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Abstract

Sustainable cities are quintessential complex systems—dynamically changing environments and developed
through a multitude of individual and collective decisions from the bottom up to the top down. As such,
they are full of contestations, conflicts, and contingencies that are not easily captured, steered, and predicted
respectively. In short, they are characterized by wicked problems. Therefore, they are increasingly embracing
and leveraging what smart cities have to offer as to big data technologies and their novel applications in a
bid to effectively tackle the complexities they inherently embody and to monitor, evaluate, and improve their
performance with respect to sustainability—under what has been termed “data-driven smart sustainable
cities.” This paper analyzes and discusses the enabling role and innovative potential of urban computing and
intelligence in the strategic, short-term, and joined-up planning of data-driven smart sustainable cities of the
future. Further, it devises an innovative framework for urban intelligence and planning functions as an
advanced form of decision support. This study expands on prior work done to develop a novel model for
data-driven smart sustainable cities of the future. I argue that the fast-flowing torrent of urban data, coupled
with its analytical power, is of crucial importance to the effective planning and efficient design of this
integrated model of urbanism. This is enabled by the kind of data-driven and model-driven decision support
systems associated with urban computing and intelligence. The novelty of the proposed framework lies in its
essential technological and scientific components and the way in which these are coordinated and integrated
given their clear synergies to enable urban intelligence and planning functions. These utilize, integrate, and
harness complexity science, urban complexity theories, sustainability science, urban sustainability theories,
urban science, data science, and data-intensive science in order to fashion powerful new forms of simulation
models and optimization methods. These in turn generate optimal designs and solutions that improve
sustainability, efficiency, resilience, equity, and life quality. This study contributes to understanding and
highlighting the value of big data in regard to the planning and design of sustainable cities of the future.
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1 Introduction
Sustainable cities epitomize complex systems par excel-
lence. As such, they are full of contestations, conflicts,
and contingencies that are not easily captured, steered,
and predicted respectively. This situation is increasingly
compounded by the escalating trend of urbanisation and
its negative consequences, as well as continuously exac-
erbated by the unpredictability of climate change, eco-
nomic crisis, pandemics, and demographic changes. In
short, sustainable cities are characterized by “wicked
problems” (Rittel & Webber, 1973), i.e., their built, infra-
structural, environmental, economic, and social prob-
lems are difficult to define, unpredictable, and defying
standard principles of science and rational decision–
making. In order to deal with these problems and chal-
lenges, advanced forms of ICT are required. New and
emerging technologies offer many potentials and oppor-
tunities for innovation that can produce a high quality of
life and fuel sustainable economic development together
with a wise management of natural resources. They are
also of critical importance to the understanding of sus-
tainable cities as—dynamically changing environments
and self-organizing social networks embedded in space
and enabled by various types of infrastructures, activities,
and services. These technological advantages are at the
core of urban computing and intelligence which, thanks
to emerging data-driven technologies (e.g., Batty et al.,
2012; Bibri, 2018a, 2018b; Bibri & Krogstie, 2017; Ji,
Zheng, & Li, 2016; Liu, Cui, Nurminen, & Wang,
2017; Zhang, Zheng, & Qi, 2016; Zheng, 2017; Zheng
et al., 2015; Zheng, Capra, Wolfson, & Yang, 2014)
can be utilized to improve the performance of sustainable
cities and their operation and planning systems, as well
as to understand their nature and even predict their
future.
The promise that big data science and analytics will

revolutionize scientific discovery and technology
innovation is now being widely recognized. The abun-
dance of urban data, coupled with their analytical power,
opens up for new opportunities for innovative ap-
proaches to development planning in sustainable cities.
Therefore, sustainable urbanism is increasingly empha-
sizing the importance of big data technologies and their
novel applications in improving and advancing sustain-
ability. This trend is evinced by many topical studies car-
ried out recently on sustainable cities, especially eco-
cities (e.g., Bibri, 2020a, 2021a, 2021b; Bibri & Krogstie,
2020a, 2020b, 2020c, 2021; Hakpyeong et al. 2021;
Pasichnyi, Levihn et al. 2019; Shahrokni et al. 2014;
Shahrokni, Årman, Lazarevic, Nilsson, & Brandt, 2015;
Sun & Du, 2017; Thornbush & Golubchikov, 2019;
Späth, 2017; Tomor et al. 2019; Yigitcanlar & Cugurullo,
2020). This implies that the recent advances in urban
computing and intelligence associated with monitoring,

understanding, analyzing, planning, and managing smart
cities are increasingly being adopted by sustainable cities
to boost and maintain their performance with respect to
sustainability—under what has been termed “data-driven
smart sustainable cities” (Bibri & Krogstie, 2021). In
other words, the processes and practices of sustainable
urbanism are becoming highly responsive to a form of
data-driven urbanism. One of the consequences of data-
driven urbanism is that the systems and domains of sus-
tainable cities are becoming much more tightly inter-
linked and coordinated respectively. And also, vast
troves of data are being generated, analyzed, harnessed,
and exploited to understand the complex nature of sus-
tainable cities so as to make them safer, cleaner, more
liveable, more equitable, more resilient, and, above all,
more organized. Indeed, the intersection of big data ana-
lytics and complexity science is making it possible to re-
veal hidden regularities in the organization of
sustainable cities. This allows to better anticipate the
systemic behavior that result from the many dynamic in-
teractions of all the components that make up sustain-
able cities. This is necessary for developing advanced
simulation models and optimization methods that ad-
dress new conceptions of how sustainable cities function
as complex systems.
However, over the last 50 years, different kinds of

simulation models operating at different spatial scales
and over different temporal intervals have been used to
simulate and predict how cities function and will de-
velop and to estimate the effects of their interventions.
The largely focus on “understanding as a prelude to their
use to inform the planning and design process” and
“simulating the location of physical activities, albeit
through an economic and demographic lens that enables
material transport and the location of land uses to be
predicted using computer models of various sorts” (Batty
et al., 2012, p. 497–498). However, the experience of the
past decades has shown that the conventional ap-
proaches to urban planning and development based on
interventions promoting renewed access to urban life
have been inadequate to cope with the adverse impacts
of urbanization, high population growth, and rapid
changes facing sustainable cities. Sustainable cities as
complex systems are impossible to plan without having
a complete form of knowledge of the consequences of
interventions, which evidently is impossible (Marshall,
2012). Accordingly, it is difficult to plan urban complex-
ities through interventions. Moreover, despite the recent
advances in urban simulation models (e.g., Batty et al.,
2012; Dazhou et al., 2020; Estiri, 2017; Gianni, D’Ambro-
gio, & Tolk, 2014; Grinberger, Lichter, & Felsenstein,
2017; Khan & Gulliver, 2018; Landis, 2012; Lu et al.,
2021; Qin & Nishii, 2015; Sarkar, Chawla, Ahmad, et al.,
2017; Wang, Xu, & Chen, 2019; Xu et al., 2020) and
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multilevel integrated modelling based on big data analyt-
ics, the bulk of work tends to focus largely on smart cit-
ies, leaving important questions involving the potential
role of these advanced technologies in enhancing the
planning and design of sustainable cities.
Data-driven smart sustainable cities pose enormous

challenges for both the conventional approaches to plan-
ning as well as the conventional forms of simulation
models due to the kind of wicked problems and complex-
ities they inherently embody. This is coupled with the very
technologies being used to understand their systems in re-
gard to the massive instrumentation, intensive datafica-
tion, and large-scale computation pervading the fabric of
their environments. In the context of this study, data-
driven smart sustainable cities as an integrated and holis-
tic model of urbanism is approached from the perspective
of combining and integrating the strengths of sustainable
cities and smart cities and harnessing the synergies of their
strategies and solutions in ways that enable sustainable cit-
ies to improve and advance their contribution to the three
goals of sustainability—to protect the environment, secure
economic growth, and improve social justice—on the basis
of the innovative data-driven technologies and solutions
offered by smart cities. Bibri (2021a) provides a compre-
hensive state-of-the-art literature review of the flourishing
field of data-driven smart sustainable cities, including their
definitions and dimensions as well as those of the under-
lying paradigms of urbanism, namely sustainable cities,
eco-cities, compact cities, smart cities, data-driven cities,
and smart sustainable cities.
The aim of this study is to analyze the enabling role

and innovative potential of urban computing and
intelligence in the strategic, short-term, and joined-
planning of data-driven smart sustainable cities of the
future. This study expands on prior work done to de-
velop this novel model of urbanism in the form of a stra-
tegic roadmap towards transformational change (Bibri &
Krogstie, 2021). This model is grounded in the four case
studies conducted on the prevailing paradigms of sus-
tainable urbanism and the emerging paradigms of smart
urbanism, namely:

� compact cities (Bibri, Krogstie, & Kärrholm, 2020);

� smart eco-cities (Bibri & Krogstie, 2020a);

� data–driven smart cities (Bibri & Krogstie, 2020b);

and

� environmentally data-driven smart sustainable cities

(Bibri & Krogstie, 2020c).

The objectives of this study, the four specific steps to
be taken to achieve the aim, are:

1. Identify and describe the key strategic planning

approaches associated with the built infrastructure

of data-driven smart sustainable cities of the future

in terms of its compact and ecological designs

2. Map these approaches to the urban fabrics

identified based on empirical research and discuss

the role of big data in strategic planning.

3. Identify and analyze the evolving innovative

approaches to urban planning enabled by the recent

advances in urban computing and intelligence.

4. Devise a framework for urban intelligence and

planning functions as an advanced form of decision

support.

This paper unfolds as follows: Section 2 provides the
definitions of the key relevant concepts underlying this
study. Section 3 focuses on the literature review in terms
of cities as complex systems and characterized by wicked
problems, as well as related work. Section 4 briefly intro-
duces and describes the research methodology as regards
the case studies informing this study. Section 5 presents
the results. Section 6 discusses the results. This paper,
ends in, Section 7, with a summary of the key points to-
gether with some critical perspectives.

2 Theoretical background

2.1 Urban planning and design

As a multifaceted process, urban planning focuses on
the development, design, and regulation of land use and
the built environment, including energy system, water
system, waste system, sewage system, green and blue
structure, as well as the infrastructure connecting urban
areas at multiple levels, including transportation system,
communication system, information system, and distri-
bution network. This varied use of urban space focuses
on the physical form, economic functions, and environ-
mental and social impacts of the urban environment and
on the location and intensity of different activities within
it. Urban planning includes social science, architecture,
human geography, politics, engineering, and design
science.
As a governmental function, urban planning is prac-

ticed on the neighborhood, district, municipality, city,
metropolitan, regional, and national scales. It has been
approached from a variety of perspectives, often com-
bined, including physical, spatial, geographical, eco-
logical, technological, economic, social, cultural, and
political. For what it touches on in terms of numerous
city-life aspects, urban planning can be broadly catego-
rized into different conceptual areas commonly referred
to as types of urban planning, including:

� Strategic planning

� Sustainable planning

� Land-use planning

� Local planning
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� Regional planning

� Master planning

� Environmental planning

� Infrastructure planning

� Urban revitalization

� Economic forecasting

� Community economic development

This study is concerned with strategic planning and
sustainable planning, in addition to short-term planning
and joined-up planning. These four approaches have
many overlaps among them as well as with other ap-
proaches, namely land-use planning, infrastructure plan-
ning, and urban revitalization. However, strategic
planning is the process of setting high-level goals; for-
mulating objectives and targets; developing strategies;
making decisions on arranging the means and allocating
the resources to pursue these strategies; and implement-
ing, monitoring, steering, evaluating, and improving all
the necessary steps in their proper sequence towards
reaching the set goals. Sustainable planning is imple-
mented in conjunction with compact and ecological de-
signs and emphasizes the three dimensions of
sustainability and their integration, while looking at how
development interacts with the surrounding environ-
ment in a larger context. The primary goal of urban
planning is to achieve the objectives of sustainable devel-
opment in terms of mitigating the negative impacts on
the environment through lowering energy usage, har-
vesting renewable sources, reducing material use, and
minimizing waste, as well as in terms of improving social
equity, human well–being, and the quality of life. Ultim-
ately, it seeks to balance the conflicting demands of en-
vironmental sensitivity, economic development, social
equity, and urban attractiveness and aesthetic appeal.
This is at the core of urban sustainability, which repre-
sents an ideal outcome in the sum of all the goals of
planning, on which there is widespread consensus with
trade-offs and conflicts when it comes to decisions.
Therefore, urban planning involves policy recommenda-
tions, public consultation, public administration, and im-
plementation and management, as well as thorough
research and in-depth analysis, and strategic thinking
(Nigel, 1998, 2007) to achieve the policy goals of
sustainability.
Urban planning involves the application of scientific

and technical processes in connection with different
city-related components, such as land use, urban design,
energy, transportation, waste, and infrastructure. It in-
cludes such techniques as modelling, simulation, predic-
tion, geographic mapping and analysis, green condition
monitoring, environmental monitoring, power and water
supply analysis, transportation and traffic patterns recog-
nition, energy demands and consumption patterns

recognition, healthcare services allocation, land-use im-
pacts analysis, and so forth. For example, Geographic In-
formation Systems (GIS) can map the existing urban
system and project the future impacts of changes on the
environment and the economy. The idea of data-driven
smart sustainable cities is to obtain the right amount of
data at the right place and from the right source to make
well-informed, fact-based, strategic decisions with ease
in relation to sustainability using most of these tech-
niques. In this respect, it involves goal setting, data gen-
eration, processing, and analysis; modelling and
simulation; design, as well as public consultation and
citizen participation.
Urban planning is closely related to urban design.

