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Abstract

Undoubtedly, sustainable development has inspigeharation of scholars and practitioners in défifeer
disciplines into a quest for the immense opporiesitreated by the development of sustainable urban
forms for human settlements that will enable beiiironments to function in a more constructive and
efficient way. However, there are still significacttallenges that need to be addressed and overcome.
The issue of such forms has been problematic affidulli to deal with, particularly in relation tde
evaluation and improvement of their contributiontihe goals of sustainable development. As it is an
urban world where the informational and physicablscapes are increasingly being merged, sustainable
urban forms need to embrace and leverage whatntuared future ICT has to offer as innovative
solutions and sophisticated methods so as to thiixe advance their contribution to sustainabilithe
need for ICT of the new wave of computing to be eddsd in such forms is underpinned by the
recognition that urban sustainability applicaticare deemed of high relevance to the contemporary
research agenda of computing and ICT. To unlock exuloit the underlying potential, the field of
sustainable urban planning is required to extentdldundaries and broaden its horizons beyond tié am
of the built form of cities to include technologiganovation opportunities. This paper explores and
substantiates the real potential of ICT of the neave of computing to evaluate and improve the
contribution of sustainable urban forms to the gadisustainable development. This entails merbigg
data and context—aware technologies and their ggijgns with the typologies and design concepts of
sustainable urban forms to achieve multiple hithemrealized goals. In doing so, this paper idestif
models of smart sustainable city and their tectgiekand applications and models of sustainablarurb
form and their design concepts and typologies. dditeon, it addresses the question of how these
technologies and applications can be amalgamat#dthese design concepts and typologies in ways
that ultimately evaluate and improve the contribbutiof sustainable urban forms to the goals of
sustainable development. The overall aim of thigepasuits a mix of three methodologies: literature
review, thematic analysis, and secondary (qualgatdata analysis to achieve different but related
objectives. The study identifies four technologaesl two classes of applications pertaining to nedél
smart sustainable city as well as three design emacand four typologies related to models of
sustainable urban form. Finally, this paper propose Matrix to help scholars and planners in
understanding and analyzing how the contributiorsugtainable urban forms to sustainability can be
improved through ICT of the new wave of computimgl &s novel technologies and applications, as well
as a data—centric approach into evaluating thigriboion and a simulation method for strategically
optimizing it.
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1. Introduction

In contemporary cities, urban systems—processeshwiperate and organize urban life in the form of
built environment, infrastructure, ecosystem sewjchuman services, and administration—are under
increasing pressure due to the greatest wave ainiedtion in history, coupled with the enormous
challenge of sustainability of our time. This isnparily due to the form of contemporary cities, aHni
has been seen as a source of sustainability preblem. Alberti et al. 2003; Beatley and Mannin§2;9
Bibri and Krogstie 2017a; Hildebrand 1999; Jabar2@d6; Sev 2009). The current built environment is
associated with numerous environmental, social,emmhomic impacts, including unsustainable energy
use and concomitant GHG emissions, increased dimarter pollution, environmental degradation, land
use haphazard, inappropriate urban design andedektcial deprivation and community disruption,
ineffective mobility and accessibility, increasednsport needs and traffic congestion, public gadet
health decrease, but to name a few (Bibri and Kr@@917a). Therefore, the current built form aféec
people, natural resources, habitat, and climateat@éan 2006). These effects are set to worsenthdth
rapid urbanization of the world. Urban growth raisevariety of problems that tend to jeopardize the
environmental, economic, and social sustainahilftgities (e.g. Neirotti et al. 2014; OECD 2012hi§

is because it puts an enormous strain on urbaperegst.e. stresses urban life in terms of the uyider
operating and organizing processes, functions, sawrdices, which stems from the ensuing intensive
energy consumption, endemic congestion, saturaa@dgort networks, air pollution, resource depigtio
community expansion, social vulnerability, publialth decrease, and so on (Bibri and Krogstie 2017a

Undoubtedly, sustainability has, over the last tlezades or so, been instrumental in transformieg th
core practices, primary operations, and centrdltin®ns of urban society in response to the gadls
sustainable development. This has led to the emeegef several models of sustainable urban form as
instances of sustainable cities, particularly inlegically advanced nations. Contemporary debates i
urban and academic circles continue to focus onréhe of sustainability in urban planning and
development in terms of responding to the contisuclballenge pertaining to the unsustainability of
existing urban forms as well as to the rapid urbation of the world (Bibri and Krogstie 2017a). The
way forward for cities to better cope with the cigug and restructuring conditions is to adopt thegh
term approaches that focus on sustainability (sekeey and Betsill 2005). This is to mitigate the
adverse effects that these cities might encourgea aesult of stretching beyond the capacities and
designs of urban systems accompanying urban gr@agh Antrop 2004).

In addition, ICT has become part of mainstream teba urban sustainability as well as urbanizatioa

to the increasing ubiquity presence of computind #rve massive use of ICT in urban systems and
domains. This is underpinned by the recogniticat the planning of cities as dynamic and evolving
systems towards sustainability in terms of how tliegyction and can be managed and developed
necessitates smart and data—centric technologiggsBibri and Krogstie 2016a). Besides, the waigesit
can intelligently be designed has been of fundaatemtportance for strategic sustainable development
to achieve the long—term goals of sustainabilitp{Band Krogstie 2017a). The planning of cities as
complex systems towards sustainability requiresovative solutions and sophisticated methods and
techniques (e.g. Colldahl, Frey and Kelemen 201&niérs et al. 2014; Rotmans, van Asselt and
Vellinga 2000; Shahrokni et al. 2015). ICT playkeg role in smart sustainable urban planning (Biul

et al. 2016). Indeed, it has proven role in suppgrsustainable cities in their contribution to teals of
sustainable development, particularly in relationthe operation, management, and planning of urban
systems (e.g. Bibri and Krogstie 2017a, b). Besides important to understand how smart solutions
relate to and thus contribute to sustainabilityfifiBo et al. 2016). In view of that, innovative stbns

and sophisticated approaches are needed to overttmneurrent challenges and problems facing
sustainable urban forms as instances of sustairti®s. This pertains to how such forms should be
monitored, understood, analyzed, and planned toawepthe contribution to the goals of sustainable
development (Bibri and Krogstie 2017a). Regardlegs]jive in a world where ICT has become deeply
embedded into the very fabric of contemporary sjtiee. urban operations, functions, services, and
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designs are pervaded with computation and inteltigelt follows that for existing models of sustdite
urban form to prosper, they need to embrace whath&s to offer in order to smarten up as to making
urban living more sustainable—in an increasinglynpaterized urban society. This is predicated on the
assumption that emerging and future ICT offers émedous potential for monitoring, understanding,
probing, assessing, and planning sustainable ,citibich can be leveraged in the improvement of mrba
sustainability on several scales (Bibri and Krag@016a; 2017a). ICT is already enabling citiesnany
parts of the world to remain sustainable and tivable in the face of many challenges.

In the event of the evolving ICT of the new wavecoimputing (Bibri and Krogstie 2016a), recent resea
has started to focus on incorporating sustainglismart city approaches and on smartening upisable
city models (e.g. Al Nuaimi et al. 2015; Batty et2012; Bibri and Krogstie 2017a, b; Kramers etall4;
Neirotti et al. 2014; Shahrokni et al. 2015). Téigails integrating the foundations of the esthblisurban
sustainability knowledge with the available teclagatal solutions in an attempt to achieve the requi
level of sustainability with respect to urban opierss, functions, services, and designs. Thisaeeasingly
seen as a holistic approach into urban planningdarmdiopment, which holds great potential to addties
challenge of urban sustainability (e.g. Bibri anebgstie 2017a). Thereby, the concept and developafen
smart sustainable cities are rapidly gaining momanas an epitome of this holistic approach andnas a
academic pursuit in ecologically and technologjcaltivanced societies (Bibri and Krogstie 2016ajs It
worth noting that the emergence of these new tealthan phenomena has been fueled the new digital
transition, manifested in what is labeled ‘ICT betnew wave of computing'—i.e. a combination of
various forms of pervasive computing, of which thest prevalent are Ubiquitous Computing
(UbiComp), Ambient Intelligence (Aml), the Interneff Things (IoT), and Sentient Computing
(SenComp) (Bibri and Krogstie 2016a)—and its inttige and constitutive nature, coupled with its
advanced big data and context—aware applicatibfagor cities across the globe are increasingly
engaging on this technological transition (see, &gtty 2012; Bibri and Krogstie 2016a; Al Nuaigti

al. 2015; Solanas et al. 2014). The underlyingragsion is that this transition is projected to lgratoout
further transformational urban effects resultingnir capturing further and invigorating the applioati
demand for the urban sustainability solutions théire ICT can offer. The convergence of future ICT
will shape future cities in fundamental—and yet xp@ienced—ways (see, e.g., Batty et al. 2012;
Shepard 2011). It has been suggested that as IG@imes spatially all pervasive, located anywhere and
everywhere across urban environments, i.e., datesirgg information processing, and wireless
communication networking become more and more coetbiwith infrastructure, architecture,
ecosystem services, human services, and evenngitibedies, we can speak of cities getting smaaser
to addressing environmental, social, and economablems as well as providing services to citizens t
improve the quality of their life (e.g. Batty et @D12; Bibri and Krogstie 2016a, 2017a; Bohlen Bred
2009; Piro et al. 2014; Shepard 2011; Townsend 2013

With the above in mind, sustainable urban forms@splex systems, with their domains becoming
subtly interconnected and their processes highlgadyc, rely more and more on sophisticated
technologies to realize their full potential forspending to the challenge of sustainability (Biand
Krogstie 2017a, b). The most influential of sucbhteologies are big data analytics and context—aware
computing,which are enabled by ICT of the new walreomputing. Worth pointing out is that in the
near future, the core enabling technologies of ¢€1he new wave of computing, namely digital segsin
devices, data processing platforms, cloud compuiimgastructures, middleware architectures, and
wireless communication networks, will be the dominanode of monitoring, understanding, analyzing,
evaluating, and planning sustainable urban fornmuatainable cities to improve their contributiorthe
goals of sustainable development. Big and conteid donstitute the fundamental ingredients for the
next wave of urban analytics and computing (Al Muast al. 2015; Batty et al. 2012; Bibri and Kragst
2017a, b; Solanas et al. 2014; Zheng et al. 2014@3pective of whether cities are sustainablegrten,

or smart sustainable. Indeed, contemporary citesino be dynamic in their conception, scalablbéir
design, efficient in their operational functioninfiexible in their planning, and effective in their
evaluation in order to be able to deal with popafagrowth, environmental pressures, socio—economic
need changes, unpredictable dynamics, and newstrémch recent interdisciplinary literature survey,
Bibri and Krogstie (2017a) report that ‘existing dets of sustainable urban form still pose several
conundrums and raise numerous issues—when it ctorieir development and implementation as to
their contribution to the fundamental goals of airgble development. This pertains to limitations,
uncertainties, paradoxes, and fallacieS.he underlying argument is that urban systems Heen in
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themselves complex in terms of their operation, aga@ment, assessment, and planning in line with the
vision of sustainability.” Of most relevance of tissues and debates addressed in their work dssto t
paper is that the issue of sustainable urban fdmass been problematic and difficult to deal with,
particularly when it comes to the evaluation angrovement of the contribution of such forms to the
goals of sustainable development.

The original contribution we make with this studyto explore and substantiate the real potentisC®of

of the new wave of computing to evaluate and imerihwe contribution of sustainable urban forms & th
goals of sustainable development. This entails mgrbig data and context—aware technologies and
applications with the typologies and design coreeyt sustainable urban forms to achieve multiple
hitherto unrealized goals. In doing so, this pagarks to answer the following questions: What lage t
distinctive smart sustainable cities and sustamalnban forms proposed by urban development
approaches and strategies? And what are the teghesland applications and the design concepts and
typologies that these cities and forms share, otisedy? In addition, the paper aims to offer a
conceptual framework for merging these technologied applications with these design concepts and
typologies, as well as to propose a data—centqmogeh and simulation method into evaluating and
strategically optimizing the contribution of sustble urban forms to the goals of sustainable
development, respectively. The main motivation tlis paper is to put forward novel solutions for
effectively translating sustainability into the bwnvironment of sustainable urban forms, as aslto
suggest advanced methods for evaluating the extemthich such forms contribute to the goals of
sustainable development and how this contributeomstrategically be enhanced over the long run.

The remainder of this paper consists of 9 sectiBestion 2 focuses on the methodologies of theystud
The study adopts, and thus combines, literatunewe\thematic analysis, and secondary data analysis
Section 3, we introduce, describe, and discussdlem/ant conceptual and theoretical constructs that
make up the study. In section 4, we provide anweer of the field of sustainable urban forms imter

of its state—of-the art research and developmemiwledge gaps, and technological opportunities.
Section 5 presents the operational aspects (desigoepts and typologies) of models of sustainable
urban form and the operational facets (technologiesapplications) of models of smart sustainaitje c
to examine them more accurately, as well as dissus®e specific urban forms and cities associatédd w
sustainability that appear in the literature. lotes 6, we describe and discuss the integratiothef
technologies and applications of models of smastadniable city with the typologies and design cptee

of models of sustainable urban form to improve dbetribution of the latter to the goals of sustalea
development. We moreover offer a conceptual framleviar illustrating this integration. Accordinglg,
Matrix is proposed to help academic researchersudamah planners in understanding and analyzing how
the contribution of sustainable urban forms to @unsbility can be improved through ICT of the new
wave of computing. Section 7 justifies the need #ordata—driven approach into evaluating the
contribution of sustainable urban forms to sustailitg from an environmental and socio—economic
perspective, and elucidates how this evaluation lEmone. It also proposes simulation models as a
suitable method for strategically enhancing thiatabution. This section highlights the effectivese
and appropriateness of urban ICT as to carryingsocih complex urban tasks in the realm of susté&nab
urban forms. Section 8 identifies and discussewvdhi@us challenges pertaining to ICT of the newava

of computing as well as big data analytics and edraware computing technologies. The final section
draws some conclusions, provides contributions rafléctions, and suggests several issues for future
research.

2. Methodologies

The intent of this paper suits a mix of three apphes: (1) literature review, (2) thematic analyaiwd
(3) secondary data analysis to achieve differemtrélated objectives. The first approach provides a
overview of the area of sustainable urban formteims of its state—of-the art research and devedapm
knowledge gaps, and technological opportunitiesecBigally, the paper reviews existing models of
sustainable urban form, discusses their weaknessek identifies related challenges with particular
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emphasis being placed on the extent to which swchd contribute to the goals of sustainable
development. The relevant research gaps and texdioal opportunities are highlighted in accordance
with the topic being explored.

As to the second approach, it is assumed that istiegx models of sustainable urban form (Jabareen
2006) and recent models of smart sustainable Bitlyriland Krogstie 2017a), there are concepts and
technologies that repeat themselves and composactlimmodels of sustainable urban form as well as
smart sustainable city, respectively. Therefore, paper uses a qualitative approach to identifgethe
models and their design concepts and typologieweadksas their technologies and applications, and,
eventually, to identify the urban concepts and teébgical constructs behind them. The purpose is to
figure out at what levels these two classes of Hsockn be integrated to advance urban sustainabitit
relation to the thematic analysis, the aim of datiie studies is to describe and explain a patbtérn
relationships, a process that entails a set of equnal categories (Mishler 1990) pertaining in this
context to urban planning and design and urban atingpand ICT.

Following a set of qualitative ‘tacticssuggested by Miles and Huberman (1994) that caistaiss
generating meanings from diverse material, a thienzatalysis has been designed and employed with
two purposes in mind. First, to identify the mosstainable models of sustainable urban form anid the
design concepts and typologies. Second, to idetitdymost sustainable models of smart sustaindlyle c
and their technologies and applications. And sulxsetly to conceptualize the theoretical base behind
these two classes of models along with the undeglyirban and technological components. As an
inductive analytic approach, thematic analysis banused to address the different types of questions
posed by researchers to produce complex conceptosd—examinations of the underlying meaning in
gualitative data. This can be done through disdogeor finding patterns, relationships, themes, and
concepts in the large qualitative data that incluckerdisciplinary or multidisciplinary literature.
Thereby, thematic analysis is an appropriate agbroednen analyzing a large body of documents—in the
form of, for example, conceptual frameworks, caticeviews, descriptive accounts, analytical actgun
and empirical research (e.g. case studies). Ibeaapplied to produce theory—driven analyses.

