners have started to use net-
work-based models of the built environment. Unlike traditional
plans, network-based representations of urban space encode explicit
relationships between the elements of the network, documenting,
for instance, how streets are connected to one another, how long
the travel times between different districts, buildings, or rooms are,
or how many people commute between them. Such linkage infor-
mation is typically stored in one of two ways. First, it can be stored
in a full origin-destination (O-D) matrix, where every element of
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aplan (e.g., zone, street segment, building, firm, etc.) is shown

in a data column next to every destination, and a separate column
is used to indicate the desired linkage information about each
such connection. The linkage column may contain any kind of con-
nectivity information, such as travel time, the amount of workers
commuting between the origin and destination, the amount of
economic inputs or outputs exchanged between them, and so on.
This approach is relatively easy to analyze using database queries
that can retrieve the desired spatial relationships between a set

of origins and destinations. But this convenience comes at the cost
of information storage - representing relationships between all
individual location pairs in a separate table row requires very large
tables, which grow as a square of the number of observations.

For only 100 locations, the number of connections is 10,000.If all
the relationships are symmetrical, that is, if connections from A

to B have the same characteristics as those from B to A, then the
table can be reduced to half the size. But with tens of thousands

of locations, it may still be too large to analyze.

The second, more economical, approach is to represent all
spatial relationships with an adjacency matrix. An adjacency matrix
does not summarize the information about the full routes between
each related location pair in the environment, but instead only
stores the immediate neighbor adjacencies for each location. If the
environment is modeled as a network of neighborhoods, then
the adjacency matrix would capture each neighborhood’s relation-
ship to only its immediately adjacent neighborhoods. If the
environment is modeled as a network of buildings and streets, then
the adjacency matrix would capture each building’s relationship
to only its immediately adjacent buildings along the street network.
Useful network analysis algorithms can then query this information
and infer the full spatial relationships between all elements of
the network from this shorter table. Querying the adjacency matrix
requires more advanced algorithms than querying a full O-D table,
but a lot less storage space. Contemporary algorithms for pro-
cessing such tables allow vast spatial interactions to be analyzed in
seconds (Vanegas et al. 2009),

There are a number of different ways of representing such
information in networks and tables. What is important, however, is
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not so much the precise form of the network representation used -
centered on land-use or urban form (Bhatetal. 2000), using actual
network routes or as-a-crow-flies connections (Anselin1988), primal or
dual network representations (Hillier 1996; Porta et al. 2005), two-element
or three-element networks (Sevtsuk2010) — but the fact that spatial rela-
tionships in a given environment are depicted numerically, such
that all desired linkages between places are explicitly encoded
in a relationship table. These spatial relationships may depict con-
nectivity in terms of traffic, material, information, or financial
exchange. This is a major departure from traditional plans that has
occurred quietly for most urban designers and physical planners
during the past decade. Instead of requiring the reader of a plan to
infer complex spatial relationships embedded in the environ-
ment visually and intuitively, network-based representations encode
such information explicitly and allow the user to access large
combinatorial summaries of spatial connections on the fly. Network
models automate the analysis of numerous parallel relationships
in urban space and allow the analyst to use that information in
urban design decision making almost instantaneously. This is pro-
foundly changing how we describe and analyze complex urban
environments, paving a way for more informed decision making in
real-world planning problems.

In the following we describe one of such models - the
Urban Network Analysis Toolbox - developed at the City Form Lab
(Sevtsuk and Mekonnen 2012), There are many other network-based ap-
proaches to describing built environments; we use the one we have
developed to illustrate the more general functionality of network

representations of urban space (Levin 1964; Casalaina and Rittel 1967; Rittel 1970;

Tabor 1970; March and Steadman 1971; Hillier 1996; Porta et al. 2005; Xie and Levinson 2007; Okabe
and Sugihara, 2012; Miller and Wu, 2000; Jiang and Claramunt, 2002 ; Peponis and Bafna, 2008;
Vanegas et al. 2012),

The Urban Network Analysis Toolbox - an open-source and
free plug-in for ArcGIS - models the built environment using three
basic elements: edges, representing paths along which travelers
can navigate; nodes, representing the intersections where two or
more edges intersect; and buildings, representing the locations
where traffic from streets enters into indoor environments or vice
versa. Buildings can be replaced by any other point locations on
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adjacency matrix below Each building, street, and intersection carries an additional
set of attributes describing its real-life properties. These attributes,
stored in another table, can describe any measurable properties
of these elements: for buildings, their size, height, establishment
mix, demographic occupancy, etc.; for streets, their directionality,
traffic capacity, sidewalk characteristics, etc. The weighted rep-
resentation of interconnected elements opens up a range of possi-
bilities for studying different kinds of spatial relationships between
buildings in a network of city streets. This network representation
framework is illustrated in figure 1. The left side of the figure presents
a fragment of Harvard Square in Cambridge, Massachusetts, in
a plan drawing, with color-coded land uses. The same plan drawing
is shown as a network on the right. Each building in the network
is connected to its nearest circulation path at a discrete location - its
entrance doors in this case. Note, however, that a building can have

several doors and connections to the network.
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A network representation of both form and function of an
area provides a basis for complex spatial analysis. The three elements
of urban form describe the physical pattern of urban infrastructure -
the two- and three-dimensional geometry of built form and its
circulation routes, the shape of public space, and paths that connect
them. Using attributes within these categories allows us to further
differentiate the parameters of these elements - building volumes,
the spacing or placement of buildings with respect to circulation
spines, the capacity or direction of routes, etc. Table attributes also
allow us to describe the functions of each element - which activities
are located where, how many people they accommodate, and
how the activities connect with one another. Activities are typically
categorized into loose groupings, such as living, working, or playing
spaces, but they can also change from one activity to another or
intensify in use depending on time of day or day of week. Together,
such indicators aggregate into a complex description of a place,
where everything can be related to everything else around it (Tobler
1970). The relationships are not helter-shelter, they are explicitly
encoded into the adjacency matrix and attribute table, organized
by the analyst. Let us now look at the Bugis area in Singapore
to apply this type of a representation on a real, complex urban envi-
ronment.

Bugis is located in downtown Singapore, encompassing an
area of roughly a square kilometer. It is a historical area that was
developed as part of the Raffles Plan and covered through the nine-
teenth and early decades of the twentieth centuries with tradi-
tional shop houses. Since the 1960s, the area has been gradually
redeveloped with multistory deep-floor-plate commercial structures
that accommodate a vast, heterogeneous mix of activities.

Figure 2 j]lustrates an interior view of Bugis Street, a multistory
bazaar of hundreds of small retail and food businesses located at
the center of the area. There are a total of more than 4,000 individ-
ual businesses including 1,769 retailers, 559 service providers, 519
eating and drinking establishments, 130 offices, 38 hotels, 24 educa-
tional institutions, and 19 entertainment facilities within an area
of roughly 0.8 square kilometers around the Bugis Mass Rapid
Transit (MRT) station. Bugis is one of the busiest, and indeed most
complex urban environments in Singapore.