Urban design involves landscape architecture, civil en-
gineering, sustainable design, ecological design, compact
design, public design, and strategic design. Urban plan-
ning focuses on the big picture of the needs of residents
and the impacts on surrounding areas, and entails deci-
sions on what can be built where and how outdoor areas
will be used. Dealing with the design and management
of the public domain and how it is experienced by
people, urban design denotes the process of designing,
shaping, arranging, and reorganizing the physical struc-
tures and spatial organizations of cities and planning for
the provision of public services to residents. As to its
sustainable dimension, urban design is aimed at making
urban living more environmentally sustainable and
urban areas more attractive and functional (e.g., Inam,
2013; Larice & MacDonald, 2007). It is about making
connections between forms of human settlements and
sustainable development.

2.2 Urban computing and intelligence

Urban computing refers to the process of generating, in-
tegrating, processing, analyzing, and synthesizing colos-
sal amount of data from heterogeneous sources for some
purpose, ways of solving issues related to sustainability,
efficiency, resilience, equity, and life quality. In the con-
text of data-driven smart sustainable cities, urban com-
puting entails using a set of sensors, devices, systems,
platforms, infrastructures, networks, and the associated
algorithms, techniques, processes, and protocols for the
purpose of addressing and overcoming the issues engen-
dered by the negative consequences of urbanization and
the complex challenges of sustainability. This can be ac-
complished by manipulating, harnessing, and leveraging
various kinds of urban data (e.g., transport data, mobility
data, traffic data, spatiotemporal data, environmental
data, energy data, socio–economic data, government
data, and user-generated data) in ways that generate
deep insights which can used to enhance decision–mak-
ing processes pertaining to diverse urban domains.
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Urban intelligence refers to the planning, develop-
ment, deployment, implementation, and maintenance of
the ecosystem of big data analytics to support the inter-
operability between resources and technologies—and
thus the integration of urban systems, the coordination
of urban domains, and the coupling of urban networks—
to serve the stakeholders of the city. Its functions entail
the use of big data analytics and the underlying core en-
abling technologies to devise more effective solutions in
the form of designs and responses using advanced simu-
lation models, optimization methods, and intelligent
decision support systems. This requires urban environ-
ments to be digitally instrumented to generate the data
deluge that enables real–time analysis of the operating
and organizing processes of urban life—urban comput-
ing. The knowledge extracted as a result of data deluge
analytics serves to optimize and enhance the operations,
functions, services, designs, strategies, and policies in
line with the long-term vision of sustainability thanks to
urban intelligence and planning functions as an ad-
vanced form of decision support.
Urban computing and intelligence (e.g., Batty et al.,

2012; Bibri, 2018b; Bibri & Krogstie, 2017; Ji et al., 2016;
Liu et al., 2017; Lynch & Del Casino Jr, 2020; Zhang
et al., 2016; Zheng et al., 2015) has recently attracted sig-
nificant attention from academia and industry for build-
ing data-driven smart sustainable cities of the future. It
represents a holistic approach to harnessing and exploit-
ing the vast troves of big data generated in cities to im-
prove urban forms, urban infrastructures, urban
environments, and urban services, as well as urban oper-
ational management and development planning systems.
As such, it can generate deep insights that can be used
to make well-informed decisions, and can also create
feedback loops between humans and their activities and
the urban environment. Urban computing and
intelligence as an interdisciplinary and transdisciplinary
field integrates and fuses computer science, information
science, data science, urban science, information tech-
nology, communication technology, computer engineer-
ing, software engineering with city-related fields,
including urban planning, urban design, urban sustain-
ability, economy, ecology, sociology, and related
subfields.

2.3 Decision support system

In the urban context, a decision support system (DSS) is
a set of information systems that support city decision-
making activities. DSS serves the planning, design, man-
agement, and operational functioning levels of a city,
and helps urban actors make decisions about problems
that may be rapidly changing, not easily specified in ad-
vance, or of a wicked nature—i.e. unstructured, semi-
structured, and ill-structured decision problems. It is

used to support determinations, judgments, and courses
of action and to help decision-makers use communica-
tion technologies, data, documents, models, and/or
knowledge to complete the tasks of decision-making.
Thus, it can be fully computerized, human-powered, or
a combination of both. At the technical level, DSS sifts
through and analyzes massive amounts of data, compil-
ing comprehensive information from heterogenous
sources that can be used to solve problems and in
decision-making. This pertains to various urban do-
mains, including transport, traffic, mobility, energy, air
and noise pollution, waste, parking, lighting, public
safety, healthcare, education, governance, policy, and
planning. An example use is GPS route planning. A DSS
can be used to plan the fastest and best routes between
two points by analyzing the available options. These sys-
tems often include the capability to monitor traffic in
real-time to route around congestion.
Sprague (1980) describes a properly termed DSS as

one that tends to be aimed at less well structured,
underspecified problems; attempts to combine the use of
models or analytic techniques with traditional data ac-
cess and retrieval functions; specifically focuses on fea-
tures which make them easy to use in an interactive
mode; and emphasizes flexibility and adaptability to ac-
commodate changes in the environment and the
decision-making approach.
With respect to the taxonomies of DSS, the kinds

of DSS data-driven smart sustainable urbanism is
concerned with are the active and cooperative sys-
tems. The former both aids the decision-making
process and brings out explicit decision suggestions
or solutions (Haettenschwiler, 1999). The latter allows
for an iterative process between humans and systems
toward the achievement of a consolidated solution.
Specifically, the decision-maker can modify, complete,
or refine the decision suggestions provided by the sys-
tem prior to sending them back to the system for val-
idation. Similarly, the system improves, completes,
and refines the decision suggestions and sends them
back to the decision-maker for validation (Haet-
tenschwiler, 1999). This relates to the kind of DSS
that is both fully computerized and human-powered.
Another taxonomy for DSS of particular relevance in
this context is the one developed by Power (2002),
which differentiates data-driven DSS, document-driven
DSS, knowledge-driven DSS, and model-driven DSS.
These pertain to the various functionalities of the big
data analytics system (e.g., knowledge discovery, data
mining, statistical analysis, modelling, and simulation,
etc.) in the context of data-driven smart sustainable
cities with regard to the decision-making processes
associated with their operational management and de-
velopment planning.

Bibri Computational Urban Science             (2021) 1:8 Page 5 of 29



� A data-driven (or data-oriented) DSS emphasizes ac-

cess to and manipulation of the various parameters

of data types in terms of the measurable factor form-

ing one of a set that defines a system or sets the

conditions of its operation.

� A document-driven DSS manages, retrieves, and

manipulates unstructured information in a variety of

electronic formats.

� A knowledge-driven DSS provides specialized

problem-solving expertise stored as facts, rules, pro-

cedures, or in similar structures. It is most likely to

include an expert system or artificial intelligence.

� A model-driven DSS emphasizes access to and

manipulation of a statistical, optimization, or

simulation model. Model-driven DSS use data and

parameters provided by users to assist decision-

makers in analyzing a situation; it is not necessar-

ily data-intensive.

This study is concerned with both data-driven and
model-driven categories of DSS in regard to the plan-
ning and design of data-driven smart sustainable cities
of the future.
Concerning the development framework for DSS, it

requires a structured approach. According to Sprague
and Carlson (1982), this framework includes people,
technology, and the development approach. An itera-
tive development approach allows for the DSS to be
changed and redesigned at various intervals. Once a
DSS is designed, it will need to be tested and revised
where necessary for the desired outcome. However,
the early framework for DSS consists of four stages,
namely:

� Intelligence—Searching for conditions that call for

decision;

� Design—Developing and analyzing possible

alternative actions;

� Choice—Selecting a course of action among those

actions;

� Implementation—Adopting the selected course of

action in the decision situation.

The process starts with the need for the decision.
This need can be triggered automatically by the sys-
tem. Once triggered, the decision task needs to be
modeled before any further action. After the model
exists, the DSS is able to generate a decision pro-
posal. In the decision-making process, the decision-
maker is able to change which data are used, and
possibly the parameters in the model to support the
evaluation of the alternatives and the decision on the
best alternative prior to adopting the sequence of ac-
tivities related to the decision.

2.4 Simulation Models

One key emphasis of this study is on model-driven deci-
sion support systems based on mass data management
and analysis. Computational models are used to numer-
ically study the behavior of complex systems by means
of a computer simulation. Advancements in computa-
tional power, availability of data-intensive modeling and
simulation, Artificial Intelligence, and efficient computa-
tional methods are allowing the leading-edge of simula-
tion modeling to pursue investigations in systems
analysis, design, and control processes in terms of
optimization. This pertains to the systems of multiple
urban sub-systems (e.g., transport, traffic, building en-
ergy, power supply, street lighting, environment, waste,
water supply, healthcare, etc.) and their multilevel
integration.
The emerging discipline of modeling and simulation is

based on developments in diverse areas of computer sci-
ence (e.g., software engineering, Artificial Intelligence,
theory of computation, data structures and algorithms,
etc.). It is also influenced by developments in complexity
science, data science, urban science, systems engineer-
ing, and systems theory. This foundation brings together
elements of art, science, engineering, and design in a
complex and unique way. This requires domain experts
to enable appropriate decisions when it comes to the ap-
plication and use of modeling and simulation methods
within the area of data-driven smart sustainable cities.
The concepts of modeling and simulation are treated

as distinctive and of equal importance. A simulation is
the execution of a model, represented by a computer
program that gives information about the system being
investigated. In more detail, modeling is understood as
the purposeful abstraction of reality, resulting in the for-
mal specification of a conceptualization and the under-
lying assumptions and constraints. Simulation is the
mimicking or emulation of the operation of a real-world
system or process, such as the day-to-day operation of a
transport or energy system over a time period in a com-
puter. Accordingly, the model represents the key charac-
teristics or behaviors of the selected system or process,
whereas the simulation represents the evolution of the
model over time. In other words, modeling and simula-
tion entail the use of models as a basis for simulations—
i.e., computational methods for implementing a model
to develop knowledge as a basis for decision–making
pertaining to, for example, the planning, design, and op-
erational management of data-driven smart sustainable
cities.
With the integration of big data analytics, Artificial

Intelligence, agents, and other modeling techniques,
simulation has become an effective and appropriate
decision support tool for planning, designing, and
managing urban systems and sub-systems. By
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combining the emerging science of complexity with
simulation technology, it has become possible to build
software programs that allow city planners, designers,
and managers to safely play out "what if" scenarios in
artificial worlds and to take decisions to achieve high-
est performance at lowest cost. In addition to its use
as a tool to better understand and optimize perform-
ance of systems, simulation is also extensively used to
verify the correctness of designs, e.g., urban forms,
urban structures, and spatial organizations.
There are two categories of modeling and simulation

that are of relevance to data-driven smart sustainable
city planning and design, namely (Bibri 2021c):
1. Analyses support is conducted in support of urban

planning. Very often, the search for an optimal solution
that should be implemented is driving these efforts.
What–if analyses of alternatives fall within this category
as well. This kind of work is often accomplished by
simulysts. A special use of analyses support is applied to
urban operations. Simulation methods improve the func-
tionality of decision support systems by adding the dy-
namic element to them, and also allow to compute
estimates and predictions, including optimization and
what–if scenarios.
2. Systems engineering support is applied for the design,

development, and testing of systems. It can start in early
phases and include topics like executable system architec-
tures. It can support testing by providing a virtual environ-
ment in which tests can be carried out. This involves the
concept of "principle of computational equivalence,” which
has beneficial implications for the decision-maker, e.g., engi-
neers and architects. Simulated experimentation discovers
new insights and explanations of future behavior of the real
system. This relates to computational science and engineer-
ing, which deals with the development and application of
computational models and simulations, often coupled with
high-performance computing, to solve complex physical
problems arising in engineering analysis and design.
On the whole, the computational representation of the

subsystems of data-driven smart sustainable cities enables
planners, designers, engineers, and managers to reproduce
and investigate the behaviors or characteristics of these
subsystems using different types of simulations and to
make informed decisions according to the generated out-
comes. These decisions are associated with optimizing the
performance and enhancing the designs of urban systems,
i.e., the operating and organizing processes of urban life,
with respect to sustainability.