The main steps of this study’s thematic analyspagch are as follows:

1. Review of urban planning and design, urban cdimguand ICT, and urban sustainability and
sustainable urban development, and other relevaltitdisciplinary and interdisciplinary literatur&his

is to deconstruct related text associated with nsodé sustainable urban form and those of smart
sustainable city. The outcomes of this processvar®mus design concepts, typologies, technologies,
applications, and themes that are related to ttveselasses of models.

2. Pattern recognition entails the ability to dismomeaningful patterns and relationships in segiyin
random information (e.g. Boyatzis 1998), and theppse is to note key patterns and relationships as
well as concepts within the result of the firstpstand then to look for similarities within the saimand
code the results by concepts (typologies, desigeeayts, technologies, and applications).

3. Identifying urban forms and cities involves rgezing specific and distinctive urban forms aniksi
associated with sustainability.

4. Conceptualization is about finding theoreticlhtionships among the identified concepts andrurba
forms and cities.

Our third approach is an example of what is calleebondary data analysis’ since we deal with
secondhand data. Secondary ddenote that the data are collected by someoner dhan the
researcher(s). Its relevance lies in that the abalfyurban transformation (e.g. smart sustainabban
forms) considers these data essential, a longegsciin adequately capture recent urban transfaymati
Further, to overcome some of the shortcomings &seacwith secondary data, we ensure the data used
are up—-to—date and pertain to research focusindgCdnof the new wave of computing for urban
sustainability in relation to big data analyticslamontext—aware computing. However, there are faxy
relevant high—quality documents available for régsia. Worth noting is that secondary data analysis
herein is concerned with the reuse of qualitati¢adand this provides an opportunity to study the
material of the very recent past concerning smastasnable urban planning and development to gain
insights for theoretical purposes. In addition, dim of the secondary analysis of qualitative dataot
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only to analyze pre—existing qualitative data, blso to re—contextualize and re—construct thesa dat
with respect to smart sustainable urban forms asvarging city planning and development strategy.

3. Conceptual and Theoretical Background
3.1. Urban Sustainability and Sustainable Urban Deslopment

The concepts of sustainability and sustainable Idpugent have been applied to urban planning and
design since the early 1990s (e.g. Wheeler andidBe2010), thereby the emergence of the notions of
urban sustainability and sustainable urban devedoprUrban sustainability denotes a desired state i
which the urban society strives for achieving aabaé between environmental protection and
integration, economic development and regeneratind,social equity and justice within cities asgien
term goals through the strategic process of suwdt&nurban development as a desired trajectory.
Thereby, it seeks to create healthy, livable, ammdgerous human environments with minimal demand
on resources (energy, material, etc.) and minimglict on the environment (toxic waste, air and wate
pollution, hazardous chemicals, etc.), to draw dwig2013). This overall goal entails fosteringkages
between scientific and social research, technodbgiznovation, institutionalized and organizational
practices, and policy design and planning in reteeato urban sustainability. Urban sustainabilyds

to be cast in terms of four dimensions: the folme, énvironment, the economy, and equity, which khou
all—given their interdependence, synergy, and equpbrtance—be enhanced over the long run in a
sustainable urban society. Accordingly, contemporaties should retain a balance between physical,
environmental, economic, and social concerns aradlsgdo achieve this long—term goal requires an
urban development strategy that facilitates andritmries to the design, development, implementation
evaluation, and improvement of urban systems ahdragpractical interventions within various urban
domains that promote urban sustainability in temhseplenishing resources, lowering energy use,
lessening pollution and waste levels, as well ggraving social justice, stability, and safety. Thgs
what sustainable urban development is about. TéwiEept signifies, in other words, the development
(and/or redevelopment) of cities in ways that pdeviivable and healthy human environments with
enhanced quality of life and well-being in conjuoictwith decreased demand on resources and lessened
environmental impacts, to iterate, thereby steeciegr of leaving a burden on the future generataue

to potential environmental degradation or ecoldgideprivation. Richardson (1989, p.14) defines
sustainable urban development as ‘a process ofgehianthe built environment which foster economic
development while conserving resources and promakia health of the individual, the community, and
the ecosystem.” In a nutshell, sustainable urbareldpment is characterized as achieving a balance
between the development of and equity in the udreas and the protection of the urban environment.
However, conflicts among the goals of sustainabbam development to achieve the long—term goals of
urban sustainability are challenging to deal witldl @launting to overcome. This has indeed been, and
continues to be, one of the toughest challengesgdacban planners and scholars as to decision-gaki
and planning in the realm of sustainable citieb(Band Krogstie 2017), not to mention smart citiee

to the multidimensional risks they pose to envirental sustainability (Bibri and Krogstie 2016a).
Despite sustainable urban development seekingovid® an enticing, holistic approach into evading t
conflicts among its goals, these conflicts ‘canmetshaken off so easily’, as they ‘go to the histoore

of planning and are a leitmotif in the contemporagttles in our cities’, rather than being ‘merely
conceptual, among the abstract notions of ecolggic@nomic, and political logic’ (Campbell 1996, p
296). Even though these goals co—exist uneasibpimemporary cities, sustainable urban development
as a long-range objective for achieving the aimirbfan sustainability is worthy for urban planners,
they need a strategic process to achieve the sthtsigstainable cities, to increase the contrilbbutd
smart cities to sustainability, and to spur thealiggment of smart sustainable cites. As expresged b
Campbell (1996, p. 9), planners will in the upcogniyears ‘confront deep—seated conflicts among
economic, social, and environmental interests ¢hahot be wished away through admittedly appealing
images of a community in harmony with nature. Neéhedess, one can diffuse the conflict, and find svay
to avert its more destructive fall-out.” To putdifferently, sustainable urban development advacate
can—and ought to—seek ways to make the most dhede value—sets at once. This is in contrast to
keeping on playing them off against one anotherthWhat in mind, the synergistic and substantive
effects of sustainable development on forms of mnm&@anagement, planning, and development require
cooperative effort, collaborative work, and conedraction from diverse urban stakeholders in otoler
take a holistic view of the complex challenges pressing issues facing contemporary cities.
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In the context of this paper, the focus is on timar$ dimension of urban sustainability and sustaaa
urban development. In this regard, smart urbanasadility consists of four dimensions: physical,
environmental, economic, and social, which shoddebhanced in terms of goals and be in balance in
terms of concerns over the long run—with suppontiifan computing and ICT—to achieve the sought
after smart form of urban sustainability. This cagscur through the process of change and strategic
approach of sustainable urban development that-edékisg to foster and promote sustainable urban
forms, environmental integration, economic develeptnand social equity as interrelated goals—relies
on smart ICT in terms of innovative solutions amdel approaches by unlocking the untapped potential
for sustainable transformation that ICT embodiegsmmorphing and disruptive power as an enabling,
integrative, and constitutive technology. The retige change process and strategic approach oaght t
be driven by linking the research agenda of urt@mputing innovation and urban ICT development
with the agenda of sustainable urban developmeeteby justifying ICT investment and its orientatio
by environmental concerns and socio—economic niegtiés context. This endeavor should be supported
by pertinent institutional structures and practices

3.2. Sustainable Cities: Sustainable Urban Forms

There are various definitions of what a sustainaitie should be. Based on the literature on compact
city, eco—city, and new urbanism as the most pesxand sustainable models of sustainable urbam for
as instances of sustainable city (e.g. Bohl 2000fstdd 2012; Jabareen 2006; Jenks, Burton and
Williams 19964, b; Joss 2010; Girardet 2008; Rapogad Vernay 2011; Williams 2009), a sustainable
city can be understood as a set of approaches prdaotically applying the knowledge of urban
sustainability and related technologies to the milagn and design of existing and new cities or ditsr

In the context of this paper,sastainable city can be described as an urbancament designed with
the primary aim of contributing to improved envinoental quality and protection and social equity and
well-being over the long run, which can be attaittedugh adopting sustainable development stragegie
to foster advancement and innovation in built emwinent, infrastructure, operational functioning,
planning, and ecosystem and human service proungjpwhile continuously optimizing efficiency
gains. In more detail, sustainable cities strivenximize efficiency of energy and material resesfc
create a zero—waste system, support renewableyepesguction and consumption, promote carbon—
neutrality and reduce pollution, decrease transpeeds and encourage walking and cycling, provide
efficient and sustainable transport, preserve etemys, emphasize design scalability and spatial
proximity, and promote livability and sustainablemamunity. For detailed definitions of sustainable
urban development and urban sustainability, thdereaan be directed to Bibri and Krogstie (2017a).

Sustainable development has significantly impatteddevelopment of city models in terms of différen
dimensions of sustainability (e.g. Jabareen 200d@fstdd 2012; Joss 2011; Girardet 2008; Williams,
Burton and Jenks 2000). Unquestionably, it hasiiedpand motivated a generation of urban scholars
and practitioners into a quest for the immense dppaies enabled and created by the development of
sustainable urban forms—i.e. the contribution thath forms can make as to lowering energy use and
lessening pollution and waste levels, while impngvhuman life quality and wellbeing.Therefore, the
idea of applying the concept of sustainable devak to urban form has intensively been investjate
and discussed by researchers and planners duentash decade (see Karrholm 2011). It is useful to
operationalize the term ‘urban fornfor the purpose of its application in this conteXtcording to
Lynch (1981, p. 47), urban form is ‘the spatialtgat of the large, inert, permanent physical olsj@tta
city.” In more detail, urban form as aggregations of igpet elements denotes amalgamated
characteristics pertaining to land use patternatiaporganizations and other urban design featwaes
well as transportation systems and environmental arban management systems (Handy 1996;
Williams, Burton and Jenks 2000). Subsequently, urban fosmteefrom bringing together many urban
patterns, which ‘are made up largely of a limitecsniber of relatively undifferentiated types of elentse
that repeat and combinéJabareen 2006, p. 39). Therefore, these pattetad similarities and grouped
conceptual categories (Lozano 1990) that enconmgpads elements as building densities, street pattern
block sizes and shapes, spatial scales, area oaatiions, street designs, park layouts, and puipace
arrangements (Jabareen 2006; Van Assche et al).28E8istainable urban form can be conceived of as
an urban form for human settlements that seeksetet the required level of sustainability by enadplin
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the urban systems (built form, infrastructure, gsteam services, human services, and administration)
and thus the urban domains to function in a coaostreiway (Bibri and Krogstie 2017). Using a theimat
analysis approach, Jabareen (2006) classifiesigalsta urban forms into four models entailing ospd

in their concepts, ideas, and visions: (1) compiyt (2) eco—city, (3) neotraditional developmémew
urbanism), and (4) urban containment. This papepiserned with the first three urban forms in &erm
of integrating the underlying typologies and desiggncepts as well as environmental and urban
management systems with the core enabling techiesl@nd their novel applications pertaining to ICT
of the new wave of computing (particularly in terofdig data analytics and context—aware computing)
The rationale for focusing on these three urbaméolies in the fact that they have been rankedeas t
most sustainable, with the compact city being irs, fthe eco—city the second, and the neotradition
development (new urbanism) the third, accordindaioareen (2006).

3.3. ICT of the New Wave of ComputingThe Dominant ICT Visions
3.3.1. Short on Urban Computing and ICT

The theoretical and disciplinary orientation of garting and ICT differentiate their meaning as
concepts, although they often are used interchéhge&lence, it is worth pointing out the main
difference to give perspective. ICT theory is canee with the application of ICT in and its effecis
society, and computing theory deals with the wayl I€ystems are designed, developed, and
implemented as well as how they function (Bibri 20}l For a detailed definition of urban computing
and ICT, the reader can be directed to Bibri andgktie (2017a). Urban computing employs many of
the technological paradigms introduced by the newenof computing, i.e. the integration and large—
scale use of various forms of pervasive computmginly UbiComp, Aml, the IoT, and SenComp.
These represent an era when, in the urban com@xiputer technology in all its forms disappears int
urban environments and recedes into the backgrotimdban life, to draw on Weiser (1991). The new
wave of computing share the same core enablingntéadies, namely sensing devices, computing
infrastructures, data processing platforms, an@less communication networks. These are to function
unobtrusively and invisibly in the background obamn life to—by means of various ICT applications—
help improve urban operational functioning, advaomcean planning, enhance the quality of life of
citizens, facilitate urban daily activities, undargd the nature of urban phenomena, and predienurb
shifts. The new wave of computing is associateth wie amalgamation of the most prevalent visions of
ICT: UbiComp, Aml, the 10T, and SenComp.

3.3.2. Defining Characteristics

Implying a slightly different focus, UbiComp, Anthe loT, and SenComp depict ICT visions of various
forms of pervasive computing—i.e., an era when aaemp‘technology recedes into the background of
our lives’ (Weiser 1991). Since 1991, Mark Weisaretaw this technological development and labeled
it ‘the computer for the 21st century’. These ICiBians are characterized by a future loaded with
interconnected, interacting, deciding, and actinge-géhus smart—everyday objects and devices as
augmented with miniature sensors and actuatorg, timcroelectronic processors, and wireless
communication capabilities, as well as by a whalege of the fascinating opportunities this futui w
bring that are created by the (extensive) incofpmmaof computer technology into the very fabrictioé

city and thus citizens’ everyday lives, to drawRibri (2015b). The vision of the future of techngje—
reflected in a variety of terms (e.g. invisible garting, calm computing, proactive computing, wedgab
computing, and Things that Think, in addition toiCamp, Aml, the IoT, and SenComp)—is associated
with far—-reaching, long—term societal implicatiarad thus urban effects.

The concept of Aml describes an era when ubiquitmmputing, communication, and intelligent user
interfaces will function in such an unobtrusive wand converge in such a seamless way as to regderin
technology completely calm and wholly invisible thveach citizen enjoying an experience of inteoacti
with the environment that anticipates and intehigye responds to their needs and desires. ISTAG320

p. 8), the European Union’s Information Society Are@logies Advisory Group, describes Aml as a
vision where people will ‘be surrounded by intedlig interfaces supported by computing and netwgrkin
technology that is embedded in everyday objedsnl implies a seamless environment of computing,
advanced networking technology and specific int&$a This environment should be aware of the
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specific characteristics of human presence andpalities, adapt to the needs of users, be camdble
responding intelligently to spoken or gestured éatons of desire, ...Aml should also be unobtrisiv
often invisible: everywhere and yet in our conssicess—nowhere unless we need it.” Aml has taken on
many other definitions in the literature (See B{{2015b) for a comprehensive overview).

SenComp denotes the use of sensing devices tovebmed monitor and computing devices to perceive
(recognize and interpret) the physical environnmaant react to it. It is the idea that applicatioas be
made more perceptive and responsive by becomingeaviand reacting to their surroundings. This also
applies to several application areas of Aml as sexavironment (e.g. Bibri 2015a; Bosse et al. 2007)
But Aml goes beyond the physical context to incladleer types of context such as cognitive, emotjostcial,
behavioral, conversational, and spatiotemporal. @ilgri 2015a), to underscore the difference betwéenl and
SenComp.In view of that, Aml and SenComp have been usedrdéhtangeably in the urban domain:
ambient and sentient cities (e.g. Crang and Gra@07; Shepard 2011).

The concept of UbiComp means that computer teclgyohall permeate everyday human environment,
and function invisibly and unobtrusively in the kgmwund, and make everyday objects smart by
enabling them to communicate with each other, atewith people and their objects, and explorerthei
environment, thereby helping people to carry oeirtdaily activities or cope with their tasks in reo
intuitive ways and whenever and wherever neededirav on Weiser (1991). It is alluded to as a
‘computing environment in which each person is twdlly interacting with hundreds of nearby
wirelessly interconnected computer...essentiallysile to the user.” (Weiser 1993, p. 75)

The concept of the 10T (e.g. Huang and Li 2010; édciann, Harrison and Michahelles 2011) refers to a
computationally augmented everyday environment @/ltiee physical world (everyday objects) and the
information world (information processing) are itated within the ever—growing Internet infrastruet
via a wide range of active and smart data—sensnges, including RFID, NFC, GPS, infrared sensors,
accelerometers, and laser scanners. Bibri (2015133p defines the loT as ‘the interconnection of
uniquely identifiable embedded devices, physical &intual objects, and smart objects [connected to
humans, embedded in their environments, and sgkeed) the trajectories they follow] using Internet
Protocol version 6 (IPv6) [the new addressing stitacture of the Internet with an unlimited capggit
embedded systems, intelligent entities, and comeation and sensing—actuation capabilities’. The loT
as an intriguing construct that is evolving intorsmand more sophisticated network of (sensor) @svic
and physical objects is estimated to involve afidki of everyday objects, including people, roads,
railways, bridges, streets, buildings, water systesiectrical networks, vehicles, appliances, gpods
machines, animals, plants, soil, and air. In shbg connectivity achieved by the 10T involves plep
machines, tools, and places. The aim of using dfieid to achieve different intelligent function®ifin
conducting information exchange and communicatime)uding learning about things, identifying
things, tracking and tracing things, connectinghwiiings, searching for things, monitoring things,
controlling things, evaluating things, managinghgs, operating things, repairing things, and plagni
things (Bibri 2015b).