Fig. 2.
Interior alley of Bugis
Street in Singapore
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The area was surveyed by researchers of the City Form Lab
in fall 2012, who recorded every door, building, and business, along
with their size, use category, and a few other economic character-
istics. The survey covered all publicly accessible floors in the area,
with roughly half of the businesses on the ground floor and the
other half on the upper floors or underground. The researchers also
documented the entire pedestrian path network in the area, both
indoors and outdoors, on grade, above and below grade - observing
over 32 linear kilometers of walking paths within less than a
square kilometer of land: 35 percent of these paths were outdoors,
26 percent outdoors but covered (e.g., arcades), and 37 percent
were indoors on various levels. Figure3 shows this information encoded
in a network. The red dots indicate individual businesses, the gray
lines the pedestrian paths, and the black lines the ground-floor
structural building walls.

We demonstrate network analysis of this area using two
types of spatial connectivity indices: Betweenness and Reach (Sevtsuk
and Mekonnen 2012), The first involves foot-traffic prediction in different
parts of the site; the second models accessibility to food estab-
lishments.

In order to estimate where and how people might be walking
in different parts of this area, we looked at walking routes from
the MRT station to retail destinations in the whole area. According
to interviews on site, a large part of the crowd in Bugis comes there
to shop by MRT. We based the analysis on the assumption that
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Fig. 3.
Three-dimensional
network representation
of the Bugis area in
Singapore

a walking trip is made from the Bugis MRT station to each of

the 1,769 retail establishments in different parts of the site along
the shortest available path. We modeled all these paths using
Betweenness analysis in the UNA Toolbox and kept track of which
network segments are most trafficked in the process. The Between-
ness metric thus captured the number of estimated passersby

at each network segment who walk from the MRT station to a retail
destination along the shortest paths.

Figure 4 shows the results, color-coding the footfall from
green to red as the traffic increases. We find the highest expected
pedestrian activity in Albert Mall, Bugis Street, and Bugis
Junction - all major shopping destinations in the area. There is
also a peak of activity near Arab Street and Haji Lane, both histor-
ical streets, lined almost continuously with stores in old shop
houses. Each of these places is indeed crowded in reality (figure 2),
Perhaps more important, network analysis allows us to predict
not only general areas of activity concentration, but even particular
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Fig. 4.
Betweenness analysis, indicating expected pedestrian traffic from the Bugis MRT station to all
individual retail destinations in the area

154



Andres Sevtsuk

—
wv
wv

Number of food establishments within 200m

09 ® -

20-32 @ ) 5
33-48 @ ""/ %. % g5 14
/ L /@o 3
TN N
- LY A e Y Ve i
::-: \\3-\-\\. b%ié}c ) S Y Bai®
= tof g 5 \ ‘\‘\(. \, ” “xﬁ \
84-94 \Q‘;‘ ? N @, i 5.
95-105 ® ; o ” < S B N\ . /\%«r
106-116 @ S :
17-129 @

130-146 @

Fig. 5.
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street segments or indoor corridors throughout a whole district that
are likely to attract a lot of traffic. The variation in movement flow
on different segments can be an important factor for explaining
their business mix and use patterns. Eating establishments,

for instance, often prefer to locate on paths with high foot traffic
between other origins and destinations. Businesses that do not
depend entirely on passersby but value customer spillovers from
other businesses, may occupy the second-best locations that
remain near pedestrian currents, but on side streets, where rents
are cheaper (Sevtsuk 2010).

When we analyzed which locations in this area have best
access to food establishments, we see that restaurants and drinking
places do locate quite close to retail destinations and the pedes-
trian routes that lead to them. Figures illustrates a network-based
Reach accessibility metric specified to eating and drinking establish-
ments within a 200-meter walking radius. The Reach index estimates
how many particular types of destinations - food establishments,
in our case - are available from each origin within a given walking
radius (e.g., 200 meters). The more eating and drinking destination
available, the higher the index.

The results in figure 5 suggest that restaurants, hawker stands,
and bars are typically clustered near retailers and the pedestrian
paths that lead to them. The highest concentration is found
between Albert Mall and Bugis Street, where numerous food stalls
cluster at the Albert Market and Food Center. There is also a con-
centration of food vendors in Bugis Street and Bugis Junction and
on Arab Street and Muscat Street, which branches off to its right.

In front of Albert Center, a pedestrian can reach up to 146 different
food establishments within a 3-minute walk. These four areas

are the centers of gravity for food. Overall, there are three times as
many retailers as food establishments in the area, but even the
lighter green locations on the map reach 30 to 50 eating and drink-
ing venues in a 200-meter walking radius, suggesting that the

area is not poor in culinary options.

If we zoom in on one of the walking paths between the
Bugis MRT station and a retail store - a computer hardware shop on
the fourth floor of Sim Lim Square electronics mall - then we can
further qualify the characteristics of a particular route in our analysis
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Fig. 6. (figure 6). This path, which depicts a typical shopper’s visit to the
::‘:;‘:t':‘r':'::‘“i?“te area, passes 86 businesses before arriving at its destination, §8 of
fourthfloorofsimLim  Which are retailers, 20 eating places, 8 offices, and 3 service estab-
f:::e'::f:;::::t::z'n lishments. A comparison of such paths leading to different socio-
economic destinations can be valuable for a number of applications
- explaining, for instance, the attraction of different paths to pedes-
trians, how different groups of people experience the city, or
for studying microeconomic clustering between establishments.
Anetworked representation of the built environment presents
a powerful framework for describing and analyzing complex urban
environments. It is already being used in numerous digital urban
models, and its applications are likely to grow quickly in the coming
years. Unlike traditional plans, network models of urban space
explicitly encode information about the connectivity between dif-
ferent actors and places they represent, making complex spatial
analysis between the different elements of the environment possible
within seconds on a computer. They overcome the slow and chal-
lenging process of reading spatial relationships, typical of traditional
plans. But the analysis of spatial networks therefore also depends
on the relationships that have been encoded into their tables. Doc-
umenting such relationships is an important first step in making
use of such methods.
Networked representations of city environments are not,
however, alternatives to traditional plans, but rather complements.
As urban designers, we know that visual readings of plans are
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more nuanced, sensitive, and powerful than anyone might be able
to explain. Plan reading will remain vital to urbanists. Underlying
network connections embedded in these plans can simply augment
the static representations with powerful spatial interconnections
that are hard to gauge otherwise. They help automate labor-inten-
sive counting and measuring tasks that a reader of the plan may
not be able to perform mentally, and allow her to utilize such infor-
mation instantaneously for studying or manipulating the plan.