3 Literature review

3.1 Cities as quintessential examples of complex systems

and wicked problems

Cities are complex systems par excellence, more than
the sum of their parts. One of the key foci of resilience

studies is the problematic of unpredictability. Evolution-
ary resilience appears appropriate in the urban context
(Davoudi et al., 2012). It denotes the ability of a system,
not only to bounce back from events causing a shock
through robust behavior, but also to adapt and learn
from the past behaviors to surpass the previous state by
extending its capacity (Gunderson & Holling, 2002).
Such an evolutionary and adaptive view to resilience em-
phasizes the characteristics of discontinuous change,
chaos and order, nonlinear system behavior, and self-
organization (Gunderson & Holling, 2002). Cities are
self–organizing social networks embedded in space.
Self–organization, as one of the key dynamical proper-
ties of complex systems, denotes the emergence of an
unplanned order or organized behavior out of seemingly
perceived chaos. Central to self–organization is that the
actions of a group of individual constituents of a system
are coordinated without centralized planning. Accord-
ingly, self–organization is created and controlled by no
one. It results from human actions, not from human de-
signs (Hayek, 1978). Self-Organization in conjunction
with nonlinear system behavior might increase a city sys-
tem’s capacity for adapting and learning through com-
plex interactions of the rational behavior of individual
“micro” agents to adjust to changes, collectively render-
ing a “macro” adaptive urban emergence (Manesh &
Tadi, 2011; Rowley, 1994). For what it entails compared
to simplification, such emerging complexity is seen as
beneficial and useful because it increases functional cap-
acity through properties such as hierarchy, flexibility, re-
dundancy, and specialization of different parts, as well as
synergy, where the entirety is greater than the sum of
the parts.
Emergence, as a dynamical property of complex sys-

tems, denotes that larger entities arise through interac-
tions among and between smaller entities. In this
context, it describes urban phenomena that are difficult
to forecast or to be fully envisioned from the smaller
entities that make up the city. Emergent properties re-
sult from the relationships, interactions, or dependen-
cies they form by virtue of being within a system, and
are not apparent from its parts in isolation. Therefore,
emergent systems have properties that can only be ana-
lyzed at a higher level, despite the results being suffi-
ciently determined by the activity of the system’s basic
constituents. In this sense, they entail a simpler higher
order behavior that arises from the underlying complex
interactions; similar to society emerging from interac-
tions of people. Such micro-agent interactions and ad-
aptations at the individual networking level continually
create new emergence and increase the robustness of
the whole system (Alexander, 1965; Bettencourt, 2013).
Almost all accounts of emergentism involve a form of
irreducibility to the lower level. As an example, an
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urban fabric (e.g., inner city) created by multiple actor
layers, incrementally developed with a diversity of
building types, scales, and functions, is often seen as
having the attributes of a more intense and livelier
street lives (Eom & Cho, 2015; Jacobs, 1961; Merlino,
2011). Overall, the evolutionary resilience approach to
urban planning seems to deliver the characteristic fea-
tures of data-driven smart sustainable cities with re-
spect to the compact, ecological, and technological
dimensions of their landscape. This is achieved through
such system properties as multi-functionality, redun-
dancy and modularization, biodiversity and social diver-
sity, multi-scale networks and connectivity, and
adaptable planning (Ahern, 2011). In the context of the
compact city, for example, the resilient urban proper-
ties that relate to increased diversity, networks, and in-
creased number of agents through density and
proximity are often seen in emergent urban areas that
have developed incrementally through time (Marshall,
2012; Scheurer, 2007). Some earlier attempts have been
made to emulate compact city characteristics in post-
modern contexts, i.e., diversity of functions and density.
They have typically been undertaken to shape emergent
urban forms through site specific designs (Marshall,
2012; Neuman, 2005). However, there is a difficulty in
planning the kind of urban complexities that are seen
in traditional emergent urban forms through interven-
tions and organizations (Marshall, 2012).
However, Bibri (2018c) provides a detailed account

and discussion of the other key dynamical properties of
smart sustainable cities as complex systems. This ac-
count is an integral part of a systematic exploration of
the key structures, behavioral patterns, relationships, in-
teractions, and dependencies underlying smart sustain-
able cities. This exploration is based on complexity
science and systems thinking as theoretic approaches.
Homer-Dixon (2011) offers a survey of some core con-
cepts and ideas of complexity science and makes a
strong case that they can help us develop new strategies
for generating alternative solutions and prospering in
this world.
The problems that we deal with in cities fall under

what is called in policy analysis “wicked problems” (Rit-
tel and Webber (1973), a term that has gained more cur-
rency since the adoption of sustainability within urban
planning in the early 1990s. In order to describe a
wicked problem in sufficient detail, one has, as stated by
Rittel and Webber (1973), “to develop an exhaustive in-
ventory of all conceivable solutions ahead of time. The
reason is that every question asking for additional infor-
mation depends upon the understanding of the prob-
lem—and its resolution—at that time … Therefore, in
order to anticipate all questions (… all information re-
quired for resolution ahead of time), knowledge of all

conceivable solutions is required.” Rittel and Webber
(1973) argue that the essential character of wicked prob-
lems is that they cannot be solved in practice by a cen-
tral or public planner, who t has no right to be wrong
(i.e., planners are liable for the consequences of the ac-
tions they generate). Wicked problems are so complex
and dependent on so many intertwined factors that it is
hard to grasp what they exactly are and thus how to
tackle them. In other words, they are difficult to explain
and impossible to solve because of incomplete, contra-
dictory, and changing requirements that are not easy to
recognize. As a consequence, when tackling wicked
problems, they become worse due to the unforeseen
consequences and unanticipated effects that were over-
looked because the system under study was treated in
too immediate and simplistic terms, or as a result of fail-
ing to approach it from a holistic perspective.

3.2 Related work

Computational and scientific approaches, especially
those enabled by big data science and analytics, have be-
come necessary for dealing with the complexities of sus-
tainable cities. Consequently, it is of paramount
importance to develop and employ sophisticated
methods and innovative solutions for tackling the prob-
lems and challenges pertaining to sustainable cities in
terms of planning in the face of urbanization. This re-
quires a blend of scientific and academic disciplines, and
big data technologies are well placed to initiate this en-
deavor. Bibri (2021c) provides a detailed account of the
scientific and academic disciplines underlying data-
driven smart sustainable urbanism, as well as a frame-
work illustrating their integration and fusion from an
interdisciplinary and transdisciplinary perspective.
There currently is much enthusiasm about the possi-

bilities created by new and more extensive sources of
data to better understand, plan, and govern cities thanks
to the IoT and big data analytics. Batty (2013) describes
how the explosion of big data is shifting the emphasis
from longer term strategic planning to short–term
thinking about how cities function and can be managed,
drastically altering the way we conceive of, understand,
and plan smart cities. In his article ‘The Real–time City?
Big Data and Smart Urbanism’ Kitchin (2014) details
how cities as being instrumented with digital devices
and infrastructure produce big data that allow real–time
analysis of city life, new modes of urban governance, and
provide the raw material for envisioning and enacting
more efficient, productive, open, and transparent cities.
Bibri (2019b) explores the value of big data science and
analytics and its uses in dealing with the complexities of
sustainable urbanism in terms of wicked problems. The
author argues that the upcoming advancements in big
data science and analytics, coupled with the ever–
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increasing deluge of urban data, hold great potential to
enhance and advance sustainable urbanism. From a
computational perspective, Bettencourt (2014) explores
how big data can be useful in urban planning by formal-
izing the planning process as a general computational
problem. The author demonstrates that new sources of
data coordinated with urban policy under general condi-
tions can be applied following the fundamental princi-
ples of engineering and applied sciences to achieve new
or more effective solutions to urban wicked problems,
and that, regardless of the amounts of data available, a
comprehensive form of urban planning remains compu-
tationally intractable in large cities.
With reference to smart cities, Rathore, Ahmad, Paul,

and Rho (2016) propose an integrated IoT-based system
for smart city development and urban planning using
big data analytics. Their system consists of various types
of sensor deployment, including smart home, vehicular
networking, weather and water, smart parking, and sur-
veillance. The authors propose a four-tier architecture:
1) IoT sources and data generation and collection, 2)
communication, 3) data management and processing,
and 4) application and usage of the data analysis and the
results generated. The proposed architecture is imple-
mented using Hadoop with Spark, voltDB, or Storm for
real time processing of the IoT data to generate results
to establish the smart city. The results demonstrate that
the proposed system is more efficient than existing sys-
tems, a metric that can be measured in terms of
throughput and processing time. In their article “Urban
Planning and Smart City Decision Management Empow-
ered by Real-Time Data Processing Using Big Data Ana-
lytics,” Silva et al. (2018) propose a big data analytics-
embedded experimental architecture for smart cities in
response to the issue of real-time processing require-
ments and exponential data growth in relation to their
realization. The proposed architecture serves to facilitate
exploitation of urban big data in planning, designing,
and maintaining smart cities, and also to occupy big data
analytics to manage and process voluminous urban big
data to enhance the quality of urban services. Three tiers
of the proposed architecture are liable for data aggrega-
tion, real-time data management, and service provision-
ing. In addition, offline and online data processing tasks
are expedited by integrating data normalizing and data
filtering techniques. The authors claim the applicability
and reliability of implementing the proposed architec-
ture in the real world.
In connection with data-driven smart sustainable cit-

ies, Bibri and Krogstie (2018) propose, illustrate, and dis-
cuss a systematic framework for data–driven urban
analytics in relation to sustainable urbanism based on
cross–industry standard process for data mining. The
intention is to utilize and apply well–informed,

knowledge–driven decision–making processes to
optimize and enhance the operations, functions, services,
designs, strategies, and policies of smart sustainable cit-
ies in line with the long–term goals of sustainability. Ac-
cordingly, one of the uses of such framework pertains to
planning and decision process through simulations and
decision support. The authors argue that there is tre-
mendous potential to transform and advance the know-
ledge of smart sustainable urbanism through the
creation of a data deluge that can provide much more
sophisticated, finer–grained, wider–scale, real–time un-
derstanding and control of the various aspects of
urbanity.
Many topical studies have addressed a number of areas

of environmental sustainability in relation to urban plan-
ning or future urban development. With reference to
smart eco-cities, Shahrokni et al. (2014b) identify the in-
efficiency of waste management and transportation using
big data analytics and GIS, and suggest potential im-
provements. As an outcome of an extensive data cur-
ation process, the authors develop a series of new waste
generation maps based on a large data set consisting of
half a million entries of waste fractions, weights, and lo-
cations. These maps serve to describe what waste frac-
tion comes from where and the way it is collected.
Moreover, the authors analyze the route efficiency and
construct the maps of selected vehicle routes in detail, as
well as assess the efficiencies of the routes using the effi-
ciency index (kg waste/km). They conclude that substan-
tial inefficiencies were revealed, and a shared waste
collection vehicle fleet is suggested among other inter-
vention measures to increase the efficiency of waste
management. Within the framework of smart cities,
Ameer and Shah (2018) propose an architecture for smart
urban planning based on Apache Spark data-processing
platform, which makes use of big data analytics in classify-
ing the air quality. The authors state that the proposed
architecture fullfils the requirements for analyzing and
monitoring the large amounts of data generated by
the IoT devices. And that it is implemented on the
data set of vehicles pollution. The results show that
the proposed architecture is efficient and accurate for
analyzing and classifying the Air Quality Index (AQI).
In the context of smart eco-cities, Pasichnyi, Levihn,

et al. (2019) present a novel data-driven smart approach
to strategic planning of building energy retrofitting, using
data about actual building heat energy consumption, en-
ergy performance certificates (EPCs), and reference data-
bases. This approach allows a holistic city-level analysis of
retrofitting strategies thanks to the aggregated projections
of the energy performance of each building, such as en-
ergy saving, emissions reduction, and required social in-
vestment. The case investigated demonstrates the
potential of rich urban energy datasets and data science
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techniques for better decision making and strategic plan-
ning. The proposed approach allows the change in total
energy demand from large-scale retrofitting to be assessed,
and explores its impact on the supply side, thereby enab-
ling more precisely targeted and better coordinated energy
efficiency programs. In addition, Pasichnyi, Wallin, et al.
(2019) review the existing applications of the data of EPCs
and propose a new method for assessing their quality
using data analytics. The authors identify 13 application
domains from a systematic mapping of the analyzed ma-
terial, revealing increases in the number and complexity of
studies as well as advances in applied data analytics tech-
niques. They conclude that EPC data have wider applica-
tions than what the EPCs policy instrument was originally
designed for, placing stronger requirements on the quality
and content of the data. Prior to these two related studies,
Shahrokni, Levihn, and Brandt (2014) evaluated the en-
ergy efficiency potential of different building vintages in
the City of Stockholm in collaboration with the district
heating and electricity utility Fortum. The authors found
that the retrofitting potential of the building stock to
current building codes can reduce heating energy use by
1/3. De Rubeis et al. (2020) use data-driven approaches to
daylighting assessment as an alternative to climate-based
simulation tools. In their work, they propose a novel
method for optimizing energy use and luminous environ-
ment for a set of lighting control system solutions. The
climate-based simulation results provide the data neces-
sary for the data-driven static optimal control that allows
different control strategies of the lighting systems accord-
ing to the lighting power density. The results show that
the method allows to achieve energy savings up to 18.6%
by maintaining high visual comfort levels.
To sum up, sustainable cities are making substantial ef-

forts towards enhancing their sustainability performance
and meeting their sustainability commitments by utilizing
the IoT and big data analytics in urban development plan-
ning. They are increasingly relying on the applied technol-
ogy solutions offered by smart cities in their endeavor to
become data-driven smart sustainable. However, they still
tend to focus largely on the environmental dimension of
sustainability. Hence, they need to balance the three dimen-
sions of sustainability as they evolve and take advantage of
new advances in urban computing and intelligence.