3.3.3. Emerging Smart Sustainable and Smarter Citee as Instances of ICT of the New Wave of
Computing for Urban Sustainability

The rationale behind selecting and thus definirgathove concepts is that the ICT visions they petta

are more prevalent than those associated with tbeinterparts. This is manifested in the emergencde
widespread of ubiquitous cities (e.g. Batty et2@l12; Lee et al. 2008; Shin 2009), ambient citeg.(
Bohlen and Frei 2009; Crang and Graham 2007),es@ntities (e.g. Shepard 2011; Thrift 2014); atie<i

as an Internet of everything (e.g. Kyriazis et28l14). Worth mentioning is that these cities anmesiered

as future visions of smart cities. Enabling différkinds of computationally augmented urban envirents

in these emerging cities and seeking to connectnitds with each other and such environments, the
technologies underlying UbiComp, Aml, the IoT, é®hComp will enable all kinds of smart applicatjons
such as smart living and working, smart healthcamgart education, smart safety, smart energy, smart
climate, smart buildings, smart transport, smarbitity, smart accessibility, and smart planning aledign.
This smartness holds great potential to increagectimtribution to urban sustainability in terms itsf
physical, environmental, economic, and social dsiwTs. Further, these cities are labelled ‘smaities’
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because of the magnitude of ICT and the extensiganfedata as to their embeddedness and use resjyect
in urban systems and domains. The prospect of siii@s$ getting smarter is becoming the new reality
with the massive proliferation of the core enablteghnologies underlying ICT of the new wave of
computing, namely data sensing systems, cloud ctongpinfrastructures, data processing platforms,
middleware architectures, and wireless communioatitworks across various spatial scales.

Smart sustainable cities typically rely on theififent of ICT visions of the new wave of computing
(Bibri and Krogstie 2017a), a merger of UbiComp, lAthe 0T, and SenComp. In other words, such
cities are associated with the core characteristitures of the prevalent ICT visions in the seihsg
everyday objects communicate with each other irouarways and collaborate across heterogeneous and
distributed environments to provide information agetvices to diverse urban entities. For what the
prevalent ICT visions entail, the prospect of snsadtainable cities is becoming the new reality e
massive proliferation of the core enabling techgms underlying ICT of the new wave of computing.
Particularly in ecologically and technologicallywadced nations, this computerized urban era isgokng
many cities and rapidly evolving, characterizedntyaby the use of smart and data—centric applicatio
across urban systems and domains. Indeed, visidiusuoe advances in computing and ICT bring with
them wide—ranging common visions on how citiesagsas fabrics and forms for human settlements will
evolve in the future (Bibri and Krogstie 2016a). egards to the conceptual categories of models of
smart sustainable city (and sustainable urban fotngy are an integral part of the thematic analysi
covered in Section 5.

3.4. Big Data Analytics: Characteristics, Techniqus, and Technologies

The term ‘big data’ is used to describe the growthliferation, heterogeneity, complexity, availéij
temporality, changeability, and utilization of dateross many application domains, which renders the
processing of these data exceed the computatiomhlaaalytical capabilities of standard software
applications and conventional database infrastracta short, the term essentially denotes datdkats
are too large for traditional data processing systeTraditional analytic systems are not suitable f
handling big data (e.g. Katal, Wazid and Goudar32®&han, Uddin and Gupta 2014). This implies that
big data entails the use of tools (e.g. classificatclustering, and regression algorithms), teghes
(e.g. data mining, machine learning, and statisoalysis), and technologies (e.g. Hadoop, HBasd,
MongoDB) that work beyond the limits of the datalgtics approaches that are used to extract useful
knowledge from large masses of data for timely aodurate decision—making and enhanced insights.
The European Commission (2012) defines big datahagh—volume, high—velocity and high—variety
information assets that demand cost—effective vatiee forms of information processing for enhanced
insight and decision—making.” While there is no aainal or definitive definition of big data in the
context of smart sustainable cities, the term caruged to describe a colossal amount of urban data,
typically to the extent that their manipulation,aBrsis, management, and communication present
significant computational, analytical, logisticahd coordinative challenges. It is near on impodsdi
humanly make sense of or decipher big urban datadban existing computing practices. Important to
note is that such data are invariably tagged wjthtial and temporal labels, largely streamed from
various forms of sensors, and mostly generatedhaaitoally and routinely.

Big data are often characterized by a number of Ti& main of which—identified as the most agreed
upon Vs—are volume, variety, and velocity (e.g. &ar2001; Fan and Bifet 2013). Additional Vs

include veracity, validity, value, and volatilite.g. Khan, Uddin and Gupta 2014). The emphasisibere
on the main characteristics of big data, namelyhinge amount of data, the wide variety of datagype

and the velocity at which the data can be analyzed.

* Volume denotes the amount of the data generated &darge number of sources that are to be
analyzed, amounting to terabytes, petabytes, egabghd zettabytes. The amount of data is growing
exponentially in many application areas.

* Variety means the diversity of data types, suchdasument—oriented and relational databases,
research studies, social networking posts, mobitends, text, video, audio, images, graphs, and web
content, i.e. a variety of structured, semistruatiuiand unstructured data.
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* Velocity signifies the speed or pace at which théadlowing or arriving continuously from many
different sources need to be created, processedamalyzed. Here, time—sensitivity is of critical
importance. In this regard, the data can be reaé;thear real-time, periodic, streams, or batcbs&h
entail transactions (data stored and analyzed énpihst), interactions (data from websites), and
observations (data collected automatically andimely).

The term ‘big data analytics’ refers commonly ty aast amount of data that has the potential to be
collected, stored, retrieved, integrated, seleqieghrocessed, transformed, analyzed, and intexpfet
discovering new or extracting useful knowledge,alihtan subsequently be evaluated and visualized in
an understandable format prior to its deploymemtdecision—-making purposes (e.g. a change to or
enhancement of operations, strategies, policies, @ractices). Other computational mechanisms
involved in big data analytics include search, siwgrtransfer, querying, updating, modeling, and
simulation. In the context of smart sustainabléesjt big data analytics denotes a collection of
sophisticated and dedicated software applicatiowisdatabase systems run by machines with very high
processing power, which can turn a large amounrloén data into useful knowledge for well-informed
decision—making and enhanced insights pertainingitmus urban domains, such as transport, mopility
traffic, environment, energy, land use, planningsign, safety, healthcare, and education. Further,
common types of big data analytics include pred;tdiagnostic, descriptive, and prescriptive atnedy
These are applied to extract different types ofvldledge or insights from large datasets, which ¢temt

be used for different purposes depending on thdicapipn domain. Urban analytics involves the
application of various techniques based on datensei fundamental concepts—i.e. data—analytic
thinking and the principles of extracting usefublutedge (hidden patterns and meaningful correlajion
from data, including machine learning, data minisigfistical analysis, regression analysis (exptaga
modeling versus predictive modeling), databaseyiugr data warehousing, or a combination of these.
The use of these techniques depends on the urbaai@as well as the nature of the urban problem to
be tackled or solved. For example, in their prgtetimplementation for big data analytics in smiies,
Khan et al. (2015) apply some of the stated teclesigHowever, data mining remains the most widely
used technique in the urban domain, and presangsn@ndous challenge due to the interdisciplinay a
multidisciplinary nature of urban data. It refecsthe automated extraction of useful knowledge from
large datasets, which is associated with in thetestnof smart sustainable cities advancing their
contribution to the goals of sustainable developmthinough knowledge—driven or well-informed
decision—making processes pertaining to diversaruslystems and domains.

Data processing platforms are a key componenthidesign, development, and implementation of the
ICT infrastructure of smart sustainable cities wiélspect to big data applications. Irrespectivehef
application area to which big data are applied, data analytics is associated with some kind oé dat
processing platforms for handling the analysis ar@mhagement of large datasets. Among the leading
technologies for big data storage and processicigde Hadoop MapReduce, IBM Infosphere Streams,
Stratosphere, Spark, and NoSQL-database systemgeraeat (e.g. Al Nuaimi et al. 2015; Fan and
Bifet 2013; Khan et al. 2015; Singh and Singla 20IFhese technologies usually entail scalable,
evolvable, optimizable, and reliable software aaddtvare components, and provide high performance
computational capabilities (selection, preprocagstransformation, mining, evaluation, interpreiati

and visualization), in addition to storage, cooation, and management of large datasets across
distributed environments. As ecosystems, they pmrfdata analytics related to a wide variety of éarg
scale applications intended for different useshsag management, control, optimization, assessment,
and improvement, thereby spanning a variety of mrbamains and subdomains. In more detail, the
resulting knowledge can be used for making, supmpror automating decisions, which entails control
optimization, management, and planning of urbarratfp;s and processes, enhancement of ecosystem
and human services, and improvement of urbanipescand policies. (See Bibri and Krogstie 201%b fo

a detailed overview). Thereby, the analytical ontes of urban data can serve to improve urban
operational functioning, optimize resources, redutxan environmental risks, and enhance the quaflity
life and well-being of citizens. Big data as a eesk direction has recently attracted scholars and
scientists from diverse disciplines as well as ftianers from a variety of professional fields dweits
prominence in relation to various urban domaingyeemlly mobility, transportation engineering,
planning, public health, education, socio—econdimiecasting, environment, and energy, in additimn t
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being a major intellectual, scientific, and praatichallenge (Al Nuaimi et al. 2015; Batty et ab12;
Bibri and Krogstie 2017a, b; Khan et al. 2015).

3.4. Context—Aware Computing

Context—aware computing has been researched exgégnby the HCI community since the late 1990s
(e.g. Criel and Claeys 2008; Dey 2000, 2001; Schnidigl and Gellersen 1999; Ulrich 2008). As a
prerequisite for realizing the various ICT visiook pervasive computing, it aims to ‘support human
action, interaction, and communication in variowsysywherever and whenever needed’ (Bibri 2015a, p.
1) by enabling sensorily and computationally augie@renvironments to provide the most efficient
services pertaining to healthcare, education, legrrsafety, utility, housing, and so on. In recgears,

the concept has been expanded beyond the ambi€Cbapbplications to include urban (and industrial)
applications, such as energy systems, transpderags communication systems, traffic systems, power
grid systems, healthcare systems, education systerosrity systems, and so on (e.g. Al Nuaimi et al
2015; Bohlen and Frei 2009; ISTAG 2003, 2008, 2®@anas et al. 2014). In this context, context—
aware computing aims to provide control over preessand support decision-making (Bibri 2015a),
where ‘adaptation are based either on pre-prograiminegiristics or real-time reasoning capabilities’
(Oulasvirta and Salovarra 2004). The purposes athina learning and reasoning are monitoring the
actions of systems and the changes in their envieon using sensors of many types as well as physica
actuators to react and pre-act in relevance tomigation, management, and control of urban operatio
The widespread adoption of diverse sensors wittigscprovides interactions through opportunistic a
people—centric sensing (Lane et al. 2008; Manzdorale 2014). In this regard, context—aware
applications and systems can monitor what is hapgen urban environments (situations, eventsestat
activities, behaviors, locations, settings, etanalyze, interpret, and react to them in a vamétyways—

be it in relation to smart energy, smart stregttbg smart traffic, smart mobility, smart healtle;aor
smart safety—across several spatial scales. Hereadthtext denotes, drawing on Chen and Kotz (2000),
the environmental states and settings within tHeamirlandscape that either determine applications’
behavior or in which application events occur araliateresting to the citizens or urban actors. @ity
administrators, authorities, and departments) assus

Context awareness has been defined in multiple wapending on the application domain in terms of
the number and nature of the subsets of the confexigiven entity (e.g. traffic system, energytsys,
healthcare system, education system, informaticstesy, human user, etc.) that can be integrated
(sensed, conceptualized, and modeled) in the desigrdevelopment of a given computational artifact.
Originated in pervasive computing the term ‘contewiarenessis used to describe technology tHiat
able to sense, recognize, and react to contextuables, that is, to determine the actual conbéxts

use and adapt its functionality [and behavior] adecmly or respond appropriately to features oft tha
context.” (Bibri 2015a, p. 76). Another definitiaf context proposed by Dey (2000) stat€xontext is

any information that can be used to characterigesituation of an entity. An entity is a persorgqgg, or
object that is considered relevant to the inteoaichetween a user and an application, includingiges
and applications themselves.” Context—aware agjpita and systems in the urban domain entail the
acquisition of contextual urban data using sensebreany types to perceive situations of urban life,
abstraction of contextual urban data by matchimgeey readings to specific urban context conceyid,
application behavior through firing actions basedtlve outcome of reasoning against contextual urban
information, i.e. the inferred context, to draw®chmidt (2003).

4. State—of-the—Art Overview

Scholars from different disciplines and practitimfom different professional fields have, oves hast

two decades or so, sought a variety of models stamable urban form that can contribute to
sustainability and its improvement. Compact cityp-ecity, and new urbanism (e.g. Bohl 2000; Jenks,
Burton and Williams 1996a, b; Joss 2010, 2011; ,J&svley and Tomozeiu 2013; Leccese and
McCormick 2000; Neuman 2005; Pendall, Martin andtdfu 2004; Register 2002) are the most
prevalent and sustainable models of sustainabknuiderm (e.g. Jabareen 2006; Karrholm 2011; Hofstad
2012; Rapoport and Verney 2011). Sustainable uftsans can be achieved through a combination of
such typologies as density, compactness, diversityl mixed—land use, supported by sustainable
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transport, ecological design, and solar passivdagdeas design concepts, as well as advanced
environmental and urban management systems (&aretn 2006). However, the challenge continues to
motivate and induce academics and planners asasepolicymakers and decision—-makers to work
collaboratively to put forward new approaches irdesigning and rearranging urban areas across many
spatial scales to achieve the required level ofasmbility, especially in relation to integratirits
environmental, economic, social, and cultural digiems (Bibri and Krogstie 2017a). The ultimate goal
revolves around developing more convincing and soloodels of sustainable urban form, which has
been one of the most significant intellectual aailes and research endeavors for more than two
decades (Bibri and Krogstie 2017a). As concludedl&lyareen (2006, p. 48), ‘neither academics nor
real-world cities have yet developed convincing eledf sustainable urban form and have not yet
gotten specific enough in terms of the componehtsuoh form.” One implication of this is that it$a
been difficult to evaluate whether and the extemtwhich the so-called sustainable urban forms
contribute to the goals of sustainable developmastyell as to translate sustainability into thdtbu
environment of sustainable cities, as well as tintam sustainability improvement (Bibri and Kroigst
2017a; Jabareen 2006; Neuman 2005; Karrholm 2011).

Whether in discourse, theory, or practice, thedssiusustainable urban forms has been problematic a
difficult to deal with, and research results temdbe uncertain, weak, limited, divergent, and not
conclusive, particularly when it comes to the citmittion of such forms to the goals of sustainable
development, i.e. the actual effects of the claimedefits of sustainability (Bibri and Krogstie 2@).
Indeed, although there appears to be in researclustainable urban forms (e.g. Jabareen 2006;
Hildebrand 1999a) and anthologies (Williams, Burtmmd Jenks 2000; Jenks and Dempsey 2005) a
consensus on topics of relevance to urban susthipaib is not evident which of these forms arere
sustainable and environmentally sound (Bibri andgstie 2017a). A critical review of existing models
of sustainable urban form as approaches addressailifferent spatial scales demonstrates a lack of
agreement about the most desirable urban formrinst@f the contribution to sustainability (see,.e.g
Harvey 2011; Tomita et al. 2003; Williams, Burtamdalenks 2000). Regardless, it is not an easyttask
‘judge whether or not a certain urban form is sustale’ (Karrholm 2011, p. 98). Even in practiceanmy
planning experts, landscape architects, and lamarmments are—in the quest to figure out whicthef
existing sustainable urban forms is the most susbde—qgrappling more specifically with the
dimensions of such forms by means of a range afrugtanning and design approaches (Jabareen 2006).
As to compact city, for instance, Williams, Burtand Jenks (1996) argue that the actual effectsapfym

of the claimed benefits of the compact city are ffam certain. As supported by Newman (2005),
evidence testing the compact city vis—a—vis suatality suggests that the relation between compgsstn
and sustainability can be negatively correlatedaklyerelated, or correlated in limited ways. Alsbe
correlation between mixed—land use and car trasedifficult either to confirm or to interpret
(Rutherford, McCormack and Wilkinson 1996). Additadly, empirical studies by Breheny (1992) and
Williams, Burton and Jenks (2000) are not conclisibout the link between higher densities and
reduced automobile trips. Growth in car ownersimg Business travel, as well as increasingly diggers
life patterns, have led to the inability of physidasign alone to reduce travel demands of eneigy—r
transport modes (Williams, Burton and Jenks 2000xll, as argued by Neuman (2005), advocates of
compact city remain on the same playing field withir counterparts in terms of the performanceoas t
achieving sustainability goals, and they have a@ted the level of the game; rather, they havertede
back to an old game.