The graphic plan interfaces of network models will also
allow the analyst to overcome the shortcomings of an overparame-
terized model. The interrelationships of form and function that
network models embody are of course not comprehensive and can
miss a number of important dimensions of a place - its history
or its broader social, cultural, or environmental context. But the
graphic interface of network models allows them to be interpreted
in the same way as traditional plans, with supplements. A holis-
tic approach to urban spatial analysis still requires “a pragmatic out-
look [that] embraces context and seeks continuity among diverse
viewpoints” (Hoch2000,54). Digital interconnectivity between the
elements of a plan improves rather than hampers holistic thinking.

Finally, we should remember that a novel representation
of a place does not necessarily lead to a better understanding of its
underlying complexity. But by providing a clear framework for
describing a multitude of simultaneous spatial relationships embed-
ded in its structure, network models of the built environment
eliminate a major burden of reading such relationships visually and
allow the designer to focus on the analysis rather than the descrip-
tion of the problem.
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Today’s large metropolitan areas, from New York and London
to Singapore and Tokyo, all comprise a multitude of interconnected
centers: places where our daily activities for employment, leisure,
and travel are highly concentrated. A deep and quantitative
understanding of this urban spatial structure is of considerable
importance for our contemporary sprawling cities, where it is
ever less obvious what constitutes a center. As an example, being
able to predict how a new business hub interacts with already
existing centers, and eventually changes the citywide mobility pat-
terns, is a prerequisite for developing efficient measures against
traffic congestion and air pollution. The recent availability of many
new, large-scale data from human activities, such as those auto-
matically collected from mobile phone networks, opens unprece-
dented possibilities to shed light on the increasing coexistence
of multiple centers, offering numerous new applications for urban
planning, infrastructural investments, and environmental impact
mitigation.

The spatial structure of urban landscapes in terms of centers
and subcenters is constantly evolving over time (Batty 2013; Bertaud 2004),
From a historical perspective, it was mainly the explosive rise of
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Fig.1.

Morphological and
functional dimensions
of polycentricity,
adopted from Burger
and Meijers (2012)

private car ownership together with the introduction of mass public
transportation which has led to a qualitative transformation of
almost all major cities during the last century: from a rather simple
monocentric structure with a clear central business district (CBD)
and a surrounding suburban hinterland toward a more complex
polycentric structure which pictures the coexistence of multiple
activity centers (Anasetal. 1998). This trend is expected to continue in
the near future, giving rise to new challenges for improving the
performance of cities at large. It is therefore hardly surprising that
the characterization of polycentric urban structures has gained
much attention in the urban planning and economics community
during recent years (bid). Nevertheless, due to its multifaceted
nature, polycentricity (or polycentrism) has remained a rather fuzzy
concept, still lacking a commonly accepted definition. Generally,

as is illustrated in figure 1, the two most important aspects of polycen-
tricity are (1) its morphological dimension, which denotes the size
and spatial distribution of centers; and (2) its functional dimension,
which additionally addresses the linkages between different cen-
ters such as the daily flow of commuting people or the strength of
business and social network connections (Green 2007; Burger and Meijers
2012), Morphological polycentricity has been traditionally assessed in

[ ] [ ]
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Monocentric Polycentric
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a rather straightforward manner by applying simple thresholds for
population, employment, or business density. It has been difficult,
however, to appropriately quantify functional polycentricity, mainly
due to the scarcity of large-scale, individual-based-movement

or social-interaction data. Consequently, going beyond fundamental
conceptualizations, little is known so far about the spatiotemporal
interactions of people with different centers and subcenters.

On these premises, the new wave of user-generated data
sets from mobile phones, credit cards, online social networks, and
numerous other sources, is providing us with an unprecedented
potential to scrutinize and eventually quantify these intrinsic urban
interactions. Recent research has already taken a first step in
this direction by analyzing millions of subway journeys in London
based on the Oyster card electronic-ticketing system, showing
a hierarchical nature of different centers in terms of stations and
commuter inflows (Rothetal.2o1). In order to substantiate the value-
added of harnessing the electronic footprint of urban dwellers,
the following section provides an exemplary application of ana-
lyzing massive mobile phone CDRs (call detail records) to quantify
the polycentricity of large metropolitan areas. CDRs provide
us with an accurate statistical picture of individual-based people
movements in cities (Isaacman2010), while capturing a large fraction
of the population due to the usually high penetration rate of
mobile phones. It becomes immediately obvious that these practi-
cal strengths outperform traditional, questionnaire-based survey
or census data, whose collection is substantially more difficult
and cost-intensive, which are limited to a small subset of the popu-
lation, and which provide a merely static system snapshot.

In the course of an ongoing research project initiated and
led by the SENSEable City Lab, we are developing novel algorithms
and data-mining techniques, allowing us to translate CDRs into
the spatiotemporal distribution of people and to subsequently un-
fold the complex patterns of polycentricity (Schlipfer et al. 2014), Within
the framework of the Singapore-MIT Alliance for Research and
Technology (SMART), one of the largest mobile phone operators
of the city-state of Singapore has provided us with massive anon-
ymized CDRs for academic research purposes. This data has
recently been collected for billing purposes and covers more than
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half of the population during several consecutive months with
approximately 10 million phone call events per day. Each record
corresponds to a single call event. It consists of (1) the anonymized
(i.e., surrogate) numbers of the two connected mobile phone users,
(2) the call duration, (3) the time stamp of the call initiation,

and (4) the two cell towers routing the call, together with their geo-
graphic location.

This georeferenced call data is utilized to reveal the poly-
centric structure of Singapore, by identifying the most important
locations at which phone users tend to converge during their
daily intraurban movements. The first step of our analysis procedure
is the calculation of so-called origin-destination (O-D) matrices,

a concept borrowed from the field of transportation engineering.
Simply put, for each mobile phone user our algorithm estimates the
home location (or origin) by the cell tower area where most of the
calls are made during evening and night hours. We subsequently
partition the total urban area of Singapore into a regular 0.5 km x
0.5 km grid (implying a total of 1,423 cells including at least one cell
tower), and determine for each user the visited grid cells (or desti-
nation). As a second step of our analysis, we count for each grid

cell the number of users who are living within a given distance and
who are visiting the considered location with a given frequency.
The result is a comprehensive picture of the relative importance, or
attractiveness, of each pixel in the grid, telling us how many people
are attracted, how often, and from how far away. This, in turn,
allows us now to systematically study the spatiotemporal emergence
of centers from a citywide perspective. For instance, if we consider
only small radii of attraction by limiting our focus to those visits
which are made in close vicinity of the home location, we find that
the cells which attract a large number of people are highly scattered
over the entire city area (figure 2a). This pattern makes intuitive

sense, as it may well highlight very local attraction points such as
local shopping facilities and other amenities. However, if we
gradually expand the radius of attraction by increasingly consider-
ing visitors who live further away, the grid cells which attract a
large number of people tend to become more and more clustered
in space, giving rise to the emergence of distinct centers, which
indeed correspond well to our subjective perception of central places



Fig. 2.