4 Research methodology
As mentioned earlier, this study expands on prior work
done to develop a novel model for data-driven smart
sustainable cities of the future in the form of a strategic
planning process of transformative change towards sus-
tainability. The three main phases of this process—(1)
the constructed future vision, (2) the specified objectives
and targets related to sustainability, and (3) the devel-
oped strategies and pathways for transformative

change—are grounded in case study research. This was
carried out on a total of six of the ecologically and
technologically leading cities in Europe. The case study
approach, which is associated with the empirical phase
of the futures study, was adopted to examine and com-
pare two cases with respect to each of the phenomena of
compact cities, smart eco-cities, data–driven smart cities,
and environmentally data-driven smart sustainable cities.
Bibri (2020b) dedicates a whole article to the methodo-
logical framework applied in the futures study, which
combines a set of principles underlying several norma-
tive backcasting approaches as well as descriptive case
study design. The latter is what this paper is concerned
with in terms of empirically informing the analysis of
the strategic and innovative planning approaches associ-
ated with the development and design of data-driven
smart sustainable cities of the future.
The case study is a descriptive qualitative approach

that is used as a tool to study specific characteristics
of a complex phenomenon. The descriptive case study
approach, as defined by Yin (2014, 2017), was identi-
fied as the most suitable approach for the empirical
basis of the futures study. In this context, it involves
the description, analysis, and interpretation of the
four phenomena of urbanism, with a particular focus
on the prevailing conditions pertaining to plans, pro-
jects, and achievements. That is, how the six cities se-
lected behave as to what has been realized, the
ongoing implementation of plans, and the execution
of projects based on the corresponding practices and
strategies for sustainable development and techno-
logical development. To obtain a detailed form of
knowledge in this regard, a five-step process tailored
to each of the four case studies was adopted
(Table 1).
The four case studies investigated contemporary real-

world phenomena with the objective to inform the the-
ory and practice of data-driven smart sustainable urban-
ism by illustrating what has worked well, what needs to
be improved, and how this can be done in the era of big
data and in the face of urbanization. They were particu-
larly useful for understanding how different elements fit
together and (co-)produce the observed impacts in a
particular urban context based on a set of intertwined
factors. Overall, the four case studies conducted were
useful for illuminating the four urban phenomena, for il-
lustrating the general principles underlying these phe-
nomena, and for generating new ideas and research
questions involving the relationships between these phe-
nomena. However, the case studies cannot substitute for
carefully controlled correlational studies as they by def-
inition are low in internal validity and external validity.
These two concepts reflect whether or not the results of
the four case studies are trustworthy and meaningful.
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Internal validity relates to how well these studies are
conducted in terms of their structure, whereas external
validity pertains to how well the outcomes of these stud-
ies are applicable to the real world. Generally, internal
validity denotes the approximate truth about inferences
regarding cause-effect, or the extent to which a reliable
causal relationship between a treatment and an outcome
can be established in a study. The descriptive research
design was used to describe some characteristics of com-
plex urban phenomena, and did not address questions
about why these characteristics occurred—no causal re-
lationship. As regards external validity, it is concerned
with whether the results of a study can be generalized to
and across other settings. A common limit of case stud-
ies is that they do not lend themselves to generalizability.

Typical risks include the representativeness of the sub-
jects with respect to the target population in terms of
sustainable cities and smart cities.

5 Results

The focus of the results in this study is on the strategic
and innovative planning approaches that should be con-
sidered in the development and design of data-driven
smart sustainable cities of the future. This new model of
urbanism itself represents a strategic planning process of
transformative change towards sustainability based on
backcasting. The planning approaches identified, ana-
lyzed, and discussed in this study are intended to sup-
port the process of backcasting, thereby expanding on
the following studies:

Table 1 A five-step process tailored to the four case studies conducted

Compact Cities

• Using a narrative framework that focuses on the compact city model and its contribution to the three goals of sustainability as a real–world
problem and that provides essential facts about it, including relevant background information

• Introducing the reader to key concepts, strategies, practices, and policies relevant to the problem under investigation

• Discussing benefits, conflicts, and contentions relevant to the problem under investigation

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected outcomes.

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths, weaknesses, tradeoffs, and lessons learned.

Eco-Cities

• Using a narrative framework that focuses on the eco-city as a real-world problem and provides essential facts about it, including relevant back-
ground information

• Introducing the reader to key concepts, models, and design strategies relevant to the problem under investigation

• Discussing benefits and research gaps and issues relevant to the problem under investigation

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected outcomes

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths, weaknesses, tradeoffs, and lessons learned.

Data-Driven Smart Cities

• Using a narrative framework that focuses on the data-driven smart city as a real–world problem and provides essential facts about it, including rele-
vant background information

• Introducing the reader to key concepts, technologies, and data-driven smart sustainable urbanism processes and practices relevant to the problem
under investigation

• Providing an overview of the literature review previously conducted in relation to the study, which delivers a comprehensive, state–of–the–art
review on the sustainability and unsustainability of smart cities in relation to big data technologies, analytics, and application in terms of the
underlying foundations and assumptions, research problems and debates, opportunities and benefits, technological developments, emerging
trends, future practices, and challenges and open issues

• Explaining the actual solutions in terms of plans, the processes of implementing them, and the expected outcomes

• Offering an analysis and evaluation of the chosen solutions and related issues, including strengths, weaknesses, tradeoffs, and lessons learned.

Environmentally Data-Driven Smart Sustainable Cities

• Using a narrative framework that focuses on data-driven smart solutions and their role and potential in improving and advancing environmental
sustainability in the framework of the smart sustainable city as a real–world problem, and provides essential facts about it, including relevant back-
ground information.

• Introducing the reader to key concepts, core enabling technologies, infrastructures, landscapes, frameworks, as well as urban operating systems and
urban operations centers, all with relevance to the problem under study.

• Identifying the commonalities and differences between the two cities with respect to the emerging technologies

• Explaining the actual solutions in terms of plans and visions, the processes of implementing them, and the realized and expected outcomes

• Offering an analysis and evaluation of the relevant solutions and related issues, including strengths, weaknesses, and lessons learned.
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Bibri and Krogstie (2020d) distill and enumerate the
underlying components of the new model of urbanism
in terms of its dimensions, strategies, and solutions
based on the overall outcome of case study research.
The authors subsequently combine and integrate these
components into an applied theoretical framework for
strategic sustainable urban development planning. The
argument underlying this integrated framework is that
the IoT and big data technologies and their novel appli-
cations offered by smart cities of the future have great
potential to enhance and consolidate the design strat-
egies and environmental technology solutions of sustain-
able cities This results in improving and advancing the
contribution of sustainable cities to the environmental,
economic, and social goals of sustainability through har-
nessing its synergistic effects and balancing its dimen-
sions. However, the proposed framework is used to
guide the development of the novel model for data-
driven smart sustainable cities of the future as a strategic
roadmap towards transformational change in the era of
big data. This is the aim of the study carried out by Bibri
and Krogstie (2021), where the authors identify a set of
actions and measures in the form of strategic pathways
to transform the built infrastructure, sustainable urban
infrastructure, smart urban infrastructure, social infra-
structure, and technological infrastructure of the land-
scape of data-driven smart sustainable cities of the
future. The essence of this aggregate model lies in pro-
viding the needed tools, techniques, methods, systems,
platforms, and infrastructures enabled by the core enab-
ling and driving technologies of the IoT and big data an-
alytics for sustainable cities to have a more measurable,
targeted, and harmonized contribution to sustainability.
This in turn means finding and applying more effective
ways of translating sustainability into the physical,
spatial, environmental, economic, and social forms of

sustainable cities with regard to planning and design.
This is what this study mainly contributes with through
substantiating the potential role of urban computing and
intelligence in this regard. The strategic planning ap-
proaches related to compact cities and eco-cities are par-
ticularly associated with the built infrastructure of data-
driven smart sustainable cities of the future, whereas
the innovative planning approaches are associated
with all of the five infrastructures underlying their
landscape.

5.1 Strategic sustainable planning

5.1.1 Planning approaches, planning types, and urban

fabrics and their relationship

The built infrastructure as one of the core dimensions of
the landscape of data-driven smart sustainable cities of
the future is largely associated with the core design strat-
egies of the compact city and the eco-city. It denotes the
patterns of the physical objects related to the built-up
areas as well as those areas planned for new develop-
ment and redevelopment together with related essential
urban infrastructure. The compact and ecological di-
mensions of urban design chacterize most of the built
infrastructure as regards its buildings, blocks, streets,
open space, public space, and green space.
To stage an expansion of the built environment in-

volves three strategic planning approaches (Table 2),
which represent the outcomes of three planning types:
planning by design, planning by development control,
and planning by coding (Table 3).
With the combination of these three planning types,

which can promote urban complexity, the built infra-
structure of data-driven smart sustainable cities should
develop sustainably in terms of compactness as well as
greening, sustainable buildings, and sustainable mate-
rials, in accordance with the five expansion strategies

Table 2 Strategic planning approaches and related planning types

Strategic Planning Approaches Planning Types

Emergent compact urban form: An inner city urban fabric evolved
through time by multiple actors’ interactions

Emergent compact urban form represents the outcome of planning by
coding, which is aimed at high density and diversity facilitates
incremental and individual micro interactions through time and space by
multiple actors. As urban systems, they have the possibilities to change
and adapt to create new emerged states since emergence is continuous
and diversity is high.

Designed dispersed urban form: A modernist urban fabric at a given
point of history where the system of ideas and ideals, which forms the
basis of policy, was to separate and create separation between the
functions and to give uniform characteristics and standards

Designed dispersed urban form represents the outcome of planning by
design, where rationalization and simplification create compartmentalized
urban patterns. These plans, which are typical for modernistic and top-
down planned urban systems, are often executed through large-scale site
interventions with long-term projections into the future.

Designed compact urban form: An inner city urban fabric where density
and diversity have been designed by a number of developers
simultaneously.

Designed compact urban form represents the outcome of planning by
design—usually in combination with planning by development control,
which are often applied in new initiatives to emulate emergent compact
urban form characteristics. They are initiated top-down and focus on
functional diversity, density, as well as the diversity of property ownership
and housing tenure.

Source: Adapted from Marshall (2012)
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(Table 4). These relate to the intensification strategy of
compactness, which encompasses a number of processes
for the renewal, infill, development, and redevelopment
of urban areas, notably:

� Increase the population of the city.

� Increase the redevelopment of previously developed

sites, subdivisions and conversions, and additions

and extensions.

� Increase the development of previously undeveloped

or less developed sites.

� Increase the density and diversity of sub-centers.

� Invest in and improve transport infrastructure and

services.

� Protect and integrate large natural and cultural

areas.

These are to be applied to the six urban fabrics
identified based on the investigated cases of compact
cities (Bibri et al., 2020) and eco-cities (Bibri & Krog-
stie, 2020a). An urban fabric denotes the physical

characteristics of urban areas in terms of components,
materials, buildings, spatial patterns, scales, street-
scapes, infrastructure, networks, and functions, as well
as socio-cultural, ecological, economic, and
organizational structures.
The three strategic planning approaches should deliver

the desired outcomes with respect to sustainable urban
design within the framework of data-driven smart sus-
tainable cities of the future. The mix of the three plan-
ning types is of criticality as to capacitating planning to
accommodate such parameter as timing, building density
and scale distribution, diversity, mixed land use, passive
and low-carbon buildings, green space distribution, and
decentralization of planning and design activities to mul-
tiple actors. The outcomes of the three planning types—
six urban fabrics—serve to understand how planning in
its various combined forms influence and shape the de-
velopment of data-driven smart sustainable cities of the
future in terms of compact and ecological design. The
challenge is to design it in a way that creates the desired
functional complexity (Batty & Marshall, 2012). When

Table 3 Three planning Types

Planning Types Descriptions

Planning by design Master planning, urban design, or outlines of design, with a preconceived conception of the finished state of a specific
whole entity.

Planning by coding Use of generative codes to define generic components or relationships of building blocks. The use of these codes can
be generative with specifications to how elements can be combined to produce an aggregate urban form. A generative
code provides a framework within which individual designers can work.

Planning by development
control

Enabling public authorities’ influences on what is allowed to be built or not by approving or rejecting specific designs
or layouts proposed by private individuals and developers or master planners.

Source: Marshall (2012)

Table 4 Six urban fabrics and related strategic planning approaches

Expansion Strategies Urban Fabrics and Related Strategic Planning Approaches

Build and develop centrally The central renewal area relates to the emergent compact urban form approach, which has evolved incrementally
by multiple actors through time and space.
The inner city is associated with the designed compact urban form approach, mainly diversity-oriented to emulate
emergent characteristics. It also involves the designed dispersed urban form approach, reductionist and top-down.

Concentrate on strategic nodes The prioritized development areas have to do with the designed compact urban form approach, density and
diversity-oriented to emulate emergent characteristics.

Complement and mix The concerned areas to be supplemented are associated with the designed compact urban form approach,
density and diversity-oriented to emulate emergent characteristics. They also involve the designed dispersed
urban form approach, reductionist and top-down. The first approach concerns the new urban intensification pro-
jects that are to be developed by the municipality, as well as the construction of a mixture of housing in terms of
forms and tenure types. The second approach pertains to programs and projects for solving social and socio-
economic issues.

Reserve outer areas for future
consideration

The outer area, which is yet or about to be developed, should be strategically planned based on the designed
compact urban form approach from the outset. This is driven by the core design strategies of the compact city in
terms of density, diversity, mixed land use, sustainable transportation, green space, as well as the design features
of the eco-city.