The above arguments also clearly point to thealiffy and uncertainty surrounding the translation o
sustainability into the built form and thus its impement. In this regard, Neuman (2005) contends th
conceiving cities in terms of forms remains inadeguo achieve the goals ascribed to the compggt ci
or rather, accounting only for urban form stratedi® make cities more sustainable is counterproghict
Instead, conceiving cities in terms of ‘processoaicomes of urbanization’ holds great potential for
attaining the goals of sustainable developmenthiasnvolves asking the right question of ‘whetltes
processes of building cities and the processesivaigl consuming, and producing in cities are
sustainable,” which raises the level of, and magneshange, the game (Neuman 2005). In relation to
this, Townsend (2013) portrays urban growth and d€W¥elopment as a form of symbiosis. This entails a
mutually beneficial relationship between ICT andamization (Bibri and Krogstie 2017a). This proeess
driven perspective paves the way for a dynamic eptien of urban planning that reverses the focus on
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urban forms governed by static planning tools; tiofds more promise in attaining the elusive gdal o
urban sustainability (Neuman 2005). For similartical views concerning the eco—city and new
urbanism, the reader is directed to Bibri and Kiieg®2017a) and Neuman (2005), respectively.

However, the arguments discussed above providd vatisons to believe that their conclusions are in
accordance with the facts that it is timely andessary to develop and apply innovative solutioré an
sophisticated approaches to deal with the challefigristainability in the context of sustainableaur
forms. This would entail a blend of sciences, whHich of the new wave of computing is extremely well
placed to initiate in terms of addressing the caxpssues related to sustainable urban forms gigen
foundation on the application of complexity andadatiences to urban systems and problems (see, e.g.
Batty et al. 2012; Bibri and Krogstie 2016a, 2017ayay forward for smartening up sustainable urban
forms is to adopt the cutting—edge solutions beifigred by recent models of smart sustainableinity
terms of the underlying core enabling technologiesl their novel big data and context—aware
applications for sustainability (Bibri and Krogsf2616a, 2017a). Indeed, in light of the recent $mad
sustainable city development (e.g Al Nuaimi et28l15; Batty et al. 2012; Bibri and Krogstie 20163,
Kramers et al. 2014, Solanas et al. 2014), ICTtgwla have been leveraged in the advancement of man
aspects of urban sustainability. Smart solutionmlire ‘constellations of instruments encompassing
sensing technologies, big data analytics, contewar@ computing, cloud computing, and wireless
communication networks and their use within divemsean domains (e.g. transport, mobility, energy,
environment, planning, healthcare, education, afeky).’ (Bibri and Krogstie 2017a, p. 23).

More specifically, it has become highly relevantd@mportant in an increasingly technologized and
computerized urban society to amalgamate the desigoepts and typologies of sustainable urban forms
with smart methods for the purpose of substangatieir practicality with regard to their contribrt to
sustainability, as well as to integrate them withag solutions for the purpose of increasing their
contribution to sustainability, in addition to evating to what extent they contribute to sustailtsand
identifying their untapped potential for achievisigstainability (Bibri and Krogstie 2017a). Importam
note is that for many contemporary urban scholdmsorists, and planners, the design concepts and
typologies of sustainable urban forms (compact, @go—city, and new urbanism) are necessary to be
adopted and implemented to achieve sustainabitity. (Audirac and Shermyen 1994; Dumreicher,
Jabareen 2006; Joss 2011; Levine and Yanarella; 2@ese and McCormick 2000; Rapoport and
Verney 2011; WilliamsBurton and Jenks 2000)—irrespective of how smattily underlying urban
systems and domains can be operated, managedeglaand developed. Yet the role of ICT as an
enabling and constitutive technology lies in thdéossantial contribution it can make to not only
catalyzing and boosting the development proceséesisiainable urban forms, but also monitoring,
understanding, probing, assessing, and planning feums to strategically improve their contributitm
sustainability (Bibri and Krogstie 2017a, b).

The relevant gaps (see Table 1) in the researairding to a recent literature review conducted dyiB
and Krogstie (2017a) in relevance to this papduahethe following:

Relevant Research Gaps Pertaining to Sustainablerbhn Forms

There is no framework for merging the informatioaad physical landscapes of smart sustainable

urban forms.

« There is a need for approaches into applying si8drtas a constitutive technology to further
enhance the contribution of the typologies andgiesoncepts of sustainable urban forms to
sustainability.

« There is need for combining the typologies andgiesbncepts of sustainable urban forms with
smart methods to evaluate their practicality wéfard to their contribution to sustainability.

« Sustainable urban forms remain inadequately salalidesign and flexible in planning without
support of smart solutions and sophisticated ambresin response to urban changes.

» There is a lack of conception of sustainable uflbams in terms of processual outcomes of
urbanization, which is inextricably linked to smEziT.

« Sustainabl urbar forms fall shor in considerini severe urbar domain: where smar solution: car
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Relevant Research Gaps Pertaining to Sustainablerbhn Forms

have substantial contributions in relation to sustaility.

Table 1. Relevant research gaps pertaining toisastig urban forms

Table 2 highlights the relevant benefits of ICT &lvancing the contribution of sustainable urbam#o
to sustainability, according to Bibri and Krog<{#917a)

Relevant ICT benefits for Sustainable Urban Forms

« Smart and data—centric applications for enhandiegcontribution of the typologies and design
concepts of models of sustainable urban form tagteds of sustainable development.

» Sophisticated data—centric methods for evaluatmbsabstantiating the practicality of these

typologies and design concepts as to their corttdbuo these goals.

Advanced tools and methods for realizing a dynaroiwception of models of sustainable urban form

in terms of processual outcomes of urbanization.

Smart applications for integrating and enhancirdgaarsystems and facilitating collaboration among

urban domains in the context of models of sustaéatban form.

» Relating the typologies and design concepts of isaafesustainable urban form to their operational
functioning and planning through monitoring, anayshanagement, control, and optimization.

« New ways of understanding and addressing urbargrsband challenges.

Table 2. Relevant ICT benefits for sustainable nrileams

5. Design Concepts and Typologies of Sustainable hém Forms and Technologies and
Applications of Smart Sustainable Cities

The thematic analysis has identified three desigmcepts and four typologies along with significant
themes related to different aspects of sustaimgbili the context of sustainable urban forms. Is ha
moreover identified four technologies and two adassf their applications along with significant s
pertaining to different dimensions of sustainapiiit the context of smart sustainable cities. A bamof
themes are evident in current debates on both miesigcepts and typologies as well as technologids a
their applications as important strategies andagugres for achieving desirable sustainable urbansfo
and smart sustainable cities, respectively.

5.1. Typologies and Design Concepts of Models of Sainable Urban Form and Related Themes

To achieve sustainable urban forms requires supbldgies as compactness, density, diversity, and
mixed-land use, and such design concepts as sald@itmtansport, ecological design, and passive sola
design, supported by high standards of environrhamia urban management (Dumreicher, Levine and
Yanarella 2000; Jabareen 2006; WilligBsirton and Jenks 2000).
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5.1.1. Compactness

The notion of compactness of the built environn@ntirban space as a widely acceptable strategy for
achieving more sustainable urban forms entails thtatre urban development should be driven by
contiguity and connectivity in the sense of takpigce adjacent to existing urban structures (Jabare
2006; Wheeler 2002). Compactness emphasizes ‘geasfsihe built environment and intensification of
its activities, efficient land planning, diversedamixed—land uses, and efficient transportatioriesgs.’
(Jabareen 2006, p. 46). At the core of compactsdbe intensification of the built form, which iolves
using land use more efficiently by increasing tleagification in terms of development and activities
This intensification includes mainly development bt fully or less developed urban land and
redevelopment of previously developed sites, a$ agehdditions and extensions and conversions and
subdivisions (Jenks 2000). Indeed, the concepbofpactness also refers to the containment of furthe
sprawl when the concept is applied to existing eatihan new urban fabric (Hagan 2000). As major
themes evident in current debates on compactnesstiategy for achieving desirable urban forme, th
positive effects of sustainability include promatithe quality of life in terms of social interacti@and
accessibility to facilities and services, providimgilding densities for energy conservation, and
minimizing the number and length of trips by moaédransport (involving energy, materials, water,
products, and people) detrimental to the envirortmerterms of CO2 emissions, and protecting rural
land (e.g. Elkin, McLaren and Hillman 1991; McLar&992; Pratt and Larkham 1996; Williams, Burton
and Jenks 2000).

5.1.2. Density

As a critical typology of sustainable urban formensity denotes the ratio of dwelling units or diigs

and their inhabitants to land area. To make urbantfons or activities viable depends on the sigfficy

of generating the necessary interactions, whicbased on the number of people within a given area
(Jabareen 2006).In fact, sustainable cities aretatensity (Carl 2000) and dwelling type, whicheaff
sustainability through differences in the consuopf resources as well as land for housing andrurb
infrastructure (Walker and Rees 1997). As majomig® evident in current debates on density as a
strategy for achieving desirable urban forms, théred sustainability benefits involve saving eryey
slashing its consumption, achieving urban efficienminimizing automobile travel needs and thus
emissions, and providing accessibly to facilitiegg( Walker and Rees 1997; Newman and Kenworthy
1989; Jabareen 2006). Density relates to compactnethat high density and integrated land use, in
addition to conserving resources, provide for cortpess that encourages social interaction (Jabareen
2006).

5.1.3. Mixed—-land Use

Widely recognized among scholars and plannerstéomportant role in achieving sustainable urban
form, mixed—land use (heterogeneous zoning) sigmifne diversity and proximity of land uses in term
of functioning, such as institutional, infrastruetl) cultural, residential, commercial, and india$trThis

is to mainly decrease the travel needs and distdoeveen activities or functions due to the atbditst

and proximity of many services and facilities. #sjor themes evident in current debates on mixed—
land use as a strategy for achieving desirablenufbians, the positive effects of sustainabilitylirde
enhancing accessibility to services and facilitiesgucing automobile use for various purposes;
decreasing the travel distances between activéiespuraging cycling or walking, improving secutity
public spaces for disadvantaged groups; reducingadiution and traffic congestion, and stimulatitg
interaction of residents by increasing pedestniafiit, and decreasing vehicle trip generationgated
traveled time (e.g. Alberti 2000; Elkin, McLaremdaHillman 1991; Ewing, Haliyur, and Page 1994;
Jabareen 2006; Thorne and Filmer—Sankey 2003; Nawir8@7; Parker 1994; Uyen—Phan and Senior
2000; Van and Senior 2000).

5.1.4. Diversity
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Diversity is widely adopted by several planning maeches, such as new urbanism, sustainable
urbanism, and smart growth. Diversity of functi@msl typologies is essential to modern cities aed th
sustainability. Without diversity, the urban systdatlines as a living place (see Jacobs 1961).rfitye
has been a pervasive and persistent feature disabtlity debates and a powerful idea of redefinin
such debates (Taylor 1986; Neuman 2005). Overlgppiith mixed—land uses in urban planning,
diversity entails, in addition to a mixture and tiplicity of land uses, building densities, a véyi®f
housing types, housing for all income groups thtolgclusionary zoning, job—housing balances,
household sizes and structures, cultural diversitgl age groups (e.g., Jabareen 2006; Wheeler ,2002)
thereby epitomizing the socio—cultural contextha# urban form. Topographic and functional diversty
requisite for social and cultural mixture and imtggpn (Peterek 2012). As major themes evident in
current debates on diversity as a strategy foreaohj desirable urban forms, the corollaries of
sustainability are varied. Diversity reduces t@ffiongestion and air pollution (Wheeler 2002). In
‘diversified city areas, people still walk, an ady that is impractical in the suburbs and in mgety
areas. The more intensely various and close—graimedliversity in an area, the more walking. Even
people who come into a lively, diverse area fronsioie, whether by car or by public transportation,
walk when they get there’ (Jacobs 1961, p. 230)ndte, the developments around the public transit
node are supposed to promote diversity as a mukidsional phenomenon in terms of greater variety of
housing types, building densities, household sizelres, and incomes. An urban development withou
such features leads to ‘increased driving, congestind air pollution.(Wheeler 2002, p. 328). Wheeler
(2002) argues diverse building types and land asestoday key for vibrant, attractive, and popular
neighborhoods and districts, and concluded thahgadmas diminished the diversity of urban form. Bor
sustainable urban form, zoning should be discoutésee Breheny 1992h).

5.1.5. Sustainable Transport

It has been argued that transport is the majoridsu environmental debates relating to urban form
(Jenks, Burton and Williams 1996a). Sustainablesjartation is described by Jordan and Horan (1997,
p. 72) as ‘transportation services that reflectftiilesocial and environmental costs of their psion;
that respect carrying capacity; and that balaneengeds for mobility and safety with the needs for
access, environmental quality, and neighborhoaabllity.” Diminishing mobility and negative traffic
are at the core of sustainability (Clercq and B&it@003). Elkin, McLaren and Hillman (1991) contk
that sustainable urban form must be appropriatefficient public transport, walking, and cycling.
Among the major themes evident in current debatesustainable transportation as a strategy for
achieving sustainable urban forms, include opeagatimnsport at maximum efficiency, providing
favorable conditions for energy—efficient formstodnsport, reducing the need for mobility, proviglin
equitable accessibility to services and facilitieajting CO2 emissions and waste, promoting rertd@e/a
energy sources, decreasing travel needs and oustsjizing land use, achieving a healthy and détgra
guality of life in each generation, supporting hreint economy, and conserving energy in severabway
(e.g. Cervero 1998, 2003; Duncan and Hartman 18€86n, McLaren, and Hillman 1991; Jabareen
2006; Jordan and Horan 1997). Therefore, sustanaliban development policies should consider
measures to provide favorable conditions for enezfficient and environmentally friendly forms of
transport as well as to reduce the need for movea®gnbjectives that can be attained through lased u
planning (Jabareen 2006).

5.1.6. Greening—Ecological Design

Green urbanism or infrastructure is an importarsigie concept in sustainable urban planning. Green
space has the ability to contribute positively tgtainability agenda (Swanwick, Dunnett and Woolley

2003). In addition to making urban places attract@and pleasant (Nassauer 1997; Van der Ryn and
Cowan 1995), greening urban spaces renders them snstainable (Dumreicher, Levine and Yanarella
2000) by bringing nature into the life of citizethigough diverse open landscapes (Elkin, McLaren and
Hillman 1991). In addition to these contributiotisere are key themes evident in current debates on
greening urban spaces as a strategy for achievasgaible urban forms. These themes pertain to
sustainability benefits, including moderating urbeimate extremes, preserving and enhancing the
ecological diversity of the environment of urbanaqds, maintaining biodiversity through the

conservation and enhancement of the distinctivge-ai urban habitats, improving the urban image and
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the quality of life, enhancing health benefits, &arating the physical urban environment by redgcin
pollution, and increasing economic attractivenassrban areas (e.g. Beer, Delshammar and Schildwach
2003; Gilbert 1991; Jabareen 2006; Niemela 1999pB8agel, Horbert and Sukopp 1990; Ulrich 1999;
Von Plummer and Shewan 1992). Thus, it is cruciattportant for new approaches to urbanism to
incorporate more ecologically responsible formseattlement and living (Beatley 2000).