Revealing the spatiotem-
poral polycentricity in
Singapore. The marked
(dark) cells correspond
to the top 10 percent

of locations in terms of
the relative people
inflow.

a) For low values of the
radius of the considered
catchment area (r=1km)
highly localized and
dispersed centers can
be observed.

b) For medium distances
(r=5km) centers of
regional importance
emerge.

c) For a large radius of
the catchment area
(r=15km) the predomi-
nance of the downtown
core becomes clearly
visible.
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in a city. As an example, widening the considered radius of attrac-
tion around each grid cell to 15 kilometers, we can visually identify
well-known centers in Singapore as coherent areas of cells with

a high number of visitors, such as the downtown core in the
southern part of the city, Jurong in the western part, or Woodlands
in the northern part (figure 2b). If we further widen the catchment

area of each grid cell toward including visitors from the entire urban
region, we increasingly observe a rather monocentric structure
with a pronounced downtown area, as is illustrated in figure 2c.

Thus, Singapore’s downtown core attracts a large fraction of dwell-
ers from all over the metropolitan area, while other centers such

as Jurong seem to have a smaller catchment area from which the
majority of visitors is attracted. In other terms, the degree of poly-
centricity is highly dependent on the spatial scale of the assessment.

Going beyond visual inspection, we can quantify the change
of the relative importance of each center with increasing spatial
scale by measuring the size of each center as the number of
connected grid cells (sharing a common border) with a given people
inflow. As shown in figure 3 for the examples of the downtown core
and Jurong, the size of both centers first increases with the growing
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Fig. 3.

Relative importance of
urban centers as mea-
sured by the number of
connected cells (cluster)
that belong to the top
10 percent of all cells in
Singapore in terms

of the relative people
inflow, as a function of
the radius of the catch-
ment area rp,, and

the minimum visiting
frequency fyin.

a) Downtown core;

b) Jurong
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radius of the considered catchment area. However, after exceed-
ing a certain radius the size, and thus the relative importance, of
Jurong stabilizes, while the downtown core is gradually increasing
in terms of people inflow. This changing importance of different
centers with increasing geographic scale, as we have observed for
the case of Singapore, suggests an intrinsic hierarchical organiza-
tion of different centers and subcenters.

Besides clarifying the role of the spatial scale in the charac-
terization of polycentricity, CDRs also provide rich insights into the
role of the temporal scale. To that end, we assessed the impact of
the frequency with which each grid cell in Singapore is visited. Simi-
lar to increasing the distance of the home location, we considered
only those users who visited a given cell with a minimum frequency,
which we define based on the minimum number of days a user
connects to the network while being in this cell. Figure 3 shows the
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relative importance of the two exemplary centers, again expressed
in terms of their size, as a function of the minimum visiting fre-
quency. The relative importance of the downtown core decays rap-
idly when restricting the analysis to regular visitors only. Hence,
merely irregular visitors contribute to the overarching importance
of the downtown core. Conversely, the relative importance of the
more local center Jurong shows even a slight increase with increas-
ing visiting frequency (figure 3), thus attracting mainly visitors on a
regular basis. This shows that the temporal aspect of the attractive-
ness of urban centers has to be considered as important as the
spatial counterpart. It is interesting to note that our findings based
on the intraurban flow of people seems to be in line with long-
standing principles of economic geography, explaining the central
location of those specialized goods and services which attract
a larger pool of people but on a less regular basis (Krugman1996). A
prominent example is the Central Place theory of Christaller, which
attempts to explain the spatial distribution of cities (Christaller 1933).
The present study of Singapore shall mainly serve as an
illustrative example for the promising potential of analyzing hereto-
fore unavailable, user-generated data, in light of developing
a deeper understanding of the complex organization of large metro-
politan areas. In particular, we leveraged the information provided
by mobile phone CDRs so as to uncover the trajectories of urban
dwellers and to subsequently identify the spatial and temporal scale
as the two main ingredients of polycentricity. These basic insights
may be taken as a starting point toward a formal, data-driven
definition of functional polycentricity. Moreover, it will be interest-
ing to enrich the study by the quantification of people flows be-
tween different centers, as well as to extend it to other major cities
across different geographies, cultures, and economies, so as to
compare their overall performance and efficiency in terms of travel
behavior or environmental impacts such as emissions. Thereby,
the necessary data collection needs to be done in a privacy-
respecting way, which requires novel data mining, storage, and
anonymization approaches (Trantopoulos et al. 2011), Nevertheless, such
insights gained may hopefully help city planners and decision
makers to navigate toward a sustainable urban future while main-
taining a high quality of life.
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Cities are not organisms, any more than they are machines, and
perhaps even less so. They do not grow or change of themselves, or
reproduce or repair themselves. They are not autonomous entities,
nor do they run through life cycles, or become infected. [...] But it

is more difficult, and more important, to see the fundamental inept-
ness of the metaphor and how it leads us unthinkingly to cut out
slums to prevent their “infectious” spread, to search for an optimum
size, to block continuous growth, to separate uses, to struggle

to maintain greenbelts, to suppress competing centers, to prevent
“shapeless sprawl,” and so on.

Kevin A. Lynch, Good City Form (1984)

Jane Jacobs’s Challenge

The title of this essay is taken from the challenge posed by Jane
Jacobs in her influential book the Death and Life of Great American
Cities (1961). In the last chapter of her book she provides a con-
ceptual basis for her arguments about urban form by defining cities
as problems in organized complexity (Weaver1958). Ideas about com-
plexity in science were brand-new at the time, and Jacobs readily
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realized their importance for understanding cities through her
serendipitous association with Warren Weaver. Weaver, in turn, was
fresh from explaining the significance of Claude Elwood Shannon’s
new theory of information to the world (shannon and Weaver 1949). These
were exciting times, when a series of new integrative perspectives
and concepts were sweeping like wildfire through many disciplines.
But it was perhaps too early then to define in more precise terms
what kind of complex systems cities really are. Clearer formaliza-
tions of social networks took another fifty years to emerge. The spec-
tacular diversity and scope of new urban forms and growth patterns
that we observe in cities today was also still unknowable then.

In my view, the challenge of defining the kind of problem
a city is goes well beyond a principled rejection of the urban renewal
planning practices of Jane Jacobs’s day. It also asks for more than
the consideration and adoption of her observations about the nature
of urban spaces. Today some of these observations may even ap-
pear a little parochial, too close to what she observed in New York’s
West Village of the late 1950s. What lives on as a challenge is the
creation of new and better reconceptualizations of cities as complex
adaptive systems (to use more modern language) and the develop-
ment of a more scientifically grounded practice of urban planning
guided by such principles.

My main objective here is to address this challenge by
discussing the essential character of cities with the benefit of more
than fifty years of research and of new insights from the emerging
science of cities as complex systems.