Develop new districts The new districts should be based on the integration of the design strategies of the compact city and eco-city
models as planning systems, supported with new technologies as regards to monitoring and analyzing urban
areas and green conditions.
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combined into a system of planning, the three types of
planning can promote urban complexity (Marshall,
2012).

5.1.2 The role of big data uses in strategic sustainable

planning

The urban fabrics identified as part of the built infra-
structure of data-driven smart sustainable cities of the
future should be—as urban complexities—monitored,
understood, analyzed, and continuously planned using
big data technologies to achieve the desired outcomes of
sustainability, particularly in relation to the compact and
ecological design features of the built environment. One
of the applications of big data technologies in strategic
sustainable planning relates to land use and infrastruc-
ture in terms of the analysis of population data and the
evaluation of the potential impacts of urban growth.
This allows sustainable cities to take into account emer-
ging demands from citizens for certain venues and to
prioritize initiatives and allocate resources appropriately.
The data-driven smart approach to strategic planning
enables the development of new districts, streets, build-
ings, green areas, facilities, public spaces, public trans-
port routes, distribution wires on poles or underground,
waste sorting stations, and road infrastructures based on
the information collected on human mobility, physical
movement, intensive activity, and residents’ expectations.
In addition, sustainable cities can benefit from integrat-
ing the data regarding the various uses of urban areas to
build scenarios in response to the need for urban
revitalization, renewal, and redevelopment. This makes it
possible to improve the way urban areas meet the needs
of the residents, to share environmental and social
practices, to enhance participation and consultation,
and to engage in dialogue with the residents. The
focus should be on revitalizing inner-city neighbor-
hoods through initiatives aimed at reorganizing exist-
ing structures in neighborhoods in decline in
response to social and economic or socio-economic
issues. Also, by building in favor of cycling and walk-
ing in response to the needs of residents, car traffic
can be reduced in the city centers, leading to better
health among the residents. Likewise, developing
green areas as part of strategic nodes can help create
meeting places and also play the role of air cleaners,
water collectors, and noise reducers, in addition to
providing ecosystem services.
In addition, the data-driven smart approach to stra-

tegic planning plays a role in building energy retrofit-
ting based on sustainable design and green and
efficient technologies, using data about actual building
energy consumption, local energy production poten-
tial, energy performance, and so on. The value of
such approach lies in enabling a holistic city-level

analysis of retrofitting strategies, owing to the aggre-
gated projections of the energy performance of build-
ings. Limiting pollution levels requires a substantial
decrease in the average carbon intensity of buildings
in relation to different urban fabrics. This in turn re-
quires using advanced decision-support systems that
enable large scale energy efficiency improvements in
the existing building stock. One of the common hur-
dles preventing the widespread adoption of energy ef-
ficiency measures in buildings is the poor design of
buildings, which makes it difficult to implement
Building Management System (BMS) and to apply
common standards for efficiency and operation. The
most effective approach to overcome this hurdle and
thus realize the full potential of data-driven technolo-
gies is to design innovative policies, policy-enable
practices and practice informed policies based on big
data analytics.
Furthermore, the social fabric of data-driven smart

sustainable cities is the result of many intertwined,
multi-faceted networks of relations between places,
people, institutions, activities, and mobilities. It is im-
portant to understand the structure of these coupled
networks, and how it evolves. The recent research in
social networks driven by big data technologies has
started to focus on the extent to which individual
mobility patterns shape and impact social networks as
well as transport behavior and the psychology behind
it (Bibri, 2018c). This is associated with the design
strategies of sustainable cities in terms of compact-
ness, density, mixed-land use, diversity, and sustain-
able transportation.

5.2 Innovative planning approaches enabled by data-

driven smart technologies

5.2.1 Short-term planning: real-time data aggregation and

continuous reflection

The planning system of data-driven smart sustainable
cities of the future should be based on—maximizing the
use of data to guide their development and design and
encouraging developers to adopt a more consistent ap-
proach to deploying digital infrastructure to future proof
new developments. This paradigm of urbanism is associ-
ated with the kind of challenges that are enormous
enough to call for novel approaches to planning. This is
due to several factors, coupled with the ability of emer-
ging simulation models to address some of the new con-
ceptions of how data-driven smart sustainable cities
function as complex systems. These are distilled and im-
plied from the strategies and solutions identified based
on the three case studies conducted on data-driven
smart cities, environmentally data-driven smart sustain-
able cities, and smart eco-cities in a series of bullet
points:
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� Smart cities and sustainable cities are being, though

to varying degrees, transformed from places

dominated by physical actions to places in which

such actions are complemented by the use of data-

driven technologies.

� The physical landscape of sustainable cities is being

merged with the digital landscape of smart cities,

resulting in computationally augmented urban

environments thanks to the hybrid systems bridging

the physical and digital world enabled by urban

computing and intelligence.

� Computer control is ushering in nearly all routine

functions of smart cities and gradually evolving in

this direction within sustainable cities.

� The number of important urban operations that can

be performed without thinking about them is being

extended, using various forms of automation in

smart cities and gradually in sustainable cities.

� The provision of data from the functions of smart

cities and sustainable cities is offering the

opportunity of a city in which the effects of how it is

functioning is continuously available thanks to real

time data and time-scale compression. Still, smart

cities differ from sustainable cities in regard to the

areas of focus in this regard.

� The availability of real-time data from the operations

and functions of smart cities and sustainable cities is

offering the opportunity to continuously provide

their synoptic intelligence. This provides insights

into how they are performing as regards their targets

at different spatial scales and over different temporal

scales.

� The emergence of real-time data from the bottom

up is causing space scales and time scales to col-

lapse. In this respect, datasets are becoming able to

show the real-time functioning of smart cities and

sustainable cities, and also to imply how long-term

changes can be detected and dealt with at different

spatial scales and over different time scales thanks to

the aggregation of real-time data.

� The aggregation of real-time data to deal with

changes in smart cities and sustainable cities is

making it possible to advance the models that we

are able to build and apply and the way in which

these data-driven technologies can inform the

planning and decision process with simulations

and decision support conflated across space and

time.

� The use of advanced simulation models is further

enabling simulating various activities in smart cities

and sustainable cities that will evolve as their

structures themselves evolve and become smarter.

This pertains to urban dynamics as self-organizing

evolution processes in terms of the forces or

properties that stimulate growth, development, or

change within the city system.

� The evolving models of smart cities and sustainable

cities functioning in real-time and the ability of

urban ubiquitous sensing to provide information

about longer term changes is giving rise to a sense

of urgency for the construction of new forms of

simulation models that inform future designs and

address the current conceptions of urban complex-

ities. In this regard, many different kinds of models

are being explored building on and extending the

scope of the sciences underlying data-driven smart

sustainable urbanism.

� The use of big data analytics is enabling identifying

the macroscopic observables and control parameters

that influence individual decisions in smart cities

and sustainable cities, and then integrating them in

agent–based simulation models based on the large

number and variety of trajectories of citizens in

different locations.

� The use of human mobility data is opening up

opportunities for more effective analysis and deep

understanding of the relationship between individual

and collective mobility and the environmental,

economic, and social effects that are presumed to be

produced by the design strategies of sustainable

cities.

� The use of big data analytics is allowing to predict

socio−economic, environmental, and demographic

changes and to devise novel solutions for integrating

and consolidating the design strategies of sustainable

cities and mitigating the fragmentation of their

designs and environmental technologies.

� The use of big data analytics is making it possible to

devise new theories of how data-driven smart sus-

tainable cities function in ways that focus on much

shorter term issues of sustainability than hitherto, as

well as on much more on human mobility and phys-

ical movement than long–term urban functioning in

regard to sustainable development.

The ever-increasing deluge of urban data epitomizes a
sea change in the kind of data that can be generated
about urban systems and environments as regards what
happens and might happen where, when, why, and how
so as to devise more effective actions and measures for
enhancing the planning and design of data-driven smart
sustainable cities of the future. It has become possible to
assess what is happening at any one time and to react
and plan appropriately, instead of basing decisions on
periodic or partial evidence. Big data analytics is bring-
ing about major transformations in understanding and
redefining the problems and issues of sustainability in
new and innovative ways for more effective planning
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and efficient design. In particular, it is pushing planning
into short termism as regards how emerging data-driven
smart sustainable cities function and can be managed,
which adds a whole new dimension to urban sustainabil-
ity by shifting away from long–term strategic planning.
Short–termism in planning is about measuring, evaluat-
ing, modelling, and simulating what takes place in the
city over hours, days, weeks, or months instead of years,
decades, or generations, and creating a set of actions and
measures to improve performance with respect to the
various areas of sustainability. Indeed, urban analysts are
often expected to produce answers in such a short time;
work by exploratory analysis and rapid iteration based
on processes with well–defined stages; and produce and
present results by displaying them in an understandable
format for human interpretation. The results can then
be deployed for decision–making or problem solving
purposes (e.g., improving, adjusting, or changing an op-
eration, a function, a service, a design, a strategy, or a
policy).
Speaking of these urban processes and practices, urban

computing and intelligence can create feedback loops
between humans and their activities and the urban en-
vironment, to reiterate. Feedback control theory provides
the framework for the development and optimization of
any data-driven smart solution. The concept of feedback
loops, one of the key dynamical properties of complex
systems, refers to a system where part of its output is
used for new input in the sense that the latter can be in-
creased or decreased depending on the outcome of the
former. Feedback loops are either positive or negative
(reinforcing or balancing) in nature. With respect to the
former, they tend to enhance or amplify changes, which
tends to move a system away from its equilibrium state
and make it more unstable. This occurs when a disturb-
ance is accentuated. Concerning the latter, they tend to
dampen or buffer changes, which tends to hold a system
to some equilibrium state, making it more stable, i.e.,
changes are detected and reversed. A feedback loop is a
powerful mechanism when it comes to designing control
systems related to the technological and engineered sys-
tems related to the operating and organizing processes
of urban life. In this regard, feedback as valuable infor-
mation can be used to make important decisions in the
context of data-driven smart sustainable cities of the fu-
ture as to improving and maintaining their performance
with respect to their administration spheres (energy,
transport, traffic, mobility, environment, waste, urban
metabolism, healthcare, etc.) based on analytical engin-
eering solutions. This involves enhancing and optimizing
the operations, functions, services, strategies, and pol-
icies pertaining to these domains. For example, practice-
policy feedback loops ensure that barriers to effective
practice concerning environmental sustainability are

brought to the attention of policy makers, and assist in
the development of policy enable practices and practice
informed policies based on the analytical outcome of the
collected data. As another example, using real-time data
in the analysis of the flows of the energy and materials
in urban environment and their relationship with urban
infrastructure and activities enables a new understanding
of the causalities that govern urbanism, and allows city
stakeholders to receive feedback on the system conse-
quences of their choices and actions, with the objective
to devise measures or strategies for optimization. These
can be operated intuitively by humans but can also be
implemented automatically using advanced algorithms
with access to the necessary measurements and actions.
Further, feedback information can be automatically ex-

tracted from large masses of urban data through data
mining or knowledge discovery processes. It is thus
intended to enhance decision–making pertaining to the
operational functioning of urban systems as a set of in-
terrelated procedures, mechanisms, and measures. These
can be planned, implemented, assessed, and improved in
a continuous way based on the output of a given system
with respect to its performance. Data-driven technolo-
gies are offering radically novel solutions to difficult
problems. Solutions sometimes need speed instead of
smartness, Indeed, under specific conditions, the simple
solutions requiring no great intelligence can solve diffi-
cult problems, which has a lot to do with the extent to
which the measurement and adequate simple reactions
are fast and precise (Bettencourt, 2014). This is the logic
of feedback control theory as part of modern engineer-
ing (Astrom & Murray, 2008). Therefore, knowing the
desired operating point for a system and having the
means to operate on the system while observing its state
change via feedback loops can enable us to turn it into a
simple problem under the general, crucial conditions
that can measure and recognize potential problems just
as they start to arise and act to make the necessary cor-
rections (Bettencourt, 2014). In this regard, the import-
ant issue is the temporal scales in that every system
(transport, traffic, mobility, energy, waste, environment,
street lighting, parking, healthcare, etc.) has intrinsic
timescales at which problems develop—seconds, mi-
nutes, hours, days, and so on. The enabling and driving
technologies underpinning urban computing and
intelligence are increasingly so fast that myriads of key
policy problems related to environmental and social sus-
tainability are falling within this window of opportunity.
Models of system response enabled by data-driven tech-
nologies can be very simple and crude. The analytical
engineering approach bypasses the complexity that can
arises in the nested systems of data-driven smart sustain-
able cities in terms of their operation at longer temporal
or larger spatial scales. Many examples of city
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development planning and operational management that
use data more effectively fall within this category, re-
gardless of being implemented by humans or by
algorithms.