5.1.7.Passive Solar Design

Passive solar design is one of the key design pts@nd principles for achieving a sustainable mirba
form. It entails reducing the demand for energy #mel sustainable use of passive energy through
particular design measures (Jabareen 2006). Passilimg and heating through orientation is a usefu
method to maximize the use of renewable resouroes the site such as solar energy (Karolides 2002).
The greater environmental impacts and contextupli@ations of the building in relation to the saee

two criteria to look at by the designer, addingéarching for different alternatives to orient thélding
according to the sun path for passive solar gathdaylighting (Gordon 2005; Yeang 1997 ). Passive
solar design techniques can be applied to both aWdings as well as existing buildings through
retrofitting. By means of design, orientation, layoand landscaping solar gain and microclimatic
conditions can be used in an optimal way to mininitze need for buildingspace heating or cooling by
conventional energy sources (Owens 1992). The tatien of buildings and urban densities as a design
feature affects the form of the built environmehgmas 2003). The built form, coupled with the etre
widths and orientation, largely determine urbarfasss’ exposure to the sun (Jabareen 2006). How
energy systems and urban structures interact oetwal spatial scales, ranging from the regiondy;,
community, and neighborhood to the building (Owé&892). Orientation and clustering of buildings
determined by the settlement formation of a cifig@t the microclimatic conditions (Jabareen 2006).
Yannas (1998, cited in Jabareen 2006, p. 42) suipesaisome design parameters for achieving
environmentally sustainable urban forms and improwirban microclimatei(1) built form—density
and type, to influence airflow, view of sun and saégd exposed surface area; (2) street canyon—width
—to—height ratio and orientation, to influence mieng and cooling processes, thermal and visual
comfort conditions, and pollution dispersal; (3)lthmg design—to influence building heat gains and
losses, albedo and thermal capacity of externdises, and use of transitional spaces; (4) urban
materials and surfaces finish—to influence absomptheat storage, and emissivity; (5) vegetatiath an
bodies of water—to influence evaporative coolinggesses on building surfaces and/or in open spaces;
and (6) traffic—reduction, diversion, and reroutiogreduce air and noise pollution and heat digghar

In all sustainable urban design has a tremendotehi@ in reducing the environmental impacts & th
built environment, e.g. reduction of energy usagel it is associated with several other benefits.

5.2. Models of Sustainable Urban Form

According to Jabareen (2006), compact city emplkeasiensity, compactness, and mixed-land use; eco—
city focuses on ecological and cultural diversipgssive solar design, renewable resources, urban
greening, environmental management, and enviroratignsound policies; and new urbanism
emphasizes sustainable transportation, mixed—las] diversity, compactness, greening, and design
coding. Jabareen (2006) conceptually ranks the eotngty as the most sustainable, followed by the
eco—city, and then the new urbanism, with overpsng them in their concepts, ideas, and visions as
well as with some key differences and characteristinstructs. The effects of models of sustainable
urban form are compatible with the goals of susial® development. They involve transport provision,
travel behavior, mobility, accessibility, energyi@éncy, pollution reduction, economic viabilitife
guality, and social equity.

5.2.1. Compact City

The compact city was first proposed by Dantzing 8aaty (1973), whose vision was to enhance the
quality of life but not at the expense of the ngaheration—an idea that is in line with the pritegpof
sustainable development. The notion and developnwntcompact city were revived by the
popularization of sustainable development, and &idoecame a preferred response to the challenge of
sustainability since the early 1990s (e.g. Jenkk @mpsey 2005). Sustainable development provides
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the basis for the argument for the compact city IpAMtek 1996). The notion of compact city entails
‘many strategies that aim to create compactnessiansity that can avoid all the problems of mod#rni
design and cities. The popularization of sustamal@velopment has contributed to the promotioref t
urban compactness idea by enhancing the ecologigdl environmental justifications behind it.’
(Jabareen 2006, p. 46). As to combining compactaedsnixed—land use, it was around the mid—1990s
when research generally led to its advocacy (Jaba2806). For a sustainable urban form, mixed-land
use should be encouraged in cities (Breheny 19®4gentially, the compact city is a high—density,
mixed-use city, and without sprawl (Jenks, Burton &Villiams 1996a; Williams, Burton and Jenks
2000). It ideally secures socially beneficial, emmically viable, and environmentallysound
development through dense, diverse, and mixed asterps that rely on sustainable transportation
(Burton 2000, 2002; Dempsey 2010; Dempsey and J@W®; Jenks and Dempsey 2005). The
Commission of European Communities (1990) advocateg strongly the compact city, as it enhances
the quality of life and makes urban areas morerenmentally sustainable. In particular, the compact
city is more energy efficient and less pollutingdese its dwellers can live closer to shops andkaod

can walk, bike, or take transit. Therefore, it offéhe opportunity to reduce fuel consumption for
traveling because work and leisure facilities arelose proximity, reuse urban land, and to suplpcsil
facilities, in addition to protecting rural lancfn further development (Jabareen 2006). Heterogesneo
zoning enables compatible land uses to locatedsecproximity to one another and hence shorten the
travel distances between activities (Parker 198d)xddition to reducing the use of automobiles for
commuting, shopping, and leisure trips due to nesobation (Alberti 2000; Van and Senior 2000). In
other words, with many services and facilities beiithin a reasonable distance, people are encedrag
to cycle and walk. Newman (2000) found that the gact city is the most fuel—efficient of sustainable
urban forms, and concluded that urban form doesembéyond the urban air quality. In all, integngti
land use, transport, and environmental planning@rtant to minimize the need for travel and tode
promote efficient modes of transport (Sev 2009)adidition, population densities are adequate as to
supporting local services and businesses (WillidBoston and Jenks 2000). The compact city can, like
other sustainable urban forms, be implemented scrasous scales, including creating entirely new
settlements. To sum up, the model of compact Gty lbeen advocated for the following reasons: ‘First
compact cities are argued to be efficient for meurstainable modes of transport. Second, compaes cit
are seen as a sustainable use of land. By redspnagvl, land in the countryside is preserved and la
towns can be recycled for development. Third, iciaoterms, compactness and mixed uses are
associated with diversity, social cohesion, anducal development. Some also argue that it is an
equitable form because it offers good accessibifiurth, compact cities are argued to be econdiyica
viable because infrastructure, such as roads apdtdighting, can be provided cost—effectively pe
capita.” Neuman (2005) summarizes the charactesisti compact city, illustrated in Table 1.

Compact City Characteristics

1. High residential and employment densities
2. Mixture of land uses
3. Fine grain of land uses (proximity of varied sis@d small relative size of land parcels)
4. Increased social and economic interactions
5. Contiguous development (some parcels/structuessbe vacant or abandoned or surface parking)
6. Contained urban development, demarcated byléeljibits
7. Urban infrastructure, especially sewerage anemaains
8. Multimodal transportation
9. High degrees of accessibility: local/regional
10. High degrees of street connectivity (interndéenal), including sidewalks and bicycle lanes
11. High degree of impervious surface coverage
12. Low open—space ratio
13. Unitary control of planning of land developmemtclosely coordinated control
14. Sufficient government fiscal capacity to finangban facilities and infrastructure
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Table 3. Compact city characteristics
Source: Neuman (2005)

5.2.2. New Urbanism

The neotraditional planning is one of the modelswdtainable urban form that has resulted from the
endeavor of many scholars, planners, and architegtivated by sustainable development to seek forms
for human settlement and living that will meet tleguired level of sustainability and enable thdtbui
environment to function in a constructive way. Thisstainable urban planning strategy emphasizes
physical design qualities, and involves severalr@gghes (e.g. new urbanism, urban village, transit—
oriented development). Of these, the new urbanjgpnaach is the best known. It seeks to arrest #ner
city decline suburban sprawl and to develop ane@wveldp neighborhoods, districts, and cities, thgreb
advocating design—based strategies based on araalituirban forms or drawing on historical preceslent
for ways of having neighborhoods based on blendiifigrent combinations of housing types (Bohl
2000; Jabareen 2006). New urbanists believe tlatdbidential design features (e.g. narrower street
street trees, front porches, shallow setbacks pabtic open space) of new urbanism strengthen sesen
of community, satisfy residents, promote local walkand use, encourage pleasing neighborhood
contacts, while increasing residential densitiegobd the suburban norm (Leccese and McCormick
2000). Accordingly, new urbanism shares densityaakey typology of compact city in terms of
residential design, in addition to promoting divgrdy mixing housing types based on incomes and
household structures, thus reinforcing human piEsesnd interaction by taming the ubiquitous
automobile and providing for human contact in teeghborhood (Audirac and Shermyen 1994; Leccese
and McCormick 2000). It emphasizes other conceptsustainable urban form, including pedestrian
orientation and walkable villages as to transpod a mix of residential, commercial, and civic uasgo
mixed—land use.

However, some scholars argue that there is a gayebe the discourse of new urbanism and its pmectic
in real-life settings. In more detail, while desdeatures of new urbanism are claimed to entghéni
density, more compactness, and more walking (duaited—land use) than suburban places (Beasley
2000), their reality does not go hand in hand withir rhetorical aspirations, and particularly thei
densities often lack some ingredients (mixed—lase public transport, etc.) that could make thememo
sustainable (Jabareen 2006; Kreiger 1998). In lihés of thinking, Kreiger (1998) contends that new
urbanism projects provide a new legitimation of tal@nsity, peripherally located, home—dominated real
estate development, in addition to subdivisions lamghogeneous demographic enclaves. Also, Beatley
(2000) criticizes such projects for rarely promgtimore ecologically sustainable lifestyles or being
concerned with reducing ecological impacts. Theeféwvhat we need today are cities that reflect a
different new urbanism, a new urbanism that is @tially more ecological in design and functioning
and that has ecological limits at its core’ (BeatB000, p. 5). Furthermore, new urbanism ‘is by
necessity a fully planned and regulated environprfesrcely resistant to change and any deviatiomfr
the rigid rules that govern its form and functidut it is precisely this inflexibility, which is so
important in its struggle for completion as a depehent enterprise’ (Durack 2001, 64). This argument
sides with Neuman’s (2005) view regarding the statinception of urban forms and its disadvantages.
Indeed, Durack (2011) argues for open, indeterraimdinning due to its advantages, namely cultural
diversity; tolerance and value of topographic, ab@nd economic discontinuities; citizen partitiqa;

and continuous adaptation, which is common to huswtiements like all other living organisms and
systems.

5.2.3. Eco—city (and Green Urbanism)

The concept of eco—city is widely varied and difficto delineate. Joss (2010), who carried the most
comprehensive survey of eco—cities to date in 22098, acknowledges that the conceptual diversity
and plurality of projects and initiatives using therm makes it difficult to develop a meaningful
definition. Therefore, eco—city has taken on mamfirmtions in the literature. Richard Register, an
architect widely credited as the first to have edithe term defined eco—city as ‘an urban envirorate
system in which input (of resources) and outputwasbte) are minimized{Register 2002). Opting for
defining the term using three analytical categoress (2012) states that an eco—city must be ajgse|
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on substantial scale, occurring across multipleaos) and supported by policy processes. Rapopdrt a
Vernay (2011, p. 2) conceive of eco—city ‘as a wéypractically applying existing knowledge about
what makes a city sustainable to the planning agslgd of new and existing cities.” According to
Jabareen (2006, p. 47), eco—city as an umbrellaphet ‘encompasses a wide range of urban—ecological
proposals that aim to achieve urban sustainabillthese approaches propose a wide range of
environmental, social, and institutional policiésitt are directed to managing urban spaces to achiev
sustainability. This type promotes the ecologicgérada and emphasizes environmental management
through a set of institutional and policy toolg.his implies that realizing an eco—city requiresking
numerous decisions about urban form as to desigonegas, building design, sustainable technologies,
and governance (Rapoport and Vernay 2011). In wéthat, the link between the goals of sustainable
development and the urban design and planningvierdions is a subject of much debate (Bulkeley and
Betsill 2005; Williams 2009).

Several sets of criteria have been proposed tdifgevhat an ‘eco—city’is, entailing economic, social,
and environmental goals of sustainability. Accogdio Roseland (1997) and Harvey (2011), the ideal
‘eco—city’ is a city that fulfills the following set of reqeiments: operates on a self-contained, local
economy; maximizes efficiency of energy resourassbased on renewable energy production and
carbon—neutrality; has a well-designed urban eifolit and sustainable transport system (prioriizin
walking, cycling, and public transportation); cesata zero—waste system; support urban and local
farming; ensures affordable housing for diversecsaronomic and ethnic classes; raises awareness of
environmental and sustainability issues, decreamdsrial consumption; and, added by Graedel (2011),
is scalable and evolvable in design in respong®pulation growth and need changes. Based on these
characteristic features, it is noticeable that eitg-and green urbanism share several ideas arhsis
terms of the role of the city and positive urbanisnshaping more sustainable places, communities, a
lifestyles. Arguing for the need for new approachesurbanism to incorporate more ecologically
responsible forms of living and settlement, Bea{2900, pp. 6—8, cited in Jabareen 2006) viewsya ci
exemplifying green urbanism as one that ‘(1) stitelive within its ecological limits, (2) is dgsied to
function in ways analogous to nature, (3) strieachieve a circular rather than a linear metabmlig)
strives toward local and regional self—sufficien¢y) facilitates more sustainable lifestyles, agyl (
emphasizes a high quality of neighborhood and comiydife.” The eco—city approaches tend to
emphasize different aspects of sustainability, hamassive solar design, sustainable housing, grgen
and passive energy design, sustainable urban Jiging living machines (Jabareen 2006). Important to
note is that the eco—city is conceived as formtgsscoamorphous as to some typologies such astglensi
although it emphasizes passive solar and ecolodiesin (Jabareen 2006). Indeed, it is evidentdahat
specific urban form is of less focus in the ecaoxicthat is, the built environment of the city is
unimportant, unlike the compact city and new urbamwhich focus on the physical and design features;
rather, what counts most is how the city as a sdakmic is organized and managed. As supported by
Talen and Ellis (2002, p. 37) in this regard, ‘stcieconomic, and cultural variables are far more
important in determining the good city than anyichamf spatial arrangements.” Hence, the focushis o
the role of different environmental, social, ecoimrmstitutional, and land use policies in managihe

city to achieve sustainability (e.g. Jabareen 2@jncil of Europe 1993; European Commission 1994;
Robinson and Tinker 1998).

5.3. Technologies and Applications of Models of SmaSustainable City

To achieve smart sustainable cities entails a coation of ICT of various forms of pervasive
computing, i.e. UbiComp, Aml, the IoT, and SenCotaphnologies and their big data and context—
aware applications (Bibri and Krogstie 2016a, 0l 2a).

5.3.1. UbiComp, Aml, the 10T, and SenComp: Differenes, Commonalities, and Overlaps

The four identified technologies of models of snmesuistainable city have already been described in
Section 3. Here we focus on some differences aretlaps among these technologies. While the
concepts of UbiComp, Aml, the 10T, and SenComp temdesemble each other, not least as to the
underlying core enabling technologies (pervasivesisg, computing, data processing, and networking
systems and infrastructures), they do entail dstigference in terms of focus and orientatiomad as
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the nature and scope of the applications they .offee concept of Aml is similar to UbiComp in the
sense of intelligence being everywhere (e.g. B#fXi5a; Poslad 2009). Aml is seen as the direct
extension of UbiComp, as it adds the feature opadaness and responsiveness to the user’'s nedds an
behaviors (e.g. ISTAG 2003; Riva et al. 2003). Cared to UbiComp, Aml is concerned more with the
use of the technology by people than the technalsegif, i.e., Aml centers on users in their enmireent

and is user—pull oriented whereas UbiComp focusersext generation computing and is technology—
push oriented. As to the IoT compared to Aml, fdmus in ‘the 10T is on the use of the existingehmtet
structures to link devices and objects, a technofbdeature that is not a prerequisite in Aml’ i§Bi
2015b, p. 32). However, the IoT entails, like Armeénsors and actuators, smart things, and wireless
technologies. One implication of this is that th& kpplications can configure themselves in readip

or when exposed to, new environments, an inteltigishavior that can autonomously be triggered to
cope with potentially unforeseen situations (Vong#iong and Smanchat 2014). With embedded smart
sensors, smart things can ‘process informationf—cahfigure, self—-maintain, self-repair, make
independent decisions, or even play an active irolbeir own disposal’ (Vermesan and Friess 2013).
Objects are said to have Aml capabilities, whery theeract with the environment and act autonompusl|
(e.g. Bibri 2015a). The slightly different focusphed by the concept of SenComp in relation to Aied

in that it looks at the environment as the intezfaand this environment could represent spatidésaa
geographical locations. In this context, a commsa of sensing and computing devices is to build and
maintain a world model which allows various cortextare applications and environments to be
constructed and operate intelligently in relatiordiverse urban domains within neighborhoods, idistr

or cities. Notwithstanding there are demarcatioedi between Ubicomp, Aml, the 10T, SenComp, and
other related fields, ‘efforts emanating from all these fields modulate urban life and their efect
overlap and reinforce one another’ (Béhlen and E@&9, p. 1).

