
Chapter 31
Defining Computational Urban Science

Xinyue Ye, Ling Wu, Michael Lemke, Pamela Valera, and Joachim Sackey

Abstract Uncovering the multi-dimensional interplay between computation and
urban life’s spatial-social aspects has both theoretical and practical implications for
urban planning and public health science.Many analytical methods have been imple-
mented and applied to deal with high-dimensional, heterogeneous, and unstructured
location-based social data drawn from urban locales. Computational urban science
has four interdependent layers: human dynamics-centered, platform-based, action-
oriented, and convergence-driven. As a research paradigm based on computational
thinking and spatiotemporal synthesis, computational urban science can provide a
needed framework for addressingmanypressing urban sustainability challenges from
a systematic perspective.

Keywords Computational urban science · Human dynamics · Computational
science · Urban science · Community engagement · Convergence

31.1 Introduction

World-wide, unprecedented urban growth has generated fascinating issues for inter-
disciplinary scholarly research. Urban communities in the twenty-first century have
increasingly transitioned into complex systems and systems-of-systems, consisting
of many dynamically interdependent human, environmental, and technical systems
(Bibri, 2021). Simultaneously, advances in Information Communication Technology
have been accompanied by social innovations, which continues to drive the techno-
centric versus human-centric debates (Costales, 2022). In this context, new urban
data involves the life qualities and connections that characterize individuals and/or
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communities in urban areas. Rapid growth in urbanization and intensive urban–
rural interaction enables massive flows of virtual and physical elements, including
people. At the same time, an increasing number of extreme weather-driven urban
hazards are a significant source of biodiversity loss, social disruption, and economic
disparity, threatening progress towards the United Nations’ 17 Sustainable Develop-
ment Goals (Ye et al., 2021a, 2021b). In response, the United States and China have
recalled the Paris Agreement’s aim to address the challenges of the global climate
crisis, pursuing efforts to limit the increase of global average temperature to below
1.5 °C (U.S. Department of State, 2021).

The U.S. National Science Foundation summarized the following key research
questions to address continued and emerging challenges relevant to urban sustain-
ability (NSF, 2020): (1) How can science improve forecasts and make predictions
about the future states of rural, suburban, and urban systems? (2) What theories
explain the structure and function of communities in the twenty-first century and
what are the critical drivers to social change? (3) What aspects and intersections
of social, built, and natural systems influence the resilience and sustainability of
communities and the well-being of the people living in them? (4) How can successful
innovations in one community be transferred to other communities? (5)Howcan inte-
grative research along with community engagement improve the quality of life in
those communities? To address these research questions and enable more resilient
responses to persistent and emerging challenges associated with urban growth (Ye
et al., 2021a, 2021b), a framework of computational urban science (CUS) is needed
in the context of complexity systems. The advantages of incorporating elements
of complex systems (e.g., dynamic complexity, interactions, etc.) shed light on the
aforementioned questions raised. Incorporating computational science into urban
science and vice versa has led to the increasing popularity of CUS (defined as urban
computing in engineering schools or public informatics in public policy schools).
At the same time, CUS should not be limited to either urban science or computa-
tional science; instead, it is a new research paradigm of studying urban phenomena
based on computational thinking and spatiotemporal synthesis. CUS is composed of
four layers: (1) Human dynamics-centered, (2) Platform-based, (3) Action-oriented,
and (4) Convergence-driven. Together, these four layers that constitute CUS can
contribute to urban sustainability in the twenty-first century through the integra-
tion of multidisciplinary and transdisciplinary theory, methodology, analysis, action
planning, and community engagement.