I will show that taking a perspective of cities as integrated
social networks imbedded in space and time, and requiring general
properties for their open-ended land use and infrastructure devel-
opment, provides us with a new unified model of urbanization.
Such a perspective is supported quantitatively by an enormous body
of empirical research, characterizing thousands of cities across
the globe at very different levels of development, at present and in
the past (Bettencourt 2013). In terms of urban design, this conceptual-
ization of cities emphasizes the importance of generative models,
where local structures remain to be developed by agents possessing
particular goals and information, but must also be constrained by
the function of the city as a whole, as an open-ended “social reactor.”
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A New View of Cities as Complex Systems

There is no longer much of an excuse to ignore many of the mea-
surable properties of cities. Cities across the globe and through time
are now knowable like never before, across many of their dimen-
sions: social, economic, infrastructural, and spatial.

The main empirical findings from a new body of work in
geography and complex systems (Bettencourt 2013; Koolhaas 1995; Batty 2005;
Bettencourt et al. 2010; Nordbeck 1971; Bettencourt and West 2010) can be summarized
succinctly in the observation that all cities realize both certain
spatial economies of scale as they grow and, simultaneously, attain
general socioeconomic productivity gains (Congress of New Urbanism 2008;
Alexander etal. 1977). For example, when we compare two cities of differ-
ent population sizes in the same urban system (usually a nation)
we tend to find that the larger is a little bit denser, and that its vol-
ume of infrastructure networks per capita (roads, pipes, cables)
is smaller. We also find that the larger city is usually wealthier
(as measured by its per capita GDP or wages), more expensive, and
more productive culturally and technologically, e.g., in terms of
numbers of creative endeavors or patents filed. Thus, these measure-
ments confirm general familiar expectations that larger cities are
not only more congested and expensive, but also more productive
and exciting culturally.

These effects are universal, in the sense that they are ob-
served across cities in many urban systems, from the US to China,
and from Brazil to Germany (Bettencourt2013), They also apply over time,
in contemporary urban systems, as well as in the spatial patterns
of settlement of the pre-Hispanic basin of Mexico measured over
a 2,000-year period, which must have evolved independently from
their Old World counterparts (Ortmanz013).

More specifically, one finds that these properties of cities
change gradually with city size and do not point to any special city
size. With each doubling of city population, on average, a city
contains about 10-20 percent less infrastructure volume per capita.
It also displays a 10-20 percent increase in rates of wealth pro-
duction, innovation, and (if left unchecked) of less benign products
of human socioeconomic interactions, such as violent crime.

While definitions of cities vary, these findings apply to the city as
awhole, conceived as mixing populations or unified labor markets.
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ship between total land
area, A, and population
N, of the form A(N)=aN",
where a depends on
transportation technol-
ogy and the elasticity
exponent a=D/(D+H),
where D is the dimension
of space (D=2) and His

a fractal dimension mea-
suring how accessible
the city is to each individ-
ual. In practice, a;2/3
This means mathemati-
callythat A,: d > N;
AoN®® where A,, is the
volume of infrastructure
(road surface) and
d=N/A is the overall pop-
ulation density.

These definitions result in a view of functional cities as metropolitan
areas (Bettencourt2013), rather than their central cores or other partic-
ular administrative divisions, which have no real socioeconomic
meaning. For small cities this distinction is less important.

These findings and especially the generality of their appli-
cability and magnitude, from developed to developing cities,
are certainly a starting point but they still do not provide a new
model of what cities are. To that end I have recently proposed
a new theoretical framework (Bettencourt 2013) that derives these prop-
erties quantitatively, as well as many others, from a simple
conceptualization of cities as urban social and infrastructural net-
works colocated in space and time.

The central idea is that cities are first and foremost large
social networks. In this sense cities are not just large collections of
people, they are agglomerations of social links. Space, time, and
infrastructure play a fundamental role in enabling social interac-
tions to form and persist, and in allowing them to become open-
ended in terms of increased connectivity, and sustainable from the
point of view of energy use and human effort.

From this perspective the observed scaling properties of
cities with population size are obtained from four simple
assumptions:

(1) Cities are mixing social networks, where every urbanite
on a minimal budget afforded through his/her social connections
can in principle connect with any other person in the city." This
determines the cost of movement of people, goods, and informa-
tion. A city may be denser because it is larger, everything else
being equal, and/or because the relative cost of movement is high.

(2) Networks of infrastructure are decentralized, meaning
that they are built gradually as the city grows, with amounts of
new infrastructure added proportional to typical urban spatial den-
sities.” This means that there is no single center (no heart to the
city) where all traffic must be relayed through (samaniego and Moses 2008),
and also that the infrastructure network is evolvable gradually as
population size increases or technologies change.

(3) The individual effort to stay socially connected is inde-
pendent of city size. This is made possible because (1) and (2)
imply that as cities grow they become spatially denser, so that even
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if distances traveled by individuals stay approximately the same
(constant effort) more people and institutions become available for
contact. In other words, the city comes to us as it grows. This
removes an important objection about larger cities from sociology
and social psychology (Samaniego and Moses 2008; Simmel 1903; Wirth 1938;
Milgram 1970) and allows cities, in principle, to be open-ended in terms
of their size.

(4) The socioeconomic outputs of cities, from economic
production to innovation but also crime, are proportional to
the number of social interactions realized per unit of time.These
in turn are determined on the average by the density of people
in public networks.’

The mathematically inclined reader can find the translation
of these statements into more formal language in Bettencourt 2013,
as well as the derivation of several other properties discussed below.

What are the general implications of this conceptualization
of cities? The first is that the view of cities in terms of social net-
works emphasizes the primary role of expanding connectivity
per person and of social inclusion in order for cities to realize their
full socioeconomic potential. In fact, cities that for a variety
of reasons (violence, segregation, lack of adequate transportation)
remain only incipiently connected will typically underperform
economically compared to better-mixing cities. It has been argued
that expanding social connectivity (in cities) is indeed the key
to development and civic participation (Lynch1960), for example by
increasing opportunities for the division and coordination of labor,
and the creation of more complex and sophisticated social and
economic organizations (Holston 2008), It has also been noted that plan-
ning that manages to increase connectivity (e.g., by coordinating
transportation and housing policies; see Bettencourt et al. 2012)
is typically more successful than initiatives that address these issues
separately. Certainly, on a small scale this is a central tenet of
models for smart growth (Congress of New Urbanism 2008), but what these
results emphasize is the need for social integration in huge metro-
politan areas over their largest scales, not only at the local level,
such as neighborhoods.

There are several important consequences for general land
use in cities. First, the price of land rises faster with population



Luis M. A. Bettencourt

-
~N

size than average incomes. This is the result of per capita increases
in both density and economic productivity, so that money spent
per unit area and unit time, i.e., land rents, increases on average by
50 percent with every doubling of city population size! It is this rise
in the price of land that mediates, indirectly, many of the sponta-
neous solutions that reduce per capita energy use and carbon emis-
sions in larger cities. Cars become expensive to park, and taller
buildings become necessary to keep the price of floor space in pace
with incomes, thus leading to smaller surface area to volume.