UbiComp, Aml, the IoT, and SenComp as technologgatadigms share the same core enabling
technologies underlying ICT of the new wave of caiig, namely sensing devices and networks,
intelligent components where processing and mogedccur, actuators for the systentsthavior or
application actions in the physical and virtual ldpand wireless communication networks that tle al
these devices, systems, and applications togeftheraim of the related platforms is to orchesteatd
coordinate the various computational entities & physical and virtual spaces into an open syshaitn t
helps people cope with or carry out their dailyhaibes within a wide variety of settings. Howevéhnere

are basically various permutations of the core kEmgbechnologies underlying UbiComp, Aml, the loT,
and SenComp, depending on the application domalntarromplexity and scale. This implies that there
exist a vast range of related architectures tregramlly aim to provide the appropriate infrastmue for
these technological landscapes (see, e.g. Bibh&0Bravo, Alaman and Riesgo 2006; Kyriazis et al.
2014; Shepard 2011). Lee et al. (2008) providesxample of the core enabling technologies undeglyin
UbiComp in relation to the application domain ofiquitous city. Applicable to all forms of pervasive
computing is the idea that many heterogeneous ctabjgu components are spread across diverse
networks which interconnect through middlewarepdl@omputing, or cloud middleware infrastructures
as part of vast architectures enabling data cadlecind capture, data mining and machine learning,
hybrid modeling and reasoning, intelligent decissopport, service provisioning, and applicationaanst
(e.g. Bibri 2015a; Bibri and Krogstie 2017b). Thésehnologies, tools, and techniques are in théegbn

of this paper associated with big data analytick @ntext—aware computing as a set of applicaioms
the associated urban intelligence functions andilsition models, among other things.

5.3.2. Demarcation Lines Between Applications of IT of the New Wave of Computing

In the context of sustainable urban forms, the deatin lines between Ubicomp, Aml, the loT, and
SenComp as computing fields and novel technolagpesern in large part the kinds of applicationg/the
offer in relation to the domain of urban sustaifiphi rather than the underlying core enabling
technologies and related computational and analyficocesses and mechanisms. Specifically, the
distinctions include the way in which the assodaipplications are used in connection with the rdiwe
urban domains in relevance to the different stiage@¢ypologies and design concepts) through which
sustainable urban forms can be achieved. This @wplhat combining these varied applications is
intended to provide significant opportunities tansform sustainable urban forms in terms of the
processes that operate and organize urban life @ tbuilt environment, infrastructure, administna,
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ecosystem services, and human services—urban sstimachieve the goals of sustainable
development. Efforts emanating from diverse comnmmufields ‘modulate urban life and their effects
overlap and reinforce one anothé@Bo6hlen and Frei 2009, p. 1). Hence, the idea aptog, integrating,
and coordinating UbiComp, Aml, the loT, and SenCamghnologies and their novel applications is
invaluable as to improving the contribution of siséble urban forms to sustainability as to
environmental, economic, and social dimensiongllirwith its varied, overlapping, and complementar
applications, ICT of the new wave of computing isjected to add a whole new dimension to urban
sustainability with regard to rendering the enviremtal, physical, human, and engineered systems of
sustainable urban forms evolve in a manner thaioie coordinated, efficient, and evolutional. Takdr
entails the gradual process in which existing m®dékustainable urban form change into more coxmple
and improved forms.

5.3.3.Applications of ICT of the New Wave of Computing

Significant opportunities exist for ICT of the nevave of computing—and hence big data analytics and
context—aware computing—in relation to transformihg sustainable urban model. This is because the
range of urban application areas that utilize UlbigpAml, the 10T, and SenComp in connection with
sustainability is potentially huge, as these tettgies usher in (big data) analytics and (contextsa)
computing in nearly all urban domains. Common urbpplication areas include healthcare and social
support, learning and education, public safety eid security, energy efficiency and management,
environmental monitoring and protection, transpefticiency and management, water and waste
management, mobility and accessibility, urban stfitzcture monitoring and management, medical and
health systems, natural ecosystems, traffic manageand street light control, strategic planning an
efficient design (Bibri and Krogstie 2017a). Folish of original references for these applicatiopas,

the interested reader can look into a study comdubly Bibri and Krogstie (2016a) for details. I al
there is a lot to achieve with the deployment angplementation of ICT of the new wave of
computing—as long as ICT development and innovai®ninked to the agenda of sustainable
development and investments in ICT are justified thg pursuit of overcoming the challenge of
sustainability in terms of exploiting the benefisd capabilities of big data analytics and contewire
computing mainly to advance models of smart suakdencity.

However, recent studies (e.g. Al Nuaimi et al. 20Bétty et al. 2012; Bibri and Krogstie 2016a, 2817
Bohlen and Frei 2009; Lee et al. 2008; Shepard 28hih 2009; Kyriazis et al. 2014) show that mdst o
the applications pertaining to ICT of various forofspervasive computing, which are based in refatio
to models of smart sustainable city on the notibaro amalgam of infrastructures and services to be
directed towards improving sustainability, arel stider investigation and development. This isrigki
place in parallel with the construction of UbiCordpnl, the 10T, and SenComp landscapes and spaces,
which is progressing on a hard-to—imagine scalesacmany spatial scales and spanning over diverse
urban domains. This has been enabled and boost#t lngcent advancements in several scientific and
technological areas within computing, notably cehtawareness, multi-sensor data fusion, hybrid
modeling and reasoning, machine learning, datangjncloud computing, middleware architecture,
wireless and mobile networks, and, more recenitydata analytics (Bibri and Krogstie 2016a).

5.3.4. Key Applications of Big Data Analytics and Gntext—Aware Computing

The two identified classes of applications of ICTtlee new wave of computing pertain to big data
analytics and context—aware computing. The coneggiategories have been defined and discussed in
Section 3. The main strength of big data lies mtigh influence it will have on many facets of ratd

of smart sustainable city (e.g. Al Nuaimi et al130Batty et al. 2012; Bibri and Krogstie 2016a, b,
2017a, b; Khan et al. 2015; Pantelis and Aija 20X3)ntext—aware computing constitutes a key
component of the infrastructures of models of snsastainable city (e.g. Bibri and Krogstie 2016b,
2017a; Kamberov 2015; Solanas et al. 2014) andrdfutities (e.g. Riva et al. 2008). Local city
governments are investing in advanced ICT to pewathnological infrastructures supporting Aml and
UbiComp, as well as to foster respect for the @mmental and social responsibility (e.g. Solanaa.et
2014). Hence, there are many opportunities to ecebier models of smart sustainable city thank$iéo t
use of big data and context—aware application® dbet role they will play in several important unba
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domains (e.g. Batty et al. 2012; Bibri and Krog&@46b, 2017a; Bohlen and Frei 2009; Shepard 2011;
Solanas et al. 2014). As noted by Bibri and Kreg$#016b, p. 1), ‘combining big data analytics and
context—aware computing could be leveraged in thvagcement of urban sustainability, as their effect
reinforce one another as to their efforts for tfamaing urban life in this direction by employingnch
merging data—centric and smart applications to mec#aharness, and integrate urban systems as svell a
facilitate collaboration and coupling among divergiban domains.” The basic idea is that the
opportunities for the deployment of the advancddtiems being offered by ICT of the new wave of
computing are tremendous in the context of urbatasability. Indeed, the applications associatétd w
big data analytics and context-aware computing @mpatible with the goals of sustainable
development. They include the following:

« Smart and data—centric transport and mobility (Bajty et al.2012; Bibri and Krogstie 2016b; Dlodlo
et al. 2012; Ghose et al. 2012; ISTAG 2003, 20G%: kt al. 2008; Ren et al. 2012; Riva et al. 2008;
Shang et al. 2014; Vongsingthong and Smanchat 2014)

« Smart and data—centric traffic lights and signalg.(Al Nuaimi et al. 2015; ISTAG 2003);

« Smart and data—centric energy (e.g. Al Nuaimi e@15; Batty et al. 2012; Ersue et al. 2014; ISTAG
2003; Parello et al. 2014);

« Smart and data—centric grid (eAd.Nuaimi et al. 2015; Ersue et al. 2014; ISTAG 80Mohamed and
Al-Jaroodi 2014; Parello et al. 2014; Yin et &13);

« Smart and data—centric environment (e.g. ISTAG 2008t al. 2011; Zheng, Liu and Hsieh 2013);
« Smart and data—centric buildings (e.g. Bibri anddstie 2016a, b; ISTAG 2008);
« Smart and data—centric public safety and civil sec(ISTAG 2003; Shepard 2011);

« Smart and data—centric planning and design (e.tfy Baal. 2012; Bibri and Krogstie 2016a; Nielsen
2011; Shahrokni et al. 2015);

« Smart and data—centric healthcare (Bibri 2015barsxd et al. 2014; Vongsingthong and Smanchat
2014; Zheng et al. 2014b; Zheng, Liu and Hsun—Rb13); and

« Smart and data—centric education (e.g. Al NuainaleR015; Bibri and Krogstie 2016a; ISTAG 2003;
Lee et al. 2008).

Important to note is that smartness in this coniextirected for the improvement of sustainabiliys
noted by Bibri and Krogstie (2017a, p. 34) in tlmmtext of sustainable urban forms, ‘emerging and
future ICT as a set of enabling and constitutivht®logies...can make substantial contributions—not
only in terms of catalyzing and boosting the susthile development processes of sustainable urban
forms, but also in terms of planning such formsténms of their functioning, management, and
development in ways that continuously evaluatefanecast their contribution to sustainability ahdg
strategically advance it.’

5.3.5. The Link between UbiComp, Aml, the IoT, andSenComp and Big Data Analytics and
Context-Aware Computing

Big data trends are mainly associated with theté&whnology (e.g. Bibri and Krogstie 2017a; Battyalet
2012; Vongsingthong and Smanchat 2014) and codtgxat trends with Aml and SenComp (in addition
to UbiComp) technologies (e.g. Bibri and Krogsti¥ 2a; Bohlen and Frei 2009; Shepard 2011; Solanas
et al. 2014), with some overlaps among both themeds as well as technologies. Of importance to
underscore is that the 10T is a form of UbiComp] &ml and SenComp are two ICT visions that imply
a slightly different focus in terms of the conceptcontext as to its elements (e.g. Bibri and Ktiggs
2016a). Indeed, UbiComp and the loT tend to de#h wiore physical objects and thus involve more
sensors than Aml and SenComp due to the scaleeaf ubiquity, and hence the volume of the data
generated is huge and the processes and infrasgaanvolved in handling these data are complex.
Moreover, UbiComp and the 10T involve complex sensdérastructures and networks for the objects
involved are numerous and boundless (Bibri and &liegz017a). However, in the near future, the core
enabling technologies of these disruptive techrieggwhich involve big data analytics and context—
aware computing and what these entail in terms igitadl sensing technologies, cloud computing
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infrastructures, middleware architectures, and lesi® communication networks, will be the dominant
mode of monitoring, understanding, analyzing, assgs operating, organizing, and planning smart
sustainable and smarter cities to improve theitrdaution to the goals of sustainable development.

5.4. Models of Smart Sustainable City

Models of smart sustainable city represent thendeficontext of ICT of the new wave of computing fo
urban sustainability as a techno—urban discourg®i(8nd Krogstie 2016a). The main technologies and
applications identified in relation to these modalee associated with the goals of sustainable
development. The urban domains concerned in thgarde include transport, traffic, mobility,
accessibility, energy, environment, economy, goamce, life quality, equity, participation, healthea
education, safety, planning, and design (Bibri Enagstie 2017b).

5.4.1. Smart Sustainable Cities

Smart sustainable cities as a new techno—urbanopieton have emerged around the mid—-2010s (e.g.
Al-Nasrawi, Adams and El-Zaart 2015; Bibri and Kstig 2016a, b; HOjer and Wangel 2015; Kramers,
Wangel and Hdjer 2016; Rivera, Ericsson and Wag@édh) as a result of several intertwined global
shifts involving urbanization, sustainable develepin sustainability, sustainable cities, smartesiti
urban computing and ICT. The tersmart sustainable city’, although not always esifly discussed, ‘is
used to denote a city that is supported by a peegsesence and massive use of advanced ICT, which
in connection with various urban domains and systamd how these intricately interrelate, enables
cities to become more sustainable and to provitieeos with a better quality of life.[Bibri and
Krogstie 2017a, p. 14). Here advanced ICT is aasediwith ICT of various forms of pervasive
computing, as we will elucidate in the next pargbraFurther, ITU (2014) provides a comprehensive
definition based on analyzing around 120 defingiola smart sustainable city is an innovative tigt
uses...ICTs and other means to improve quality ef fficiency of urban operation and services, and
competitiveness, while ensuring that it meets theds of present and future generations with regpect
economic, social and environmental aspects.” Anadleénition put forth by Hojer and Wangel (2015, p
10), which is deductively crafted and based ondbecept of sustainable development, states that ‘a
smart sustainable city is a city that meets thalaed its present inhabitants without compromigimg
ability for other people or future generations teantheir needs, and thus, does not exceed local or
planetary environmental limitations, and where ftsisupported by ICT.This entails unlocking and
exploiting the potential of ICT of the new wave afmputing, which is conceptualized as an enabling,
integrative, and constitutive technology and tregarded as a powerful driver for environmentaljapc
and economic development due to its transformattieffects in relation to urban sustainability.

As ICT permeates infrastructures, architectural arghn designs, ecosystem services, human services,
and citizens’objects, we can speak of cities getting smartdo agldressing environmental, social, and
economic problems as well as providing servicesitteens to improve the quality of their life (Batkt

al. 2012; Bibri and Krogstie 2016a, 2017a; Piroakt2014; Shepard 2011; Townsend 2013). The
increasing convergence of urban ICT of various ®wh computing is increasingly seen as a way to
capture further and invigorate the application deentor the diverse solutions for urban sustainghbili
that emerging and future ICT can offer. The abitifycomputerizing all the systems and domains of
cities to improve sustainability constitutes anid¢ation of the reach of the gravitational field IQfT of

the new wave of computing’s effort to develop inaitive solutions and sophisticated approaches from
the ground up for smart sustainable cities of tiiire (Bibri and Krogstie 2016a). Therefore, the
potential of monitoring, understanding, probingd aotanning cities through advanced ICT can well be
leveraged in the improvement of sustainable urbeweldpment (Bibri and Krogstie 2016a, 2017a).
Indeed, smart cities (e.g. Al Nuaimi et al. 2015t et al. 2012) and sustainable cities (e.g. iEihd
Krogstie 2016a; Kramers et al. 2014; Shahroknil.e2@l5) that are engaging on the new transition in
ICT are getting smarter in achieving the requireel of sustainability. In becoming complex systems
par excellence, smart sustainable cities rely nmaté more on sophisticated technologies and their
applications to realize their potential for respiogdo the challenge of sustainability. The mosvaitent

of these technologies and their applications, whiehprerequisite for realizing ICT of the new waie
computing, are UbiComp, Aml, the loT, and SenComg eelated big data analytics and context—aware
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computing in relation to the domain of smart suthle urban development (e.g. Al Nuaimi et al. 2015
Batty et al. 2012; Bibri and Krogstie 2016a, 201Béahlen and Frei 2009; Shepard 2011; Solanas et al.
2014). Big data analytics and context—aware compuais rapidly growing areas of ICT are becoming
important to the functioning, planning, and devebgmt of smart sustainable cities (Bibri and Kragsti
2016b). Therefore, the expansion of these compugipgroaches are increasingly stimulating the
development of other models of smart sustainaltyeas urban initiatives and projects, such as smart
cities and smart cities incorporating sustainapilit

5.4.2. Smarter Cities

Like smart sustainable cities, the concept of senanities is built upon the core characteristiddess of

the prevalent ICT visions in terms of the ubiqufycomputing in urban systems, massive use of ICT i
urban domains, and its numerous benefits and apptes for urbanites and other urban entities.
Accordingly, the conceptualization of smarter @tis associated with the ever—growing and deep
embeddedness of advanced ICT into the very fabfricootemporary cities in terms of operations,
functions, designs, and services. It indeed difféages smarter cities as emerging and futurescitiem

the conceptualizations of early faces of smaresitiAccording to Su, Li and Fu (2011), a smart city
mainly focuses on embedding the next—generatidC®finto every conceivable object or all walks of
life, including roads, railways, bridges, tunnelgater systems, buildings, appliances, hospitalg, an
power grids, in every corner of the world, and ¢usng the 10T. Townsend (2013, p. 15) defines a
smart city as an urban environment where ICT ‘isloimed with infrastructure, architecture, everyday
objects, and even our own bodies to address s@dahomic and environmental problemBito et al.
(2014, p. 169) describe it ‘as an urban environmrith, supported by pervasive ICT systems, is able
to offer advanced and innovative services to aiszim order to improve the overall quality of thifie.’
Chourabi et al. (2012) conceive of a smart cityaaity which strives to become smarter in the sais
making itself more efficient, livable, equitablendasustainable. Here the wotsmarter’ implies the use

of advanced ICT in order to improve efficiency, tairgability, equity, and the quality of life. This in

line with what constitutes smart cities of the fetaccording to Batty et al. (2012). The basic idethat
future smart cities have greater potential thasteyg smart cities for advancing their contributtorthe
goals of sustainable development. This is due & dilwrent capabilities as well as the prospective
advancements pertaining to big data analytics antegt—aware computing as advanced forms of ICT,
in addition to their increasing amalgamation inieas urban domains and systems in terms of the
underlying core enabling technologies, namely sedswices, computing infrastructures, data proogssi
platforms, and wireless communication networks. (&ldNuaimi et al. 2015; Batty et al. 2012; Bibrich
Krogstie 2016b; Bohlen and Frei 2009; DeRen, Jiarahd Yuan 2015; Kamberov 2015; Khan, Anjum
and Kiani 2014; Khan et al. 2015; Shepard 2011a%8 et al. 2014). In all, a smarter city can be
described as a city where advanced ICT is combwméhl physical, infrastructural, architectural,
operational, functional, and ecological systemssgmany spatial scales, as well as with urbampign
approaches, with the aim of improving efficiencystainability, equity, and livability. Smarter e
entail that diverse big data and context-aware iGgdpns operating across cloud computing
infrastructures can monitor what is happening ibhaar environments (in terms of situations, events,
activities, processes, behaviors, locations, sggatiporal settings, environmental states, socio-eaoim
patterns, and so on) and process, analyze, intexgsaalize, and react to the outcome throughsieai
support systems and strategies at varying ways-theelation to smart energy, smart grid, smaneest
and traffic lights, smart transport, smart mobijlisynart healthcare, smart education, smart safetgyt
planning, smart governance, or smart buildings—sscroany spatial scales (Bibri and Krogstie 2016Db).
Here, smartness should primarily be directed towachieving the goals of sustainable development
rather than the efficiency of smart solutions areldadvancement of technology.