5.2.2 Joined-up planning: coordination and integration for

enhancing sustainability performance

Within the framework of data-driven smart sustainable
cities of the future, planning is to be exercised at differ-
ent spatial scales (both institutionalized and non-
institutionalized entities), and also as a function of many
diverse stakeholder groups. Planning includes private-
sector participation in public-private partnerships. This
requires what is called joined-up planning, which relates
to the kind of connectivity, networking, system inter-
operability, database integration, and data aggregation
enabled by ICT of ubiquitous computing. This is essen-
tially network-based and enables an extensive interaction
across many spatial scales and urban domains. At the
core of the process of integration and coordination using
state-of-the-art data systems, distributed computing, and
cooperative communication involves ways in which

planners, developers, experts, professionals, and citizens
are able to exchange knowledge and blend it together
for some purposes, ways of improving the different as-
pects of sustainability. Joined-up planning is a form of
integration and coordination that enables the city–wide
effects of environmental, economic, and social sustain-
ability to be tracked, understood, analyzed, and built into
the very designs and responses characterizing the opera-
tions and functions of data-driven smart sustainable
cities.
The integration of urban systems, the coordination of

urban domains, and the coupling of urban networks as
enabled by advanced ICT are key for designing and de-
veloping data-driven smart sustainable cities of the fu-
ture. This is seen as an endeavor that connects up their
infrastructures and services so that they can function
more effectively and thus perform well with respect to
their contribution to the environmental, economic, and
social goals of sustainability. Table 5 presents an ex-
ample of how various systems and domains might con-
nect up in the context of data-driven smart sustainable
cities of the future.

Table 5 A typology of data–driven smart sustainable city functions

Smart Sustainable Built Form Smart Sustainable Citizens Smart Sustainable Governance

• Compactness
• Density
• Mixed–land use
• Diversity
• Sustainable transportation
• Green and net-zero buildings
• Passive and low-energy houses
• Sustainable and smart materials
• Green and blue infrastructure
• Monitoring of green space condition
and composition

• Cultural enhancement
• Engagement and creativity
• Socio-economic plurality
• Cultural diversity
• Lifelong learning
• Sustainable lifestyles
• Participation and consultation
• Empowered and well-informed citizenry
• Education and training

• New forms of e–government
• New modes of governance
• Coordination of government agencies towards
collaboration and optimization

• Evidence–based decision–making and policy formulation
• Democratic processes
• Transparent, participatory, and accountable government

Smart Sustainable Mobility Smart Sustainable Environment Smart Sustainable Living

• Spatial and non–spatial accessibility
• Need balance between mobility and
accessibility

• Car and bicycle sharing
• Walking and cycling
• Interoperable multi–modal public
transport

• Car pools (biogas and electric)
• Private cars (biogas and electric)

• Environmental quality
• Ecological diversity
• Biodiversity
• Resource efficiency
• Reuse and recycling
• Pollution prevention
• Ecosystems preservation
• Conservation policies
• Environmental justice
• Public involvement stewardship
• Smart environmental monitoring

• Social cohesion
• Social inclusion
• Social interaction
• Social equality
• Cultural facilities
• Public health and safety
• Affordable and good housing
• Quality of utilities
• Public services
• Job opportunities
• Work benefits

Smart Sustainable Planning Smart Sustainable Economy Smart Sustainable Energy

• Strategic planning
• Sustainable planning
• Master planning
• Environmental planning
• Infrastructure planning
• Land-use planning
• Local planning
• Regional planning
• Urban revitalization
• Economic forecasting
• Community economic development

• Business ethics
• Green innovation and investments
• Environmental integration into economic
decision–making

• Data–driven business processes
• Efficiency and cost saving
• Green ICT for economic innovation
• Sustainable production and consumption
• Sharing and open data economy
• Industrial ecology

• Integrated renewable solutions
• Green energy technologies
• Smart grids
• Smart meters
• Smart home monitoring
• Bio–fueled combined heat and power (CHP) system
• Biogas-fuelled public transport system
• Smart urban metabolism
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Data-driven technologies make it possible not only to
integrate urban systems and coordinate urban domains,
but also to couple urban networks in order to improve
land use, focus urban development, optimize resource
utilization, reduce operational costs, and streamline
urban processes. The integration of urban systems is jus-
tified by the need to organize sustainable cities in terms
of their operations, functions, services, strategies, and
policies for more effective and efficient functioning,
management, and planning. Moreover, data-driven tech-
nologies can help sustainable cities to quickly identify
their underperforming domains, evaluating improvement
and cost–saving potentials, and prioritizing domains and
actions for performance efficiency interventions using
data-based decision–support systems. This involves
identifying the inefficiencies of transport system, energy
system, waste management system, street lighting sys-
tem, distribution networks, and so on, and then suggest-
ing potential improvements accordingly.
Urban networks as a form of organization involving

place-bound activities and transport networks exist to
speed the flow of goods, people, and ideas. They are as-
sociated with spatial planning, a set of methods used to
influence the distribution of people and activities in
spaces of various scales. They can be described as “major
nodes or concentrations of activities and physical and/or
functional connections between nodes in a geographical
area,” where “places can also be characterized by the
amount and diversity of activities to be accessed by
means of a transport network” (Cheng, Bertolini, Le
Clercq, & Kapoen, 2013, p. 1). Ducruet (2020) reviews
operational urban networks in relation to spatial plan-
ning, as well as empirical analyses of intercity transport
and other systems, providing insights into a multilayered
approach to urban networks and integrating local socio-
economic determinants.
In view of the above, data-driven smart sustainable cit-

ies have the opportunity to be cross-cutting and thus
contribute to the three dimensions of sustainability in
more synergistic and integrative ways. In this regard,
they are about what the people’s needs and concerns are
and how these can be delivered and responded to
through joined-up planning. Big data are the best way of
articulating these needs and concerns, and can be used
to develop master plans and good designs to improve
and advance the contribution of sustainable cities to sus-
tainability. The linking of diverse forms of urban data
provides a deeper, more holistic analysis, which makes it
possible to control, manage, and regulate urban life on
the basis of evidence-based decisions in line with the vi-
sion of sustainability. The use of integrated, real-time
data analytics provides a powerful means for making
sense of, organizing, and living in the city, as well as for
creating visions of sustainable futures.

All in all, data-driven smart sustainable cities relate to
advanced ICT not only as a tool to enable and enhance
urban planning practices across and within institutional
entities and citizen communities, but also in terms of its
role as a distributed infrastructure of computing re-
courses, capabilities, and interfaces in facilitating the de-
velopment and management of urban infrastructures,
activities, and services. Therefore, this visionary model
of urbanism entails a socio-technical amalgam of institu-
tions and multiple actors, including universities, research
institutes, industry consortiums, and policy networks, as
well as ICT companies, planning councils, utility com-
panies, and energy cooperatives. In other words, it in-
volves complex socio–technical constellations and
configurations of a variety of urban, technological, scien-
tific, social, political, cultural, and institutional actors
and factors interacting with and influencing each other
on multiple scales and with different levels of intricacy.
At the core of this dynamic interplay is the engagement
of many stakeholders in continuous dialogue to deter-
mine the projects and programs associated with the de-
velopment and design of data-driven smart sustainable
cities of the future. This also is a matter of orchestration
of the development, implementation, management, and
maintenance of the ICT infrastructure together with the
relevant requirements for technical features and multi-
dimensional performance. However, data-driven smart
sustainable cities are essentially dependent on the initia-
tive by and interest of their stakeholders—that each sees
it as of relevance and meaningfulness enough to play a
role in a specific area—and that their initiatives should
be coordinated so that they can complement and sup-
port one another for the purpose of developing and
implementing data-driven technologies and solutions all
the way to improve and advance sustainability.

5.3 Urban intelligence and planning functions

Joined-up planning is at the core of urban intelligence in
the sense of weaving its functions into the fabric of civic
institutions whose mandate is improving the health of
the city and enhancing the quality of life and well-being
for its citizenry. Civic institutions are associated with
some of the key issues that data-driven smart sustainable
cities should think about in improving the quality of the
urban environment (see Bibri, 2021b for further detail).
These issues should be taken into account when devel-
oping urban intelligence and planning functions for
joined-up planning. Moreover, data-driven smart sus-
tainable cities use different types of technologies to col-
lect and analyze data to gain deep insights that can be
applied to manage assets, resources, and services effi-
ciently, thereby optimizing and enhancing urban opera-
tions. They are depicted as constellations of instruments
across many scales that are connected through multiple
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networks (broadband, Wi-Fi network, mobile network,
fibre-optic network, etc.) characterized by high speed
and (a modicum of) intelligence. These networks provide
continuous data regarding the different aspects of urban-
ity in terms of the flow of decisions about the physical,
environmental, economic, and social forms of the city.
These decisions are to be supported by what is called
urban intelligence and planning functions, which are
able to integrate and synthesize urban data to some pur-
pose, ways of improving the functioning and perform-
ance of cities. In this context, functional requirements
are what the city system is expected to do and the cap-
abilities it needs to have, whereas performance require-
ments are how well the city system functions with
respect to improving sustainability, efficiency, resilience,
equity, and life quality.
As illustrated in Fig. 1, urban intelligence and planning

functions represent new conceptions of how data-driven
smart sustainable cities function and utilize, integrate,
and harness complexity science, urban complexity theor-
ies, sustainability science, urban sustainability theories,
urban science, data science, and data-intensive science
in constructing powerful new forms of simulation
models and optimization methods that can generate
urban forms, urban structures, spatial organizations, and
spatial scales. These are intended to improve sustainabil-
ity, optimize efficiency, enhance equity, and generate a
better quality of life.
Data-driven smart sustainable cities need to evolve

urban intelligence and planning functions in response to
the emerging trend of building models of smart cities
and sustainable cities functioning in real time from rou-
tinely sensed data. This is coupled with unobtrusive and
ubiquitous sensing getting closer to providing quite use-
ful information about longer term changes in cities (see,
e.g., Ameer & Shah, 2018; Bibri & Krogstie, 2020b,
2020c; Kitchin, 2014; Nikitin, Lantsev, Nugaev, & Yakov-
leva, 2016; Rathore et al., 2016; Silva et al., 2018; Sinaee-
pourfard et al., 2016). Urban intelligence functions are
associated with the control, management, optimization,
and enhancement of the operating and organizing pro-
cesses of urban life. As such they involve a number of
technologies and competences. Instrumentation and
computerization produce large masses of data based on
the whole complex of data sources, data routinely gener-
ated about the city and its citizens by a range of public
and private organizations. These sources include sensors,
cameras, transponders, meters, actuators, GPS, and
transduction loops monitoring various phenomena, as
well as a multitude of smartphone apps and sharing
economy platforms generating a range of real-time loca-
tion, movement and activity data. The data generated
are to be transferred to a horizontal information system
for further processing and analysis that consists of data

infrastructure and operating system. Functionally com-
patible horizontal information systems allow the creation
of a united ecosystem by linking together diverse smart
technologies and solutions to coordinate urban systems
and domains by means of a number of functions. Over-
all, the different data analytics components associated
with urban intelligence functions include data sources,
system components, enabling technologies, functional el-
ements, and analytics types (i.e., descriptive analysis,
diagnostic analysis, predictive analysis, prescriptive ana-
lysis, and inferential analysis). They are used to gather
and manage data on a variety of urban systems and do-
mains, to model urban phenomena, and to provide the
necessary simulation and visualisation tools to be inte-
grated into decision support systems.
Urban intelligence labs are intended to work directly

with various urban actors (e.g., government agencies,
public authorities, organizations, institutions, companies,
communities, citizens, etc.) to acquire, process, and
analyze data to extract useful knowledge in the form of
applied intelligence. Their main objective is to solve tan-
gible and significant problems of urban planning and de-
sign through enhanced decision–making processes. This
involves delivering the problem–oriented research that
advances the scientific understanding of the city with re-
spect to sustainability and urbanization and how they
intertwine with and influence each other, and that dir-
ectly reshapes and impacts decision–making in the sense
of enhancing urban planning and design practices and
solving urban problems. With the projected advance-
ments and innovations in urban computing and big data
analytics, the process of developing urban intelligence
functions will shift from top–down (expert and profes-
sional organizations) to engaging citizens with experts in
response to the problematicity surrounding the planning
of data-driven smart sustainable cities. This entails inte-
grating databases and models from across various urban
domains in order to support the development of this
sort of integrated intelligence functions, with new or
refashioned ways at different levels, including the
visualization of data and sustainability problems, the use
of tools for informing and predicting the impacts of fu-
ture sustainability scenarios, and the involvement of citi-
zens and their relevant recommendations, all into a form
of a holistic system that operates at different spatial
scales and over different temporal scales.
The sort of urban intelligence and planning functions

envisaged for data-driven smart sustainable cities
(Table 6) are associated with their designs, strategies,
and policies in terms of development planning, which in
turn shape and drive their operations, functions, and ser-
vices in terms of operative management.
The pursuit of mastering the complexity of data min-

ing and knowledge discovery processes for data-driven
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smart sustainable cities requires building an entirely
holistic and integrated system of city analytics. The basic
idea is to link the built environment (physical objects,
energy system, water system, waste system, etc.) and the
infrastructure passing into and out of urban areas (trans-
portation systems, communication systems, distribution
networks, etc) to their operational functioning and

planning. This entails connecting unobtrusive and ubi-
quitous sensing technologies, advanced data manage-
ment and analytics models, cooperative communication,
novel visualization methods, and decision support sys-
tems. This is necessary for facilitating the development
and implementation of urban intelligence and planning
functions for improving and advancing sustainability.