This, in turn, presents an opportunity for reducing heating and cool-
ing costs per person. These effects may also create the conditions
for public transportation to be a viable alternative to automobiles,
even when the price of time is high and fast point-to-point transpor-
tation becomes increasingly more desirable. Thus, larger cities

may be greener paradoxically as an unintended consequence of
their more intensive land use and their higher economic productiv-
ity. Policies that increase the supply of land per capita or reduce
transportation costs (such as urban renewal), while addressing other
problems, will tend to create cities that are less dense and that
require higher rates of energy consumption in buildings and trans-
portation to perform the same social functions.

This raises the issue of population density. When we compare
cities at the same time but across different sizes, we tend to find
that larger cities in the same nation are denser. Nevertheless, in the
United States and increasingly all over the world, we also find
many modern urban forms, and especially many low-density large
cities, such as Atlanta or Dallas. Are these lesser cities than the
West Village that Jane Jacobs knew, or the walkable towns that smart
growth planers advocate? The perspective of cities as interaction
networks tells us how these urban forms can coexist as the result of
variations in transportation technology and levels of economic
development. The overall spatial extent of the city is determined by
the interplay between interactivity and the relative cost of mobility.
Personal preferences for certain types of neighborhood may
also play a role, of course. In general, when it is possible to move
fast across space, cities tend to become much more diaphanous
and are able to spread out spatially while preserving their social
connectivity. It is, in fact, the diffusion of fast transportation tech-
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nologies (modern mass transit, but especially cars and road
infrastructure) in developing world cities that is promoting rapid
increases in their land area, sometimes faster than their popula-
tion growth (angel et al. 2011), This, of course, creates possible vulnera-
bilities: For example, if the cost of transportation relative to
incomes suddenly rises (e.g., because it is tied to oil prices) then
cities may not be able to stay socially connected, leading to
expected decreases in their socioeconomic production. Ideas for
shrinking cities that have lost population and economic activity,
such as Detroit and other former industrial cities, apply the same
ideas in reverse: By reducing the spatial extent of the city, social
connectivity can be realized more pervasively and at a smaller cost,
with the expectation that such places should “heal” their social
fabrics by becoming more reconnected and revitalized.

Another interesting consequence of the theory is that
total volume of infrastructure is expected to increase with city size
faster than land area. This is a subtler mathematical prediction
(see footnotes) that follows from the requirements that infrastructure
networks are decentralized and are built gradually. In practice,
this means that in larger cities infrastructure network volumes
become a larger and larger part of space. This is intuitively clear in
large and/or developed cities where cables, roads, pipes, etc.,
become a ubiquitous feature of urban landscapes, before they even-
tually are moved into the third dimension, either above or below
ground in order not to crowd out other more fundamental uses.
Thus, planning for incommensurate changes in land and infrastruc-
ture footprints with city size is necessary to enable growth, espe-
cially of large, dense cities.

Another aspect of this problem is that we can predict the
amount of energy spent in transportation processes (not only
of people, but also of goods, information, services, etc.) necessary
to maintain the city connected. Perhaps surprisingly, given spatial
and material economies of scale, energy dissipated in transporta-
tion increases faster than population and behaves, in fact, just like
incomes or measures of innovation. This is also the expected cost
of operating (but not, typically, of building) urban infrastructure:
it has been measured, e.g., in terms of resistive losses in the power
grids of German cities (Bettencourt 2013), It may also appear in the
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form of higher congestion in larger cities, which is always worse in
the larger arteries (highways) than in small roads (Downs1962). This
suggests some original solutions for the problem of managing urban
infrastructure costs and promoting sustainability in cities. Invest-
ing in efficiency improvements that reduce energy dissipation

in transportation processes, especially in the wider tracts of urban
infrastructure, should be done strategically, as a (nonlinear) function
of city size.

In addition, the theory gives us some specific clues about
how energy use in transportation may be minimized, as well as
some of the limits to this effort. In particular it tells us that the ratio
of social outputs to energy transportation losses, a measure of
urban efficiency, is independent of city size. This is probably one
of the most important reasons why cities appear across a huge
diversity of scales.”* The socioeconomic agglomeration advantages
of larger cities are proportional to their dissipative costs. Increases
in congestion costs mirror socioeconomic advantages of agglom-
eration. Cities that work well maximize the difference between net
social benefits and infrastructural costs. Such measures provide
an overall set of metrics that can guide adaptive urban planning and
policy (Bettencourt 2013),

Thus, I have shown how the form and function of cities can
be determined, at least overall, by a set of network principles that
more fundamentally captures the kind of problem a city is. These
ideas will continue to require empirical testing and further develop-
ment, but the recent direct detailed measurement of human
social interactions through mobile phone technologies (Schlipfer et al.
2013) and the observation of spatial scaling in urban systems of
pre-Hispanic Mexico analogous to that observed in modern cities
(ortman2013) Jlend further support to their generality.

Two further problems remain in our quest to understand the impor-
tance of cities in people’s lives and in the development of nations.
The first is to understand more directly how the structure of human
interactions produces eftfects well known to economists and sociol-
ogists, who study, for example, crime or innovation within cities.
Some advances were recently made, through the direct measurement
of individual connectivity statistics via mobile communications
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(Schlipfer et al. 2013), but much more needs to be done. Better knowledge
of this kind should also help plan for more successful public
spaces (Whyte1980). The second is the interaction between cities in an
urban system. Measures of growth over time, from population to
economic development, are properties shared by all cities in an
urban system,” but how they are established and what determines
their magnitude is perhaps one of the most important open
problems in economics and urbanism. These questions seem to be
now open to new theoretical efforts as data across scales, nations,
and time establishes a clearer view of these problems.

Planning for the Future

The entire world is now urbanizing at breakneck speed and,

as city growth takes place spontaneously in India, Africa, or Latin
America, it is following no architectural master plan. Perhaps as
much as a billion people worldwide today (United Nations Human Settlements
Programme 2003) live in slums and more than that build their own
shelter and organize their neighborhoods without the services of
architects or urbanists or knowledge of any science of cities. The
ongoing great urban transition, which entails the building of
more urban infrastructure in the next few decades than over the
entire history of our species, is largely an unplanned and sponta-
neous process. Against this chaotic but vital urban backdrop, what
is the role of urbanism and of a science of cities?

For those involved in planning practice it may look like the
complex systems perspective on the spatial city leaves too much
unspecified. In particular, it says nothing about some of the elemen-
tary choices in planning such as the shapes of streets or neighbor-
hoods, houses and buildings, specific uses of space, zoning, etc.