31.2 Human Dynamics-Centered

Human dynamics-centered CUS aims to put humans at the center of technology
driven advances to optimize the human–environment interaction in the built environ-
ment. Understanding human dynamics would facilitate the development of human-
centered CUS towards a trans-disciplinary field of research and practice drawing on
three elements: people, place, and space. To appreciate cities, we must view them
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as systems of networks and flows to better understand an individual by examining
his/her social ties and interactions (Batty, 2013). The growing volume and diversity
of human data in the urban communities further justify the need for human dynamics-
centered CUS. The critical importance of centering human dynamics within CUS is
grounded in historical and contemporary insights. Hägerstrand (1953) argued that
human communication is mainly constrained by geographical social networks, indi-
cating that social actions are spatially organized. Hence, Tuan (1977) pointed out that
a place is a social construction of physical space, with special meaning for each indi-
vidual across time. Nowadays, data logs from individual activities and interactions
are typically collected at a fine-scale spatial and temporal level, thus bringing human-
centered analytics to the frontier of urban science. Barabasi (2005) highlighted the
role of human dynamics from a complex network perspective in revealing the mech-
anisms underlying many complex social, technological, and economic phenomena.
Shaw et al. (2016) emphasized the geographical view of human dynamics research
in the context of the emerging mobile and big data era.

Bringing a humanistic approach to the centre of urban computing helps us revisit
the traditional urban theories and allows us to observe the role of computation shifting
from lab-based academic use by research groups to urban daily use for individuals.
User-generated data is by nature multi-scale and can be harnessed to gain insights
into the urban activity structures (Huang et al., 2021; Steiger et al., 2016). With
growing investments from government and business, the increasing affordability of
technology and infrastructure can enable a revolution in urban management because
decision-makers can more rapidly understand citizens’ feedback and incorporate
this information into policymaking. In this way, research insights derived from CUS
can change our lives and neighbourhoods more instantly. Human dynamics-centered
CUS can also re-orient urban management from the centralized and top-down that
currently represents the status quo to a decentralized and bottom-up perspective,
providing a more democratized decision- and policy-making environment in urban
areas (Batty, 2013).

31.3 Platform-Based

A platform-based system is a process of developing, implementing, and refining a
complex systems-based procedures that can serve as a critical enabler for the empir-
ical study of space–time dynamics within urban environments. Platform-based CUS
is expected to derive knowledge from heterogeneous streams of big urban data.
Furthermore, a platform-based CUS has the added value of being a signaling term
to attract more attention from industry. Computation is the essential methodological
platform for urban data fusion, datamining, and simulation (Kontokosta, 2021).With
fast-evolving disruptive digital technologies, such platforms will trigger new modes
of analytics that could tackle the fine-scale data-rich urban environment and thus
simultaneously advance both computational science and urban and social science.
Gelernter (1993) predicted that software can go beyond codes and tools and towards
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“crystal balls” where we can observe and deeply understand the urbanworld. In addi-
tion, such “crystal balls” can facilitate computer-aided urban scenario experiments by
leveraging a virtual urban environment workbench integrating “multi-dimensional
visualization, dynamic phenomenon simulation, and public participation” (Lin et al.,
2013; Wan et al., 2021).

Advances in artificial intelligence (AI) present additional opportunities to help
address some of the most pressing and enduring urban challenges. Platform-based
CUS can serve as common ground for the long-term collaborations between AI
researchers and application-domain urban experts. For instance, cutting-edge sensing
technologies are increasingly adept at recording urban mobility patterns in massive
trajectory datasets, such as the movements among humans, taxis, buses, fleets, and
cars. Visualizing and analysing such big dynamic data plays a critical role in knowl-
edge discovery with an appropriate platform for trajectory data management and
interactive visualizations facilitating user engagement (Ye et al., 2021a, 2021b).
A large number of users, including students, teachers, researchers in various urban
domains, and data analysts and software developers from industrial sectors needmore
open-source platforms to utilize big urban datasets better and transform these data
into actionable knowledge. The revolution of computation as a platform for urban
science has further blurred the boundaries of sub-disciplines in urban research. At the
same time, the increasing affordability of computing and the flatter learning curve
has removed long-standing barriers that had previously hindered the proliferation of
computing platforms across disciplines.