Fig. 1 A framework for urban Intelligence and planning functions as an advanced form of decision support
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It is important to advance knowledge with respect to
the different administration spheres of data-driven smart
sustainable cities for the purpose of encompassing all
the domains of data, patterns, and models. Of equal im-
portance is to improve current methods for multilevel
modelling and simulation by integrating and coordinat-
ing the diverse, hitherto unconnected, domains of sus-
tainable cities based on data-driven technologies. Data-
driven smart sustainable cities should focus on develop-
ing new models in various urban domains that pertain
to the new kinds of data and movements and activities
that are largely operated over multiple digital networks
while concurrently relating these to traditional move-
ments and locational activities. Critical to that focus is
clear conceptions of how these models can be used to
inform the planning and design of data-driven smart
sustainable cities at different scales and over different
time periods. This pertains particularly to the three di-
mensions of sustainability and their balanced integration.
New forms of integrated and coordinated decision sup-
port systems should also be envisaged as part of urban
intelligence and planning functions for the joined-up
planning related to the landscape of data-driven smart
sustainable cities. This comprises five dimensions: (1)
technological infrastructure, (2) built infrastructure, (3)
sustainable urban infrastructure, (4) smart urban infra-
structure, and (5) social infrastructure. These are derived
from the four cases studies conducted on compact cities,
smart eco-cities, data–driven smart cities; and environ-
mentally data-driven smart sustainable cities. As to the
institutions into which the urban intelligence and plan-
ning functions should be woven, they should undergo
major transformations. Bibri (2021b) identifies and dis-
tils the key institutional transformations required for ad-
vancing and balancing the three goals of sustainability
and enabling the adoption of applied technology

solutions in city development planning and operational
management.
The five dimensions targeted by urban intelligence and

planning functions are presented next. Except for the
technological infrastructure, which is described in more
detail due to its relation to urban computing and
intelligence, the other infrastructures are only intro-
duced together with the associated strategies and sub-
strategies (together with a descriptive account of key
systems and models). For a detailed description of all in-
frastructures as well as the strategic pathways to bring
about the associated transformations, the interested
reader might be directed to Bibri and Krogstie (2021).

5.3.1 Technological infrastructure

Generally, an ICT infrastructure includes hardware, soft-
ware, networking, data storage, as well as an operating
system. These are used to deliver applications and ser-
vices to the different stakeholders of the city through its
agencies and departments. The ICT infrastructure can
be deployed within the city’s own facilities or within
cloud computing. The ICT infrastructure of data-driven
smart sustainable cities of the future should be able to
integrate numerous application domains for sustainabil-
ity and thus comprise a wide range of solutions for vari-
ous spheres of their administration. Moreover, it should
demonstrate the innovative use and integration of the
IoT, Device to Device (D2D), Clouds of Things, big data
analytics, and Artificial Intelligence associated with
urban computing and intelligence to solve the problems
related to city operational management and develop-
ment planning. The ICT infrastructure strategy includes
the following substrategies:

� Sensor infrastructure and digital network for data

transfer

� IT architecture layers

� Data sources and open data

The competencies associated with the ICT infrastruc-
ture pertain to the process of big data analytics in terms
of generating, processing, analyzing, and visualizing data
for enhancing decision making across the various do-
mains of the city (transport, traffic, energy, environment,
healthcare, public safety, etc.). They depend on the scale
and quality of the instrumentation, datafication, and
computation dimensions of the city. This in turn deter-
mines the nature and range of the solutions provided to
optimize, enhance, and maintain the performance of the
city with regard to sustainability. Digital instrumentation
produces huge amount of data, which are transformed
into datasets and thus become easily conjoined and
shared and highly appropriate for handling. These data-
sets allow real-time analysis of the different aspects of

Table 6 Urban intelligence and planning functions for
sustainability

• Energy system efficiency and reliability

• Waste management efficiency

• Transportation system efficiency
• Mobility management enhancement

• Lighting system efficiency

• Essential urban infrastructure efficiency and resilience

• Urban metabolism performance improvement

• Environmental quality enhancement

• Urban design scalability and efficiency

• Integrated and holistic planning

• Enhancement and efficiency of public services

• Equitable distribution of natural resources

• Optimal use and effective accessibility of facilities
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urbanity to generate deep insights that can be used in
decision-making processes and in developing simulation
models for managing, planning, and designing more sus-
tainable cities. The essence of digital instrumentation
lies in coordinating and integrating technologies (and
hence the strategies of sustainable cities and the solu-
tions of smart cities) that have clear synergies in their
implementation within development planning and oper-
ational management. This opens up and enables realizing
many new opportunities in the context of sustainability.
Open sources characterize the availability of the actu-

ally used and potentially to be used sources of data.
Based on the analysis of these data, data-driven smart
sustainable cities of the future will be able to make
countless and support complex decisions pertaining to
planning, design, and operational functioning. However,
some data are open and thus accessible to the public for
use, while other data are confidential and thus pose priv-
acy issues. Also, some data are available virtually for free,
while other data require effort to obtain. Still not all the
data needed for the development and implementation of
applied data-driven solutions for sustainability exist.

5.3.2 Built infrastructure

5.3.2.1 Compact design strategies

� Compactness

� Density

� Multidimensional mixed-land use

� Sustainable transportation

� Green open space.

5.3.2.2 Ecological design strategies

� Greening

� Rainwater harvesting

� Ecological diversity

� Biodiversity

� Green parks

� Green streets and alleys

� Green factor and green points

� Green roofs and rain gardens

� Bioswales and permeable pavements

5.3.3 Essential urban infrastructure: smart and sustainable

strategies

5.3.3.1 Smart sustainable transportation

� Walking and cycling

� Public transport

� Car-pooling (biogas and electric)

� Electric vehicles

� Smart transport management

� Smart traffic management

� Smart mobility management

5.3.3.2 Smart sustainable energy

� Renewable energy sources and technologies

� Smart power grid and advanced metering

infrastructure technologies

� Smart building technologies

� Smart home monitoring technologies

� Smart environmental monitoring technologies.

5.3.3.3 Smart sustainable waste management

� Convenient and smart waste collecting system

� Vacuum waste chutes

� Food waste disposers

� Biogas digesters

� Wastewater and sewage treatment system

� Biological waste separation procedures

5.3.3.4 Smart environmental monitoring system Air
pollutants as atmospheric substances—especially an-
thropogenic—have negative impacts on the environ-
ment, as well as pose a high environmental risk to
human health, so too is noise pollution, both direct and
indirect. Noise pollution denotes harmful outdoor sound
with road traffic being the major contributor. The de-
mand for the smart systems that monitor the quality of
the environment has increased due to the elevation of
pollutants in the atmosphere. The rapid urbanization of
the world leads to the environmental degradation of the
air. Nonetheless, new and emerging technologies allow a
real-time tracking capability of the different substances
spread in the air, as well as applying preventive measures
in a timely manner. Air pollution is due to several gases
and dust, such as particulate matter (PM 2.5 and PM
10), Ozone (O3), Nitrogen Dioxide (NO2), Sulphur Di-
oxide (SO2), Carbon Monoxide (CO), and Carbon Diox-
ide (CO2). Because air pollution and Greenhouse Gases
(GHG) emissions are often released from the same
sources, curbing GHG emissions in an effort to slow cli-
mate change also reduces air pollutants, such as PM 2.5.
Reducing these co-emitted air pollutants improves air
quality and benefits human health. GHG emissions are
mostly associated with energy and transport sectors.
Therefore, one of the significant objectives of data-
driven smart sustainable cities of the future is to achieve
a healthy and hyper-connected city with limited GHG
emissions where urban planning, the environment, and
ICT infrastructures are fully integrated and characterized
by productive neighborhoods. The focus should be on
the impacts of energy consumption on the environment
and on control over transport flows and their effects on
the noise level.

5.3.3.5 Smart urban metabolism model Urban metab-
olism as a model is used to facilitate the description and
analysis of the flows of the materials and energy in the
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city and their relationship with its infrastructure and ac-
tivities. It refers to the total sum of the technical and
socio-economic processes that occur in the city, result-
ing in the production of energy that enables it to grow
and evolve, and the elimination of waste. As such, it
serves to maintain the functional and evolutionary states
of the city as a socio-technical organism. Looking at
data-driven smart sustainable cities of the future through
a metabolic lens, a framework through which to success-
fully model the flows of their systems becomes of high
importance and interest. This helps to understand the
relationship between human activities and the natural
environment by studying the interactions of human sys-
tems and natural systems. Indeed, urban metabolism
provides a platform through which the implications of
the different dimensions of sustainability can be
considered.
Underlying data-driven smart sustainable cities of the

future as an integrated model of urbanism is the idea of
relating the underlying metabolism structure to its oper-
ational functioning and planning through control, man-
agement, optimization, and enhancement. These
technical processes should be based on powerful new
forms of simulation models and optimization methods
fashioned by urban intelligence and planning functions.
Especially, the pragmatic framework for urban metabol-
ism used by systems scientists for promoting the concept
of urban sustainability has a number of limitations that
need to be overcome, including high data and resource
requirement, lack of follow-up and evaluation of the
evolution of the city’s metabolism, difficulties in identify-
ing cause-and-effect relationships of the metabolic flows,
and lack of data on energy and material flows. Smart
urban metabolism uses advanced data analytics tech-
niques to assess and sustain the required level of sustain-
ability by computing the ecological footprint and then
identifying and suggesting alternative routes of develop-
ment to reduce it. This relates to the concepts of ecosys-
tem services, urban technical systems, and sustainability
principles, as well as to the distribution of functions and
population in the city.

5.3.3.6 Smart street lighting system The city-wide
street lighting system provides tremendous opportun-
ities for modern cities to collect huge amounts of
data from urban environments and to transfer them
to special centers for their subsequent processing and
analysis for enhancing decision making associated
with numerous uses and applications. This can be
used to make urban living more environmentally sus-
tainable and to enhance the quality of life for citizens.
Street lighting is one of the most interesting pathway
to using and exploiting the IoT and big data analytics

in future cities. Thus, it can be expanded beyond
what is originally used for.

5.3.3.7 Smart urban infrastructure management Ad-
vanced ICT will be focussed on defining critical prob-
lems and events that might emerge rapidly and
unexpectedly across the city. Analysing and identifying
such problems and events is of great importance to
urban sustainability and resilience. The smart manage-
ment of the essential urban infrastructure involves moni-
toring and controlling its structural conditions in terms
of potential changes that can increase risks and hazards
as well as compromise safety and quality. In this context,
data-driven smart technologies and solutions tend to be
mostly justified by the high significance of the natural
resources such infrastructure utilizes or involves in its
operation.

5.3.4 Social infrastructure

� Smart citizens: participation and consultation

� Smart public safety

� Smart healthcare

6 Discussion
Based on case study research together with related litera-
ture review performed on the prevailing paradigms of
sustainable urbanism and the emerging paradigms of
smart urbanism, the recent advances in urban comput-
ing and intelligence offer innovative approaches to urban
planning enabled by data-driven technologies. Such ap-
proaches are necessary for the development and design
of data-driven smart sustainable cities of the future as an
integrated model comprising the dimensions, strategies,
and solutions of these paradigms. The innovative poten-
tial of these approaches lie in advancing strategic sus-
tainable urban planning and in enabling the short-term
and joined-up forms of planning.
While strategic planning cannot reproduce the design

characteristics of sustainable cities that have been devel-
oped based on incremental and interactive processes in-
volving many stakeholders over time, the primary role of
big data lies in enabling information flows and channels,
coordination mechanisms, cooperative communication,
learning and sharing processes involving divergent con-
stituents and heterogenous collective and individual ac-
tors as data agents, and, above all, well-informed and
fact-based decisions. These are, in fact, the most signifi-
cant challenges facing sustainable cities, coupled with
the dispersion of power. In particular, however, the rela-
tionship between urban planning and urban design in-
terventions and sustainable development objectives is a
subject of much debate. This means that realizing sus-
tainable cities requires making countless decisions about
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urban form, design features, sustainable technologies,
and governance. Making these decisions occurs through
a social process consisting of complex negotiations and
often disputes, thereby the relevance of fact-based and
well-informed decisions. In this regard, the analytical
outcome of big data can be used as the evidence base for
formulating the policies, plans, and strategies of sustain-
able cities and tracking their impact and effectiveness,
with the aim to improve or change them according to
new trends, demands, and structural conditions. Adding
to this is modeling and simulating future development
projects and generating the designs and responses char-
acterizing the operations and functions of sustainable
cities. Both of these data-driven solutions are at the core
of joined-up planning and short-term planning respect-
ively. The big data deluge produced by sensing technolo-
gies and large-scale computing infrastructures provide
rich knowledge about how sustainable cities function
and can tackle complex challenges within the framework
of data-driven smart sustainable cities of the future.
Cities growing ever bigger and faster in terms of

their populations and knowledge base lie at the core
of data-driven smart sustainable cities of the future.
Advanced ICT holds the key to a desirable future,
and it will be most clearly demonstrated in large sus-
tainable cities. There are a number of technology in-
novations that have inspired the academic and
practical endeavor of integrating sustainable cities and
smart cities. First and foremost, advanced ICT is
founded on the application of computer science, in-
formation science, data science, urban science, com-
plexity science (e.g., Batty et al., 2012; Bettencourt,
2014; Bibri, 2019b; Kitchin, 2014, 2016), sustainability
science, urban sustainability science, and data-
intensive science (Bibri, 2019c, 2021c) to urban prob-
lems. And urban systems are in and of themselves be-
coming ever more complex through the technologies
being used to understand them. This is due to the
advent of new modes of real-time functioning of cit-
ies. The research project of developing a novel model
for data-driven smart sustainable cities of the future
is at the forefront of understanding complex systems
using the very technologies that are fashioning and
shaping those urban systems in the first place. Big
data science and analytics is changing the very sci-
ence that has been used for many decades, giving rise
to a new scientific paradigm known as data-intensive
science which is revolutionising many city-related dis-
ciplines and fields. Data-driven smart sustainable cit-
ies of the future will change the very nature of the
adoption process by using that same technologies for
the purpose of improving and advancing sustainability
in terms of its three dimensions and their synergistic
effects and balanced integration.