That planning should leave many of these choices unspeci-
fied, to be developed locally by individuals, organizations, and
communities, is an altogether more radical statement. However,
both urban history and fundamental scientific concepts about how
complex systems are created and how they evolve suggests just
that (Hayek1945; Anderson 1972). This is sometimes known as the “planner’s
problem.” The problem rests on the fundamental properties of
information in complex systems made up of an immense number
of heterogeneous agents: The planner cannot possibly know in
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practice all the myriads of ways in which people would like to de-
velop urban spaces over the history of a city. Better choices are
usually made by agents with more specific information, adequate
to their goals and aspirations, so far as these are constrained not
to limit similar choices made by others and their integration across
urban scales. Thus, ensuring general constraints (such as those
discussed in the previous section), together with basic rules at the
local level (such as those inspired by vernacular architecture over
many centuries now or by some forms of new urbanism or gen-
erative design), may provide a practical model for planning,
especially in cities that are largely being built informally anyway.
By helping to create the city from the general to the particular,
through designs that are generative of the whole but not prescrip-
tive of the small parts, planning for the city as a complex system
may finally fulfill Patrick Geddes’s aspiration “to undo as little

as possible, while planning to increase the well-being of the people
at all levels, from the humblest to the highest.”

I hope to have demonstrated that cities are natural systems that
evolve spontaneously in human societies under very general circum-
stances, whenever there are open-ended advantages to human
sociality across scales. In this sense they are as natural as beehives
or coral reefs, and should not be thought of as arbitrary human
artifacts to be redesigned at will. At the same time, they are a differ-
ent kind of complex system from other more limited forms of
social organization in nature and can be, in fact, immensely more
complex in the many forms of information they can embody

and generate. Cities reveal at once the best and the worst aspects
of humanity in terms of our creativity and imagination but also our
tendencies for violence or discrimination. Because of this enor-
mous potential for human development, cities should not be seen
as systems to be controlled or resisted, but encouraged to evolve
spontaneously in the direction of achieving the best open-ended
expressions of our collective nature.

That then is our challenge. We are living the last few decades
of the great urban transition and finally fulfilling our global poten-
tial as the most social of all species to create something altogether
new in Earth’s history. We have within sight age-old human aspi-



rations, such as to eliminate extreme poverty, to end most injustice,
to gain access to good health for all, and to do all that sustainably,
in balance with the Earth’s biosphere. All this will have to happen

in cities, and it can now happen very quickly. Bigger data and a more
scientific approach to cities will certainly help. But the ultimate
challenge for all of us involved in influencing and practicing urban
planning is to translate, apply, and further develop these new ideas
to promote types of urban environments that can encourage and
nurture the full potential of our social creativity, targeted at sustain-

able and open-ended human development.
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Globalization and information technology have accelerated social
and economic processes, transforming cities, regions, and whole
countries at an increasing rate. Urbanization is still increasing:
at the beginning of the nineteenth century, only about 3 percent
of the world population lived in cities. By the beginning of twentieth
century, this portion had increased to 14 percent. In 2008, finally,
the urban population of the world passed the mark of 50 percent,"
reaching 60-80 percent today in highly developed countries. Rural
and suburban populations play a significant role in the dynamics
of urbanization and also feel its effect. The daily flux of ex-urban
commuters extends the city beyond its administrative boundaries,
constituting what has been called the functional city, covering
larger metropolitan areas or urban agglomerations.

The increasing spatial and informational dynamics of con-
temporary cities, regions, and countries create new challenges
for urban and regional planners. Regional designations become
obsolete within years of their definition. Maintaining an under-
standing of the actual spatial interaction and its boundaries is im-
portant for governments setting appropriate regional social and
economic policies and deciding on infrastructural questions, for
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example, planning transportation systems that respond to the needs
of their users in an optimal way. Detecting changes in the regional
structure can provide important clues for processes and shifts
occurring in a community or society.

In the past, these kinds of decisions exclusively relied on the
estimation of human mobility fluxes obtained from manual surveys,
which are expensive and slow to undertake and are usually con-
ducted every few years. This approach has become less practical in
our current culture, which requires swift response to the social
and economic challenges of large and fast-paced cities.

However, with these new challenges come new possibilities
for addressing them. The increased prevalence of electronic and
digital information in various spheres of human interaction means
that more and more human actions leave a digital trace. Time
and duration of the call, as well as the approximate locations of
caller and recipient are stored by the network operator. Paying for
coffee or groceries using a credit card generates a similar trace,
recorded by both the card service provider and the bank. Even taxi
trips generate detailed digital information, thanks to the vehicles’
built-in GPS systems. Taken together, these pieces of information
form huge data sets of human activity, often discussed under
the term big data. Today, such data is available from governmental
institutions and private companies, anonymized to protect the
identity of the individuals. For research, these data sets open
unprecedented possibilities for investigating the laws and patterns
of human behavior: mobility, temporal activity, and in particular
human interactions. The latter could be considered as the underly-
ing force connecting different places and creating the regions as
they appear.

Measuring human interactions using big data created by
human activity, we developed a computational approach for identi-
tying regional delineation. We will show how human interaction
in space manifests itself in communities that are much larger than
the social network of an individual person, group, or community;
nevertheless, they can be spatially described. The “digital revo-
lution” has often led to the idea that mediated forms of human in-
teraction would decrease or even eliminate the role of physical
space. Nicholas Negroponte famously predicted: “the post-informa-
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tion age will remove the limitations of geography. Digital living will

include less and less dependence upon being in a specific place at

a specific time” (Negroponte 1995,165). However, we will show that

space still remains the key factor defining our life and interactions.
In our study we use countrywide data sets of records of

human communication activity, namely cell or landline phone calls,

collected over a defined period of time by phone service providers.

The geography of the data sets include countries such as the United

States, the United Kingdom, France, Portugal, Italy, Belgium,

the Ivory Coast, and Saudi Arabia.

Great Britain

In a recent paper we focused on data from phone networks in Great
Britain (Rattietal. 2010). The data set covered more than 95 percent of
Great Britain’s residential and business landlines and contained

12 billion calls made during a one-month period. To safeguard per-
sonal privacy, individual phone numbers were anonymized by the
operator before we received the data. Each caller’s geographic
location was aggregated by subregional switching facility groups,
covering on average an area of 49 square kilometers, too coarse

to recover any individual customer’s address.

From these data we created a network of roughly 20.8
million nodes and 85.8 million undirected links connecting users
with reciprocal connection, i.e., who made phone calls in both
directions. We assume that the above network is a measure of
human interactions at an individual level over all of Great Britain
and aggregated it into a grid of 3,042 square pixels, each with
dimensions 9.5 km x 9.5 km. We treated each pixel as a spatial
node and measured its connection strength to every other pixel,
thereby deriving a matrix of the total bidirectional traffic between
each pair of spatial nodes in the geographic network (figure 1),

This way a weighted directed edge between two nodes is defined
as the cumulative communication flow created by reciprocal
calls between them.