One of the novelties involved with CUS is the creation of digital twins of existing
cities for policymaking anddesign,which canweave the four layersmentioned above.
A digital twin is a digital representation of a physical object or system, linked to real-
time data inputs (Li et al., 2021). Such technologies have expanded to include large
items such as buildings, factories, and cities. Digital twin technology has moved
beyond manufacturing and into the merging worlds of AI and big data analytics.
Through such an approach, computer programs take real-world data about a phys-
ical object or system as inputs and produce, as outputs, predications, or simulations
of how that physical object or system will be affected by other inputs. The partic-
ipants will also be afforded the ability to conduct experimental research in built
environments through the use of mobile devices. By linking urban sensors with the
developed digital twin with advanced virtual and augmented reality technologies, we
can provide contextualized, real-time in-situmodelling of cities, which can be used to
dynamically analyse real-time built environments and test scenarios for sustainable
urban growth.

Through software and hardware integration, digital twin can be used for action to
address the built environment challenges. It will enable ubiquitous networked immer-
sion and virtual human teleportation to any location and scale of the built environ-
ment to assist humanity in solving current societal challenges and design needs. For
example, the capabilities to accurately visualize and dynamically update the condi-
tions of underserved and marginalized communities will afford such communities
with the data to create real change in their neighbourhoods and solve existing and
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future racial inequity issues. Simultaneously, the ability to model climate change-
based scenarios and test their impacts on the built environment offer unprecedented
capabilities for altering the projected effects of issues such as sea-level rise. Such
capabilities have tremendous possibilities for flood preparedness and recovery in
coastal communities, which can be applied globally. It would enable a scalable
simulation and interactive visualization platform that reveals the interactions and
dynamics of urban flows, entities, and social phenomena from site/community to
the regional/national scale. For example, a user can trigger a virtual fire, building
collapse, or natural disaster (e.g., flood event, chemical plant explosion, etc.), and/or
observe the predicted behaviour of pedestrians and other inhabitants.We can simulate
howcommunitieswill be transformedbymoving to autonomous vehicles. These plat-
forms would also allow the understanding of existing urban infrastructure conditions
and how to increase its efficacy.

31.4 Action-Oriented

CUS can inform high-impact, sustainable, and citizen-driven action planning, inter-
relationships, and policymaking, thereby empowering the decision-making of indi-
viduals, communities, and other key stakeholders. There are growing interests in
utilizing big urban data for a broader audience in government agencies, practi-
tioners, and citizens. Urban data contains abundant knowledge about a given city
and its citizens. The extracted information through CUS can be utilized in many
important and practical applications to optimize urban planning and improve built
environments in urban settings. Both the Columbia Climate School (established in
2020) and the Climate and Sustainability School at Stanford University (established
in 2022) have identified transdisciplinary initiatives to develop actionable, evidence-
based, and realistic pathways for impacting communities, which is expected to be
highly relevant to urban science. For example, the Envisioning the Neo-traditional
Development by Embracing the Autonomous Vehicles Realm Institute (ENDEAVR
Institute) at TexasA&MUniversity aims to translate emerging urban computing tech-
nologies into action-oriented solutions for small communities (ENDEAVR, 2022).
ENDEAVR Institute also serves as an interdisciplinary project-based learning plat-
form that connects science, technology, engineering, art, andmathematics disciplines
with industries and communities.

The field of public health is focused on improving health and addressing health
inequities of populations, communities, and individuals through prevention, health
promotion and implementing interventions. With recent advances in information
technology, big data, and communication technology, we can collect, analyse, and
store large volumes of real-time data at the population level. The field of information
technology, urban/social science, and public health are converging into the study
of complex environments calling for a comprehensive review of how to achieve
better outcomes and interventions to address those contemporary issues effectively.
An example is how during the COVID-19 pandemic, some testing and vaccination
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centers were overwhelmed whilst others were not. A better understanding and imple-
mentation of CUS could enable health authorities to plan better. Another example is
using geolocation data to estimate physical activity and how people move to access
food. This information could be used to help authorities improve the built environ-
ment and decide where to allocate resources. The Healthy People 2030 also has
several action objectives that can benefit from better integration with CUS, such as
“reduce the number of days people are exposed to unhealthy air”, “increase trips to
work made by mass transit”, and “increase the proportion of adults who walk or bike
to get places”.