Underlying data-driven smart sustainable cities is the
idea of, first and foremost, finding and applying innova-
tive solutions for solving the problems, issues, and chal-
lenges facing sustainable cities (see Bibri, 2021a for a
detailed review). This involves short-term and joined-up
forms of planning as enabled by urban computing and
intelligence and its technologies, techniques, models, as
well as functions. Urban computing and intelligence may
overcome one of the scientific challenges pertaining to
sustainable cities—relating their built infrastructure,
urban infrastructure, economic infrastructure, and social
infrastructure to their operational functioning and devel-
opment planning through control, management,
optimization, and enhancements. This will enable sus-
tainable cities to leverage their collective intelligence in
making actual progress towards integrating and balan-
cing the dimensions of sustainability. This is owing to
the core enabling and driving technologies of big data
computing offered by smart cities in relation to or for
sustainability (e.g., Angelidou et al. 2017; Bibri, 2019a;
Bibri & Krogstie, 2020b, 2020c; Nikitin et al., 2016; Per-
era, Qin, Estrella, Reiff-Marganiec, & Vasilakos, 2017;
Petrovićand Kocić2020; Stübinger & Schneider, 2020;
Thakuriah, Tilahun, & Zellner, 2017; Toli & Murtagh,
2020; Trencher, 2019).
Advanced ICT is being fast embedded into the very

fabric of sustainable cities, fostered by the widespread
diffusion of wireless technologies allowing for sensing
and collecting massive repositories of various forms of
data for large-scale analytics and decision-making. At
the same time, developments in algorithmization, datafi-
cation, and computation to inform the planning and de-
sign of sustainable cities are increasingly using these
same technologies. Such developments are being inte-
grated so that sustainable cities can become truly smart
in the way their planners can use such technologies to
continuously contribute to sustainability. This involves
conceiving sustainable cities in terms of the outcomes of
urbanization rather than forms. This conception holds
great potential for attaining the elusive goals of sustain-
able development, as this involves addressing the right
question of whether the processes of building, living,
producing, consuming, and moving are actually sustain-
able (Neuman, 2005). The indeterminacy of sustainabil-
ity requires much more than settling for the form of the
city, the structure of immutable order as a way to reduce
uncertainty. As argued by Durack (2001), adopting sus-
tainability as a sincere objective requires planning and
designing cities “not only in closer correspondence with
nature, but also in recognition of the process of life it-
self.” Indeterminacy is at the heart of urban intelligence
and planning functions as a process of understanding
the functioning of data-driven smart sustainable cities of
the future in the sense of the common scientific and
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mathematical concepts of uncertainty and their implica-
tions pertaining to big data science and analytics. Big
data computing combines large–scale computation, new
data–intensive techniques and algorithms, and advanced
mathematical and Artificial Intelligence models to build
and perform data analytics.
Comprehensive planning remains practically impos-

sible, especially in large sustainable cities, due to the
kind of complexities they embody. Nevertheless, big data
technologies can play a pivotal role in providing the
scale of knowledge of the consequences of interventions
that can be practically useful for planning sustainable
cities. The dynamical processes in sustainable cities as
self-organizing social networks and dynamically chan-
ging environments must rely on the general principles
that enforce necessary conditions so as to operate,
organize, and evolve, and such ideas “are the core of de-
veloping scientific theory of cities, which is enabled by
the growing availability of quantitative data on thou-
sands of cities worldwide, across different geographies
and levels of development” (Bettencourt, 2014, p. 12).
The quantitative data in urban science relates to the
datafication of cities, an urban trend that defines the key
to core city operations and functions through a reliance
on big data computing as part of urban computing. It is
about turning many aspects of urban life into computer-
ized datasets, converting data into a form that is stored,
processed, and analyzed to extract useful knowledge.
Datafication, according to Cukier and Mayer-
Schönberger (2013), is the transformation of social ac-
tion into online quantified data, thus allowing for real-
time tracking and predictive analysis. The intensification
of datafication is manifested in the radical expansion in
the volume, range, variety, and granularity of the data
generated about urban environments and citizens (Craw-
ford & Schultz, 2014; Kitchin, 2016; Strandberg, 2014).
As organized in databases, the data regarding the differ-
ent aspects of urbanity become easily conjoined, scalable,
shared, and highly relevant for data analytics for further
exploration related to, for example, planning, develop-
ment, design, and scientific discovery.
The extensive use of data-driven technologies in the

domain of planning is making it possible to build
models that are able to deal with short-term issues,
such as how people move through cities, or long-term
issues, such as land use and urban growth (Landis,
2012). Some recent models, which are able to use urban
data across different spatial and temporal scales, merge
much of the data being “generated in real time in cities
with more traditional cross-sectional sources but built
on simulations that link real time, more routine prob-
lems to longer term strategic planning and action”
(Batty et al., 2012, p. 483). These developments are in
response to the emerging shift the model of the city is

undergoing in light of big data science and analytics. In
this respect, advanced ICT has dramatically shifted this
model in such that it is no longer predicated on the
basis that the city is a stable unchanging physical struc-
ture, but rather as an entity that is more and more
dominated by information flows reflecting the complex-
ity of technical and socio-economic and technical pro-
cesses occurring in urban spaces, with no physical
traces. This entails the ability of building simulation
models that can respond to different complexities new
conceptions. This has been made possible by the availabil-
ity of the vast troves of real-time, contextual, dynamic,
and actionable data generated based on the whole com-
plex of data sources, which is drastically changing the
process of planning and decision.
In addition, With the variety, exhaustivity, resolution,

flexibility, scalability, evolvability, and relationality of the
data generated in cities, it has become possible to build
powerful new forms of simulation models that enable a
continuous form of planning thanks to the fine-grained,
sensitive, and nuanced analysis that can take into ac-
count the various aspects of urban complexities. The
kind of simulation models that data-driven smart sus-
tainable cities of the future should build are those that
grapple with these changes, and that have the potential
to embrace the very different conceptions of the city as a
dynamically changing environment and self-organizing
social network embedded in space. This then changes
the conception of the way the simulation models can be
built that respond to the city as such. This in turn re-
sults in changing the process of planning and decision to
embrace the ability to sense, understand, and analyze
the city in real time. However, there will always be more
new and different sources of data which need to be col-
lected and conjoined, an issue that curtains the oppor-
tunity to explore the real potential of the aggregation of
real-time data to deal with changes in data-driven smart
sustainable cities of the future. Nonetheless, what new
developments promise is an ability to have a real time
view of changes at different spatial scales and over differ-
ent time scales and to deal with them early on to miti-
gate the risks and unintended consequences of the
actions and choices of urban actors with respect to
sustainability.

7 Conclusion
The emerging data–driven technologies and solutions
have become of critical importance to smart sustainable
urbanism practices. Urban policies, plans, and strategies
are increasingly devised and their effectiveness tracked
based on data-driven evidence. This is in turn affecting
the operating and organizing processes of urban systems
thanks to the emerging engineering solutions under-
pinned by advanced computational data analytics.
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The aim of this study was to analyze the enabling role
and innovative potential of urban computing and
intelligence in the strategic, short-term, and joined-
planning of data-driven smart sustainable cities of the
future. Four objectives were formulated to achieve this
aim, namely:

1. Identify and describe the key strategic planning

approaches associated with the built infrastructure

of data-driven smart sustainable cities of the future

in terms of its compact and ecological designs

2. Map these approaches to the urban fabrics

identified based on empirical research and discuss

the role of big data in strategic planning.

3. Identify and analyze the evolving innovative

approaches to urban planning enabled by the recent

advances in urban computing and intelligence.

4. Devise a framework for urban intelligence and

planning functions as an advanced form of decision

support.

The three strategic planning approaches identified and
described are based on three planning types or their
combination: (1) emergent compact urban form, which
represents the outcome of planning by coding; (2) de-
signed dispersed urban form, which represents the out-
come of planning by design; (3) and designed compact
urban form, which represents the outcome of planning
by design—usually in combination with planning by de-
velopment control. The six urban fabrics to which the
strategic planning approaches were mapped are: central
renewal area, inner city, strategic nodes, complemented
and mixed areas, outer areas, and new districts. These
were derived from the case studies conducted on com-
pact cities and smart eco-cities. The primary role of big
data in improving strategic sustainable planning relates
to: land use, urban development, urban design, urban in-
frastructure, and urban intensification.
New circumstances require new responses with re-

spect to the planning and design of sustainable cities
and what they pose as enormous challenges for the con-
ventional forms of simulation models and optimization
methods due to the kind of wicked problems and com-
plexities embodied in urban sustainability. Sustainable
cities becoming data-driven smart is about being de-
signed in ways that allow to monitor, understand,
analyze, and plan their infrastructures and systems to
improve and maintain their performance thanks to the
recent advances in urban computing and intelligence.
This will change the way sustainable cities can be
planned across multiple spatial and time scales, raising
the prospect of becoming smarter in the long term by
continuous reflection in the short term. This pertains to
monitoring, assessing, and optimizing their performance

in ways that respond to urban growth, environmental
pressures, and changes in socio–economic needs on a
monthly, daily, or hourly basis. This will further be sup-
ported by joined-up planning thanks to its coordination
and integration features. Indeed, envisaging data-driven
smart sustainable cities of the future should focus on the
components that make them function as a social organ-
ism. Central to this quest is the idea of advanced ICT
penetrating wherever it can to improve the outcome of
what can be enacted by different city stakeholders in re-
gard to sustainability, efficiency, resilience, equity, and
life quality. Such improvement is at the core of urban
intelligence and planning functions, which play a pivotal
role in facilitating and harnessing the synergies between
the design strategies of sustainable cities and the solu-
tions of smart cities through advanced simulation
models and optimization methods that generate designs
and responses that boost the benefits of sustainability as
to its tripartite composition. Indeed, urban computing
and intelligence bridge the gap between unobtrusive and
ubiquitous sensing, intelligent computing, cooperative
communication, and massive data management and ana-
lytics. This is to create novel solutions for sustainability
by means of cloud and fog computing, the IoT, device to
device (D2D) communication, data analytics techniques,
Artificial Intelligence, simulation models, visual analytics
methods, and decision support systems.
Big data analytics has made it possible to make

evidence-based decisions in terms of policy and planning
to improve sustainability. Using a data-driven scientific
approach to investigate all available evidence can lead to
policy and planning decisions that are more effective in
achieving the desired outcomes of sustainability as deci-
sions are based on accurate and meaningful informa-
tion—well informed. Urban computing and intelligence
provides the systematic and rational approach required
for evidence-based decision making in terms of analyz-
ing available evidence to inform the policymaking and
planning processes. This approach to decision making
involves putting the best available evidence from re-
search at the heart of policy design and development
planning and their implementation. The evidence-based
approach to decision making strives to improve the effi-
ciency and effectiveness of policymaking and planning
processes by focusing on what works and what needs to
be improved. Among the benefits of evidence-based ap-
proach to policymaking and planning are ensuring that
policies and plans are responding to the real needs of
citizens, highlighting the urgency of issues or problems
which requires immediate attention, and enabling infor-
mation sharing amongst different stakeholders in regard
to best practices.
However, the uses of data-driven technologies come

with perils and pitfalls. Bibri (2021a) provides a critical
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understanding of data-driven smart urbanism in terms
of the associated risks and implications, raising several
critical questions involving technocentric policies and
technocratic governance, as well as other aspects of so-
cial and environmental sustainability. In addition to
these concerns, smart urbanism remains selective,
flawed, biased, normative, and politically inflected, al-
though it purports to produce a commonsensical, neu-
tral, apolitical, evidence–based form of urban planning
and governance. Moreover, opening the notion of
intelligence to contestation, Lynch and Del Casino Jr
(2020) examine differing conceptions of intelligence and
what they might entail with regard to how to approach
the theorization of “smart” spaces. The authors argue for
a view of intelligence as multiple, partial, and situated in
and in-between spaces, bodies, objects, and technologies,
as well as call for attentiveness to the ways in which par-
ticular intelligences are prioritized over others, which
may be suppressed and neglected, through the produc-
tion of smart spaces in the context of our rapidly chan-
ging understandings of the “humanness” of intelligence.
All in all, while big-data technologies can bring numer-
ous advantages to sustainable cities, it is equally import-
ant to acknowledge the fact that these advanced
technologies can be problematic. Therefore, policy-
makers and planners should be careful when employing
them.
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