Up to this point, the approach ignores geographic space;
initially it was not even intended to be used for identifying regions.
The original intent was to discover the structures and commu-
nities embedded in the network, based on what is known as
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the modularity optimization technique (Newman2006). The modularity
measure is introduced as a normalized quality function for the
suggested community structure, which quantifies how strong the
internal edges inside communities are and how weak the intercom-
munity edges are. More specifically the modularity measure scores
every edge within the considered network using the difference
between its actual strength and the average value expected from
the network with the same total node strength but homogenously
distributed edges. After that for each suggested community
structure the overall modularity score is computed as the cumulative
score of all internal community edges.

In terms of telephone interaction networks, this means that
we compare the actual communication volume between each two
locations with the average expectations’ built-in assumption that all
individual caller connections are equal to the network average.This
way, the stronger-than-average links are preferably included as
part of the detected community while the weaker links are avoided.

Our community detection algorithm then iteratively changes
the initial community structure in order to improve the detection, for
example by merging two existing communities into a larger one,
splitting the existing community, or shifting a part of one community
to another one and testing the result. These steps are repeated until
no further improvement is possible. Again, the approach so far does
not acknowledge geography, as it works with the network topology
only. The number of resulting communities is not predetermined but
is selected by the algorithm during the optimization process.

The resulting partitioning for Great Britain is shown in
figure 2, where different communities are plotted using different colors
while the official borders of 11 level 1 Nomenclature of Territorial

2 “Eurostat. The NUTS Units for Statistics (NUTS)” are shown by solid black lines.
classification,” http://
epp.eurostat.ec.europa.
eu/portal/page/portal/  resulting communities appear to represent geographically cohesive

nuts_nomenclature/ regions although geography played no role in the calculation.
Another striking observation is that the number of the communities
obtained from the modularity optimization process appears to
be fairly consistent with the number of official regions in the country.

The first striking point is that the spatial projections of the

introduction

Comparing the particular shapes of the communities to
the official administrative boundaries of the country, we observe
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areas with a very close correspondence - for instance two of

the nine official regions of England, South West England and East
of England. Other regions resulting from our method, such as
Scotland, appear identical to the official borders. However, devia-
tions are also recognizable. It might not come as a surprise that
the London region appears to be bigger than the official version -
metropolitan areas around major cities are growing quickly, super-
seding existing boundaries. Wales, on the other hand, is split

into Northern and Southern Wales, while the central part appears
to be attached to West Midlands. This supports hypotheses from
the transport and regional studies literature. Commuting data
from the 2001 census confirms that Wales, in spite of its unique
cultural and linguistic heritage, is well integrated with its English
neighbors to the east (Nielsen and Hovgesen 2008),

The identification of new regions just west of London
corroborates an earlier study of a “Western Crescent” of high-tech
activity (Halletal.1987): a cohesive area that generally scores extremely
well in measures of economic activity and low levels of depriva-
tion, as measured by Gross Value Added (GVA) and qualifications

3 “UK statistics,” http:// (NVQ) for Berkshire, Buckinghamshire, and Oxfordshire.> While
www.neighbourhood. © 5 yyre detailed and rigorous study is needed for drawing final
statistics.gov and http://
wwwstatisticsgovuk  conclusions, all the observations above give insight that the method
iiclcoe)s.sed November20, ¢ suitable for correctly identifying coherent regions based on the

clusters found in the network of countrywide phone calls. Even
more, this clustering approach seems to capture some of the aspects
of human interaction more accurately than the official NUTS
regional borders do.

Let us now see whether this approach works for countries
other than Great Britain and also whether using cell phone
data instead of landline calls only could make the analysis more
accurate.

France

Crossing the channel to France, we had the opportunity to study
such a cell phone network. The locations of 14 million anonymized
customers who made approximately 120 million calls during a
period of 45 days are represented at the finer level of the cell tower,
showing not only human mobility but also human interactions.
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And the result (fgure 4) - this and further results for Belgium
and Portugal can be found in a recent paper (Sobolevsky et al. 2013) —
demonstrates an even a more clear correspondence with the official
borders apart from local deviations in the southeast along other
minor local deviations. The slightly different partitioning algorithm
used in this case was described by Vincent Blondel and others

(Blondel et al. 2011),

Belgium

Unlike the French example, the locations of the customers for the
Belgian cell phone network were defined based on their formal
residence instead of the actual location during the call. Nevertheless,
we see a clear correspondence between the official regional struc-
ture and the spatial projection of the network partitioning (figure 5)
with the optimal number of regions given by the algorithm (Blondel
etal.2010). An interesting observation can be made if we constrain
the number of resulting communities to two (the algorithm allows
us to do so by simply limiting the iterative improvement steps)

in order to get the optimal split of the country. We see (figure 6) the
clear delineation of two major parts of Belgium - Flanders and
Wallonia, splitting the country exactly along the Dutch-French
language barrier. Strikingly, 97 percent of all communications in
the network happen inside these two regions while only 3 per-
cent happen between them. In a homogeneous distribution of the
links in the network this value would be 50 percent, empha-

sizing the strong separation between these two parts of the country.
Furthermore, nearly half of these 3 percent are the connections
between Brussels attached to the northern part - Flanders - and
Wallonia on the south. So the two parts of the country speaking
different languages appear to be decisively separated, with Brussels
as the major bridge between them.

Portugal

Finally, Portugal provides a remarkable example. Recently the
country saw a lot of discussions on how Portugal should be admin-
istratively divided. In 1998 the regionalization question was the
subject of a national referendum. Comparing our partitioning result
for Portugal’s cell phone network to the official territorial division
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of NUTS that currently exist, it is revealed that its second hierarchical
level NUTS 2 (basic regions of the application of regional policies)

is more coarse-grained (§ regions in continental Portugal) while
NUTS 3 (small regions for specific diagnoses) is already much more
fine-grained (28 regions in continental Portugal). Our partitioning

is in between (7 regions) and matches historical regions better,
showing the lasting impact of historical boundaries on human behav-
ior, which can override modern categorization. The regional structure
proposed on the referendum seems to demonstrate a much lower
match with the regions identified from human interaction networks.
This may explain partly why the referendum failed.

Conclusion
Similar findings - geographical cohesiveness of the communities of
human interaction networks and their similarity to the official
country regions in number and shape - were also confirmed for other
different-scale countries from various continents: Italy, Ivory
Coast, Singapore, and the United States. The community structure
derived from the US cell phone network demonstrates numerous
deviations from official state borders and could be an example of how
real human interactions in a big, rapidly developing country go
beyond an imposed and potentially outdated administrative division.
While a more precise analysis is needed to support plan-
ning decisions, the approach demonstrates the huge potential of hu-
man activity data for regional studies. Despite these limits, the
general correlation between the community structure of telephone
interaction networks and the regional structure of a country appears
to be a robust, widely applicable finding. Therefore, it may be
that this community structure should be considered in the face of
changes or decisions affecting the regional structure of the country
before more robust methodology is developed. And unlike the
expensive, time-consuming surveys that have historically been the
most common tool in regional studies, this new digital approach
is able to give the outcome instantly, at literally no cost, provided
that an up-to-date data set is available.
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