31.5 Convergence-Driven

Advancements in location-aware technology, information and communication tech-
nology, and mobile technology during the past two decades have transformed the
focus and need of built environment research. It moves from mostly indoor-based,
community-level, or metropolitan-scaled static assessments to spatial, temporal, and
dynamic relationships that integrate human behaviours across multiple environ-
ments and scales (mixed environmental models now including natural, built, and
virtual elements). Simultaneously, projections show that, globally, more people will
live in areas designated as vulnerable or high-risk relative to contemporary and
future urban issues (e.g., sea level rise, depopulation, natural disasters, etc..), which
suggests that urban communities will experience increases in multi-hazard risks.
Disasters cause significant sources of property loss, social disruption, and inequality.
Communities can reduce vulnerabilitywhile increasing social and physical resilience
through research-driven and evidence-based planning, design, and policy develop-
ment. However, silos within the design, social, and engineering sciences, and gaps
between research and practice have made sustainable and equitable development
difficult.

Given the interconnected systems and systems-of-systems that are inextricably
tied to human dynamics and are ubiquitous within urban environments, complemen-
tary approaches that can embody diverse theories, methodologies, and data types
are necessary. Thus, themes of CUS are increasingly towards the convergence and
synthesis of theories and methods across multiple disciplines, as well as big and
open data, computing technology, and interactive and collaborative environments.
Goodchild (2020) pointed out any single discipline cannot solve pressing social and
environmental challenges, and hence integration across conceptualizations, analyt-
ical methods, and software environments is necessary. From the convergent perspec-
tive, CUS is a human-centric synthesis that is responsive to the rapidly changing
data and computing environment and reflective of the multi-faceted nature of social
complexity. To extract profound insights from the massive amount of urban data,
usersmust conduct iterative and evolving information foraging and sense-making and
guide the process using their domain knowledge. Hence, visualization and iterative
visual exploration are important in this process that relies on the deep integration of
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computational science and urban science. Due to the lack of synthesis, despitemyriad
visualization techniques and systems developed from urban data, there remains a gap
between the demand of urban researchers and the availability of free-accessor open-
source software. Such tools should include interactive visualizations and provide
data curation, management, and logistic functions.

31.6 Promising Outlook and Next Steps

We live in the Urban Millennium. With over three million people estimated to be
moving into areas each week (Perry et al., 2021), the world’s population is expected
to become increasingly concentrated in urban areas, which are projected to grow from
55% to 68% of the world’s population over the next 30 years (WHO, 2022). As these
demographics manifest worldwide, endemic problems associated with increases in
urbanization can be expected to worsen. For example, nearly half of urban growth
occurs in informal settlements, which are noted for their lack of clean water and
proper sanitation and are considered especially vulnerable to adverse health and
safety outcomes (Vojnovic et al., 2019; WHO, 2022). Further, many of those indi-
viduals locating to urban areas have been forcibly displaced, often due to man-
made forces such as climate change (Perry et al., 2021). Additionally, the growth of
urban areas has gone hand-in-hand with social inequality (Loukaitou-Sideris, 2020).
As a result, urbanization—and in particular, unplanned and rapid urbanization—is
connected with a majority of the leading causes of death (WHO, 2022).

Meeting persistent and emerging challenges related to twenty-first century urban-
izationwill require approaches that canmeaningfully embody those complex systems
and systems-of-systems that characterize urban environments. Accordingly, there is
a need to create a paradigm shift to develop a systematic and theoretical frame-
work to proliferate CUS. The CUS framework presented in this chapter can propel
a paradigm shift in the state of urban science through its integration of multidis-
ciplinary and transdisciplinary theory, methodology, analysis, action planning, and
community engagement. Along these lines, the four layers that constitute the CUS
framework delineated herein can contribute to urban sustainability in the twenty-first
century. In particular, with its emphasis on community engagement, this CUS frame-
work can also address longstanding issues in urban research and design, most notably
historical failures of these fields to be fully participatory and inclusive and to account
for justice (Loukaitou-Sideris, 2020). By collaborating with underrepresented and
diverse communities and by increasing communication with these communities, the
field of CUS can enable urban design that can reduce biases and create a shared
language and set of norms to bring a greater understanding of underlying complex
systems and systems-of-systems. As a result, CUS can provide a means for enabling
authentic bottom-up input from marginalized urban communities that can enable
sustainable, equitable, and just urban development moving forward.
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