5.4.3. Smart Cities Incorporating Sustainability

In essence, there are two mainstream approachesda city: (1) the technology and ICT—oriented
approach and (2) the people—oriented approach Bige and Krogstie 2017a for an overview).
Specifically, there are smart city strategies whicbhus on the efficiency and advancement of hard
infrastructure and technology (transport, energymmunication, waste, water, etc.) through ICT, and
strategies which emphasize the soft infrastrucame people, i.e. social and human capital in tesims
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knowledge, participation, equity, safety, and sahf@Angelidou 2014). Also, the smart city has many
faces that tend to vary on the basis of such aspecthe way ICT is applied, the digital means hictv

it is coordinated and integrated, the extensivepésts use, and the degree of its pervasivendsssd
faces include virtual cities, cyber cities, digitties, networked cities, intelligent cities, krledge
cities, real-time cities, energy—efficient citiegnongst many other nomenclatures, as well as hybrid
cities which combine two or more of these name$r{Bind Krogstie 2017a). While some smatrt cities
have the tendency to explicitly incorporate thelgad sustainability, ICT is sometimes used in othe
smart cities without making any contribution to tairsability (Bibri and Krogstie 2017a). The focus i
this paper is on the smart city definitions thaiddo integrate the concept of sustainability. Hese
definitions, the emphasis is on the role of humad aocial capital as well as new technologies in
improving economic, social, and environmental doatzility in smart cities (e.g., Batty et al. 2012;
Giffinger et al. 2007; Nam and Pardo 2011; Neirettal. 2014; Toppeta 2010). It is important toenot
that the early smart cities incorporating the gadlsustainable development are not associated|@ith

of any patrticular form of pervasive computing. Thend to focus on specific technologies and their
potentials and opportunities in terms of bringirdyanced solutions for diverse complex problems
related to certain urban domains as well as fourmber of online and mobile services to citizens to
improve the quality of their life (Bibri and Krogst2017a). In short, while ICT progress is rapid an
manifold, it seems to happen ad hoc in the corikftie smart cities integrating sustainability whnew
technologies and their applications become ava&labhther than grounded in a theoretically and
practically focused form of pervasive computinge(&bri and Krogstie 2017a). In more recent years,
however, such cities (e.g.Al Nuaimi et al. 2015taBas et al. 2014) have started to include theaod
Aml technologies and their big data and context+awapplications as a way to contribute to
sustainability.

However, a smart city incorporating sustainabifignotes an urban innovation founded on ICT thasaim
at harnessing physical and social infrastructusesell as natural and knowledge resources for eaoano
regeneration, environmental efficiency, and pulhd social service enhancement in line with thdsgoa
of sustainable development. One of the most citefihitions in this regard is the one advanced by
Caragliu, Del Bo and Nijkamp (2009, p. 6), whichtss that a city is smart ‘when investments in huma
and social capital and traditional (transport) anddern (ICT) communication infrastructure fuel
sustainable economic growth and a high qualityifef with a wise management of natural resources,
through participatory governance.” This definitié;n based on a model that has been used as a
classification system—developed through six distidémensions, namely smart mobility, smart
environment, smart living, smart people, smart ecoyy and smart governance—against which smart
cities can be gauged or evaluated in terms of tt@ielopment in the direction of smartness. Thisl@ho

is said to represent a broad understanding by whettails in terms of the complementary nature of
these dimensions. Though it doesn’t provide a fization of these dimensions as to their contiidrut

to sustainability, nor does it specify how they @aid to urban development and planning practice in
terms of sustainability. Nevertheless, this meamhgmart city is seen as a strategic devise thligigt

the growing role and potential of ICT in enablingdacatalyzing sustainable urban development
processes. Indeed, it goes beyond technologicaktments and advancements to include environmental,
social, and economic developments with sustairighiti mind. In extending this definition, Pérez—
Martinez et al. (2013, cited in Ahvenniemi et @12) describe smart cities as ‘cities strongly fibech

on ICT that invest in human and social capitainpriove the quality of life of their citizens by fesng
economic growth, participatory governance, wise agg@ment of resources, sustainability, and efficient
mobility, whilst they guarantee the privacy andws#yg of the citizens.” In a similar vein, Batty al.
(2012, p. 481-482) conceive of smart cities ase<itin which ICT is merged with traditional
infrastructures, coordinated and integrated usiew wligital technologies’, and wheréntelligence
functions...are able to integrate and synthesize. auirlolata to some purpose, ways of improving the
efficiency, equity, sustainability, and quality lifie in cities.” In all, smart cities have endea@drin
recent years to amalgamate advanced technologiethein applications with urban planning approaches
to come up with innovative and smart solutions t@ttribute to improving livability and enhancing
sustainability (see Bibri and Krogstie 2017a). Smaitiatives have recently been used to promote
environmental sustainability (e.g. Kramers et a@14£ Neirotti et al. 2014), which implies that
sustainability has not been an integral part offedldefinitions of smart city.
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6. Merging Technologies and Applications of Modelsf Smart Sustainable City With Typologies
and Design Concepts of Models of Sustainable Urbdform to Improve Urban Sustainability

The shaping role and influence of ICT of the newevaf computing—considering its constitutive nature
and transformative impact—will grow even more imimporary cities, as the underlying technologies,
infrastructures, and applications become more iealiy mature, financially affordable, and widely
deployed in response to the increasing demand rosinusustainability solutions. Related innovative
opportunities cannot be foreseen until UbiComp, Athé 10T, and SenComp technologies reach and
permeate several spatial scales of sustainablen ddoms. Here the focus is on the sustainable virmys
which all the systems and domains of such formgcately interrelate, coordinate, and evolve. Irjee
such technologies are ushering in automation araligence in nearly all the systems and domains of
sustainable cities (e.g. Bibri and Krogstie 2018@17a), thereby finding applications in virtuallif a
spheres of urban sustainability. Combined, theylmaatilized in such diverse urban domains as gnerg
environment, transport, mobility, healthcare, edioca public safety, design, planning, economic
forecasting, but to name a few. That is to say,rtimge of urban sustainability applications that ca
utilize such technologies is potentially vast. ®fere, there are significant opportunities for Utingp,
Aml, the IoT, and SenComp in relation to improvisgstainable urban forms in terms of their
contribution to the goals of sustainable developmen

It is worth noting that the aforementioned big data context—aware applications enabled by IChef t
new wave of computing are well associated with, emdn exceed, what the typologies and design
concepts of sustainable urban forms are intendedctoeve in terms of sustainability effects and
benefits. In other words, the impact of big data aontext—aware applications involves most of the
major themes in debates on compactness, densxgdrand use, diversity, sustainable transportation
passive solar design, and greening (ecologicabdgsis important strategies through which sustéénab
urban forms can be achieved. Of importance to wodee is that these themes are distilled based on
several studies carried out over the past 25 y@ase within the area of sustainable urban planning

By linking these themes to the effects of big data context—aware applications on sustainability, i
becomes evident that there is tremendous poteatialdvance the contribution of sustainable urban
forms to the goals of sustainable development—wsitpport of ICT of the new wave of computing.
Indeed, the opportunities for the development oarsreustainable urban forms will be enormous: not
only in terms of catalyzing and boosting the presessof sustainable urban forms for achieving the
required level of sustainability—but also in termfsmonitoring, understanding, probing, and planning
such forms in ways that strategically evaluate @ptiimize their contribution to sustainability (Bitamd
Krogstie 2017a). The latter involves combining themplexity and data sciences upon which the
application of ICT of the new wave of computingfeainded to analyze and interpret the potentially
emergent factors that might affect (hinder) the aadement of this contribution, and then relevant
solutions can be devised and applied to overcomenpal bottlenecks and face unpredictable changes
(discussed in more detail below).

The proposed matrix (see Table 3) illustrates ¢tetionship between the major themes pertainirtheo
typologies and design concepts of sustainable ufoams and the big data and context—aware
applications enabled by UbiComp, Aml, the IoT, @®hComp, which smart sustainable cities rely on
the fulfilment of the associated ICT visions. Ttheemes are the criteria of the proposed matrix. An
option of big data application (BDA), context—awapplication (CAA), or both (BDCAA) is assigned to
each cell of the matrix to express the link betweanh form of pervasive computing (i.e. UbiComp,
Aml, the 10T, and SenComp) and each theme assdciaih typologies and design concepts. Both
themes and applications are the outcome of theraatitysis. As Table 3 shows, one theme may involve
four technologies. The rationale is that the appion areas of these technologies differ or oveitap
terms of how they relate to that theme or contgliotvarious aspects of it. Regardless, this variadr
overlay serves the same purpose in terms of sasiity effects. Accordingly, one big data or coxtte
aware application may offer different solutions casated with one theme. In addition, big data and
context—aware applications tend to appear acrdfsetit typologies and design concepts. The rakona
is that either one of these two applications relatea given urban domain (or subdomain), which may
entail different typologies and/or design conceptiding to the fact that each class of applicatisns
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associated with various urban domains and subdemgor example, for increasing urban sustainability
by combining traditional and modern architecturenlAbased networks and information processing
platforms (using context—aware applications) cdntraffic, energy, environment, waste, and water
(Bohlen and Frei 2009)—several cities (e.g. MasBamgtan, and Hammarby Sjostad) implementing
new technologies are seen as idyllic ‘ecologichltsmns’ (Rapoport and Vernay 2011).

The use of big data analytics and context—awarepating in conjunction with urban typology and
design will play a significant role in realizingettkey aspects of the improvement of the contriloutib
sustainable urban forms to sustainability. Thisriompment relates to diverse areas of urban planning
including environmental planning, transportatiommpling, land—use planning, landscape architecture,
policy recommendations, administration, and urbasigh, in addition to various aspects of urban
operational functioning, such as natural resoureceanagement, infrastructures and facilities
management, and public and social services praowigio As to strategic thinking and research and
analysis as additional areas of urban planning; #ine at the core of the other use of big dataying]

as we will elucidate in the next section.

The smart sustainable urban form matrix in Tabf@avides insights into how sustainable urban forms
can improve their contribution to sustainabilitythwisupport of ICT of the new wave of computing.
Significantly, this is a tentative merger of théormational landscape of smart sustainable citiestae
physical landscape of sustainable urban forms basethe literature review and not on empirical
findings or field work. Important to note is théetfield of smart sustainable urban forms is invisy
early stages (Bibri and Krogstie 2017b), so tothésfield of smart sustainable cities (Bibri ancdbistie
2017a). This is indeed a new techno—urban phenomenw thus the term only became widespread
during the mid—2010s (e.g. Al-Nasrawi, Adams andZahrt 2015; Bibri and Krogstie 2016a, 2017a;
Hoéjer and Wangel 2015; Kramers, Wangel and Hojer62®Rivera, Ericsson and Wangel 2015). This
implies that there are no concrete case studiesvestigate or explore, nor is there a fair amooint
scholarly research done with respect to smart stk cities and urban forms. In particular, halg
has been conducted on the topic of smartening sfaisable urban forms—according to a recent
literature review carried out by Bibri and Krogst#917a). Evidently, however, the matrix can bénesf

or enhanced as more evidence (e.g. empirical fyglicomes to light with regard to how the existing
themes and new (classes of) applications may stigpocomplete each other to demonstrate the
improvement of urban sustainability through smassné his is anchored in the underlying assumption
that many new technological solutions for urbastanability will materialize in the future as asudt of

the global call for linking ICT innovation with thegenda of sustainable development, thereby jusgify
ICT investments by environmental concerns and s@gionomic needs.

Although this paper does not offer hard data tesiliate the integration of the typologies and desig
concepts of sustainable urban forms with the big dad context—aware applications pertaining torsma
sustainable cities, it proposes a smart sustainabkn form matrix that aims to aid researchetsplses,
practitioners, and other groups involved in thédfief sustainable urban planning in understandimdy a
analyzing how the contribution of sustainable urftams to sustainability can be improved basedhen t
merger of UbiComp, Aml, the 10T, and SenComp tedbgies in an increasingly technologized and
computerized urban society, as such technologielvewver time and become widely deployed across
urban environments.

Typologies and Design Concepts (Themes)

Energy savings BDCAA CAA BDA CAA
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Accessibility to services and facilities BDCAA CAA BDA CAA
Emissions reduction BDCAA CAA BDA CAA
Quality of life (social interaction) CAA CAA

Energy conservation BDCAA CAA BDA CAA
Air pollution reduction BDCAA CAA BDA CAA
Transport and travel reduction BDCAA CAA BDA CAA
Social interaction CAA CAA

Traffic congestion and air pollution reduction BDCAA CAA BDA CAA
Public safety BDCAA CAA BDA CAA
Traffic congestion and air pollution reduction BDCAA CAA BDA CAA
Social and cultural integration CAA CAA

Transport operation and energy efficiency BDCAA CAA BDA CAA
Mobility and accessibility need balancing BDCAA CAA BDA

Emissions and waste reduction BDCAA CAA BDA CAA
Travel costs reduction CAA CAA

Vibrant economy and desirable quality of life BDCAA CAA BDA

Air pollution reduction BDCAA CAA BDA CAA
Health benefits BDCAA CAA BDA

Urban image and economic attractiveness BDCAA CAA BDA CAA
Reducing the demand for energy BDCAA CAA BDA CAA
Influencing heating and cooling processes CAA CAA CAA
Influencing building heat gains and losses CAA CAA CAA
Traffic and air and noise pollution reduction BDCAA CAA BDA CAA

Density UbiComp Ami loT SenComp

Compactness Mixed—land UseDiversitySustainable TraaportGreening Passive Solar Design

Table 4. Smart sustainable urban form matrix: Inajprg the contribution of sustainable urban forms to

sustainability.

7. Evaluation of the Contribution of Sustainable Uban Forms to Sustainability
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7.1. The Untapped Potential of Big Data Analyticsrad Simulation Models

ICT of the new wave of computing can provide unfialed (data—driven) methods that enable to
understand and analyze the nature of complex upgi@mnomena and dynamics in the context of
sustainable urban forms. This is invaluable forl@atng, forecasting, and thus planning the futofe
such forms, in particular in relation to sustainitigeir contribution to the goals of sustainable
development. In view of that, in addition to itsykeole in significantly improving this contribution
through novel applications, big data analytics holgteat potential to assess the extent of this
contribution by substantiating the practicality thfe different typologies and design concepts of
sustainable urban forms, as well as to build adedrstmulation models necessary for gaining predicti
insights into the progressive and shifting patteshshis contribution that can aid in making stoate
decisions and forecasting future problems. Urbah, & a by—product of its normal operation—on the
basis of big data analytics and simulation modetswahat they entail in terms of pervasive sensiiada
processing, cloud computing, and wireless and raafétworking, allow for collecting and integrating
massive repositories of spatiotemporal data pén@ito urban structures, organizations, and foiBugh
repositories can be utilized for monitoring, undemsling, analyzing, and planning sustainable urban
forms in ways that strategically evaluate and enéaheir contribution to sustainability, among othe
things. Especially, the issue of the evaluatiorsuwéh forms has been, and continues to be, oneeof th
most significant research challenges in the redlsustainable urban forms, to itera@nsequently, big
data movement is gaining increased momentum antbwidle attention in the urban domain. This is
being fueled and boosted by the intensive R&D witl@T of the new wave of computing in academic
circles as well as in the industry, with huge exatians for further innovations or breakthroughsates

to big data analysis and management practices hsasveelated intelligence functions and simulation
models. The rationale for this pursuit is the uhdeg benefits of the striking analytical power loify
data in relation to the different dimensions of shistainability of cities, among other things.

7.2. Big Data Analytics as An Alternative to Traditonal Data Collection and Analysis Methods for
Investigating Sustainable Urban Forms

In addition to its uses in all urban domains amsteays of sustainable urban forms, big data analgan
accelerate and improve how data can be collectedepsed, analyzed, modeled, and simulated in the
research domain of urban sustainability, especiallselation to evaluating whether and to what ekte
sustainable urban forms contribute to the goalsustainable development and what can be done to
strategically enhance this contribution. As an ralitive to traditional data collection and analysis
methods, which have been used for over two dedad&sidy sustainable urban forms, big data analytic
driven by the IoT is changing the whole researatagigm, shifting from collecting data manually and
examining and reflecting on these data to relyimgamlvanced analytics, in addition to modeling,
simulation, and prediction. With that in mind, digman mobility data can, for example, ‘be used to
overcome the limits of surveys, namely their higsstc infrequent periodicity, quick obsolescence,
incompleteness, and inaccurac{Batty et al. 2012, p. 489), as well as the com#saand biases
associated with case studies and participatorynanetparticipatory endeavors. These issues hawtn f
for long affected the robustness and reliabilityesfearch results (findings, generalizations, ibspetc.)
within the field of urban sustainability or sustihe urban planning, which have in turn impacted on
urban practices in terms of the application of phieciples and methods of sustainability in theamb
domain. Many studies (e.g. Breheny 1992a; Cerverb Kockelman 1997; Cheng et al. 2013; Gibbs,
Longhurst and Braithwaite 1998; Karrholm M. 201&bdreen 2006; Neuman 2005; Williams, Burton
and Jenks 2000) investigating, or referring to otksearch work carried out on, the correlatiorieen
travel behavior, walking, cycling, car driving, anther determinants of environmental performanoe, o
the one hand, and density, compactness, divemityed—land use, and other design concepts through
which sustainable urban forms can be achievedherother hand, point implicitly or explicitly toeh
disadvantages of the traditional data collectiod analysis methods in terms of how they negatively
affect the value of the obtained research restliliese studies tend to generate non—conclusive,,weak
limited, unreliable, conflicting, or uncertain fimgjs.

7.3. The Role of Big Mobility Data in Evaluating tre Environmental and Socio—Economic
Performances of Sustainable Urban Forms.
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Evaluating and forecasting the built form (buildingtreets, residential and commercial areas, @ulld green
infrastructure, neighborhoods, districts, etc.xities are at the core of urban planning and dedigis pertains in
this context to the typologies and design concepsustainable urban forms as set of organizedidioated, and
standardized physical arrangements and spatiahations, as well as to their strategic contidruto the goals
of sustainable development.

7.3.1. On the Link between Big Mobility Data and Erironmental Performance

The role of big mobility data is undoubtedly pivoia understanding and assessing the relationship
between the individual and collective mobility gatts and the environmental performance assumed to
be achieved through the typologies and design qgascaef sustainable urban forms. Specifically, big
mobility data analytics provides unsurpassed waysdrn about and substantiate the extent to wthish
performance is impacted by the mobility patterreg tlesult from, or are shaped by, the spatial abdru
proximity, contiguity, agglomeration, and/or contréity underlying the respective typologies and
design concepts—thanks to the more effective etialuapproaches enabled by big data analysis and
management models. These novel assessment prasaitg@sovide robust results and novel insights into
whether and to what extent sustainable urban fawongribute to the goals of sustainable development.
Currently, there is conflicting evidence on theatignship in question due to the challenge of ctilhg,
integrating, processing, and analyzing real-timebifitp data and data from large-scale and open
datasets that can simultaneously record, calibeaté,visualize environmental performance as to GHG
emissions deriving from energy consumption relatedynamical traces of different kinds of mobility
patterns and forms (and travel behaviors) in retato the typologies and design concepts of sustéen
urban forms and their combination across many apsdales in different locations. Likewise, to atey,
previous studies attempting to find correlationgwa®n environmental sustainability and some
typologies or to effectively measure the actutdas$ of the claimed benefits of sustainable urfioams
from an environmental perspective tend to genamatertain, weak, limited, or conflicting findingseg,

e.g. Bibri and Krogstie 2017a; Jabareen 2006; Neu®d8®5; Williams, Burton and Jenks 2000).

7.3.2. On the Link Between Big Mobility Data and Sco(—Economic) Performance

By the same token, big mobility data analytics baninstrumental in understanding and assessing the
relationship between the individual and collectivebility patterns and the socio—economic perforreanc
assumed to be achieved through the typologies asiym concepts of sustainable urban forms. In a
similar vein, big mobility data analytics providesparalleled means to learn about and substaritiate
extent to which this performance is impacted byrtiability patterns and forms that result from, c& a
shaped by, the spatial and urban proximity, coitigagglomeration, and/or connectivity underlyihg
typologies and design concepts of sustainable uidrams. The socio—spatial fabric of sustainableaarb
forms entails diverse spaces across multiple dpatiales and numerous multilayered, intertwined
networks of dynamic relations between people, coniti@s, organizations, and institutions, as well as
the way such forms are spatially arranged and secmnomically structured. Understanding how these
coupled, coordinated networks are organized and thésvorganization evolves in urban spaces in the
context of sustainable urban forms is key to urtdads how well such forms perform on the socio—
economic scale with respect to the underlying tggi@s and design concepts.

Among the many complex questions that are barghjoeed to date is the extent to which the individua
mobility patterns shaped by density, compactnesgersity, and mixed—land use as characteristic
features of sustainable urban forms do impact thetsire of social networks (sustaining long—lagtin
friendships, establishing new social and profesdidinks, initiating face—to—face conversations;.)et
What is known is that ‘social links are often drivey spatial proximity, from job—and family—imposed
programs to joint involvement in various socialiaties’ (Batty et al. 2012, p. 490). Of relevance to
highlight here that social interactions relatertpioving the quality of urban life, a yardstick Wwhich a
city as an urban form can be evaluated againdivébility and (social) sustainability. A key thene
debates on compactness and diversity is the promafi the quality of life through social interacti
(Wheeler 2002; Williams, Burton and Jenks 2000)light of this, big mobility data analytics can pla
an important role in understanding complex urbaengmena related to other aspects of the built
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environment favored by sustainable urban formseéuld research within the area of big data analytics
pertaining to social networks should extend itsubb®eyond the social space, tackling questions of
multifaceted nature and thus other kinds of spatés. psychology behind transport behavior is an
example of related work (Schnfelder and AxhausetOR0Also, the patterns of mobility or forms of
transport driven by some typologies are most litelgorrelate with some aspects of social netwarld
links driven by such factors as urban contiguityglameration, and connectivity. Moreover, traffic
modes enabled by some typologies are most likesjgraificantly vary from one day to another andhiro
one location to another despite the similarity efndind profiles driven by how transport systems and
networks are connected within the different typaédsgof sustainable urban forms. Currently related
explanations are extremely weak and ICT of the newe of computing (namely big data analytics and
context—aware computing) is expected to providendtically new data sets and predictive models that
will disentangle many intractable issues concerritmg link between different forms of mobility and
transport and socio—economic performance speaiftbé topographic and design features of sustanabl
urban forms. How urban topographic and design cieriatics and related planning tools affect cheice
of people in terms of travel mode, behavior, andepand how this in turn affects social structiaed
economic networks is one of the significant intilal challenges to address in the realm of suebéen
urban forms.

From a general perspective, ‘our knowledge of titerplay between individual mobility and social
networks is limited, partly due to the difficulty collecting large—scale data that simultaneoustyrd
dynamical traces of individual movements and sdoiaractions.’(Batty et al. 2012, p. 491) This is of
high pertinence to some of the typologies of snatasle urban forms as well, as they seek indeed o
promote this kind of shared social foci as pareohancing the quality of life, as pointed out above
Regardless, addressing the interplay in questignires not only the ubiquity of mobile phones and
mobile networks, but also advanced wireless comaatioin networks like satellite—enabled sensing for
collecting mobile communication detail records @ahd GPS and RFID tracks as dynamical traces of
social interactions and individual mobility patteymobility patterns based on localizations in spaied
time; remote sensors for tracking body movemenmsias connections and other types of networks; and
so on. The accessibility to and effective use eéhmassive data repositories hold tremendoust@bdten
to develop advanced and sophisticated (dynamic)eleazf human mobility in relation to the typologies
of sustainable urban forms characterized by suettufes as fidelity with real world phenomena,
comprehensiveness, consistency, and robustness.pidtictability of these models is of utmost
importance for strategically planning sustainablban forms and the combination of the underlying
typologies and design concepts in relation to diffié spatial scales in terms of the associatesoci
economic (and environmental) performance in thetexdnof sustainability. Indeed, these models as
representation of operating urban systems on al mahedium scale allow urban administrators to
predict how changes in those systems would affénergarts of the systems or operations.

7.3.3. Big Data: The Basic Ingredient for the Next¥Vave of Sustainable Urban Form Analytics

The fundamental ingredient for the next wave ofanranalytics that is rapidly gaining momentum g bi
data sets pertaining to human mobility, fosteredthmsy ubiquity presence or widespread diffusion of
sensor, information processing, and wireless concation technologies. These technologies, as a by—
product of their normal operation, allow for colieg, coordinating, and analyzing colossal repoms

of spatiotemporal data representing city—wide mexior human mobile movements and activities of
both individual and collective kind. The massiveéadeepositories pertaining to human mobility wié b
the determinant of the future form of urban plagnamd development practices, e.g. understanding the
links between individual and collective human mibpiand city structures and forms on the basisigf b
data analytics and related simulation models. €higils analyzing vast amounts of urban data td fin
meaningful patterns and correlations with respec¢hé different dimensions of sustainability, adlae
building simulation and prediction methods on tdpttee mined patterns and models. This is of high
relevance as to guiding and directing the operatiofunctioning, planning, and design of
environmentally, socially, and economically susthie urban forms. Big mobility data provide a
powerful environmental, social, and economic micope, which can serve to understand human
mobility in relation to the typologies and desigmcepts of sustainable urban forms, and discower th
hidden patterns and models that characterize thectories urbanites follow during their daily
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movements and activities in connection with thefgemance of such forms in the context of
sustainability. Thus, new advanced analytical amoirmg methods for knowledge discovery should be
developed for capturing and extracting useful kmagk from sustainability—oriented spatiotemporal
data (see Bibri and Krogstie 2017b). Thus far, sshiaternational project ‘have shown how to suppor
the complex knowledge discovery process from the data of individual trajectories up to high—level
collective mobility knowledge, capable of suppagtithe decisions of mobility and transportation
administrators, thus revealing the striking anabitipower of big mobility data.” (Batty et al. 2012
488). New projects should, with their evocatiomevirle a legitimation of extending these capaletitio
include other uses of more relevance and meanimggsl associated with the relationship between such
analytical power and urban planning and designsaiedhe context of sustainable urban forms. There
are several high—level concepts that urban anaiydisis context can reason about with respech#o t
so—called sustainable typologies and design coscéeptluding systematic movement behavior, travel
behavior, commuting patterns, energy usage paitemmadfic patterns, climate patterns, social
interactions, accessibility patterns, economicwoeéts, and so on. Undeniably, big mobility data
analytics are, to iterate, more suitable and dffedhan traditional data collection and analysiszh as
surveys, interviews, participatory and non—partitjpy observations, manual examinations of records,
and so on due to their shortcomings pertainingdgb host, bias, uncertainty, incompleteness, infesx
periodicity, quick obsolescence, contextual focamd inaccuracy. Whereasutomatically sensed
mobility data are ground truthed: real mobile dtibg are directly and continuously sampled as they
occur in real time, but clearly they do not havg aemantic annotation or context.” (Batty et al120p.
488). As to the issue of the semantic deficienciigfmobility data, a large body of research hasted

to show that it can be bridged by the size andigimt of the data (Giannotti et al. 2007). Several
questions of paradigmatic representatives of thamuanalysts in the context of sustainable urbamdo
need to disentangle the huge diversity of individueations and dynamical tracks to discover aspect
characterized by common behavior and purpose (seen@Qti et al. 2011) in relation to different asfse

of sustainability. Unsurprisingly, finding answecsmany current questions in this regard is wittie
ambit of ICT of the new wave of computing but begdhe limits of the current generation of ICT. We
consider that future ICT—given the unique foundatiof its application on data and complexity
sciences—will provide us with dramatically new dag&ds and powerful analytical and mining methods
that will inform complex problems concerning susédle urban forms in terms of their environmental,
social, and economic performances. New data andraed analytics can assist in understanding and
substantiating whether or not the typologies ansigiheconcepts of sustainable urban forms can be
regarded an equilibrium system with respect to dewellers make choices and whether and the extent to
which these choices contribute to the goals ofasable development. The main areas of interest are
mobility patterns, spatial and temporal aspectsrban structures and organizations as well asdrako
and economic network structures, data—driven chkeniaation of urban functioning, and behavior and
activity identification related to certain typolegi across several spatial scales.

The impetus of using big data analytics as an raitere to traditional data collection and analysis
method and beyond is the ease with which the automeban analytics can be carried out on different
typologies and design concepts and their combinaind distribution on every spatial scale and over
very different time spans, using cutting—edge t@wid technologies. These can be deployed on a city—
wide scale for many purposes. In particular, thategies through which sustainable urban formsbean
achieved entail many features of highly pertinenmtrelations with variables of mobility patterns in
relation to energy, traffic, transport, travel,ntdite, and accessibility patterns and other compiban
dynamics that are accessible for analytics to deter and evaluate how effectively the contributain
sustainable urban forms can be performed and piamespectively, with the purpose of strategically
enhancing and sustaining the environmental, samial,economic performances of such forms. To put it
differently, the topographic, physical, spatial,rptwlogical, and ecological facets of the typolsgad
design concepts of sustainable urban forms ceytginbvide a wealth of information that can be
scrutinized and investigated with sophisticated potational and analytical tools and methods toinbta
robust results for advancing urban sustainabilitywell as for finding effective ways of integratiitg
environmental, economic, social, cultural, and patsdimensions. Such facets include co—location,
position, scale, contiguity level, spatial disttilon, temporal variability, emission level, intetian
intensity, accessibility, and so on. On the bagishese facets together with those of mobilityjsit
possible to evaluate the contribution of sustamaltban forms to the environmental, social, and
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economic goals of sustainable development. For pkgrthe availability of massive data collectedriro
mobile communications and networks have enabledi¢ivelopment of realistic and predicative models
of human mobility and the empirical validation ajcgal network hypotheses in large—scale settings
(Batty et al. 2012). Big mobility data (vast amouwnit mobile data) aid in scrutinizing different
spatiotemporal patterns together with the interaitgl frequency of social interactions as well asaso
structures (Batty et al. 2012). In perspective, l@kpg and integrating other information sources
associated with the typologies and design conaafpssistainable urban forms and coupling them with
mobility patterns and social networks is likely &@mige towards understanding and studying the
evolutionary dynamics of such forms as social sghend their evolving borders as social structures.
This relates to the collective intelligence funoBoand simulation models that sustainable urbamgor
may develop in the near future, which is an enosnthallenge.

7.4. Urban Simulation Models: An Approach into Strdegically Assessing and Enhancing the
Contribution of Sustainable Urban Forms to Sustainaility

The available big data technologies, techniquesst@nd algorithms should be able to allow toemi||
process, and analyze the urban data to build paWwsirhulation urban models, with the primary aim
being to gain predictive insights for strategic iden—making and action—taking purposes concerning
urban operational functioning, planning, and desighis involves, among other things, the kind of
decisions and actions associated with the strateggessment and enhancement of the contribution of
sustainable urban forms to the goals of sustair@gdlelopment through devising and applying modeling
approaches into rearranging, harnessing, or iniagraifferent topographic and design features.(e.g
sustainable transport and density, compactnessnati-land use, and solar passive design and dgnsity
as well as urban domains (e.g. network performamodility and travel behavior, and urban land use
and transport) in an optimal way, with the ultimabs of enhancing environmental and socio—economic
performances of such forms. This can be enhanceginiylation and prediction methods built on top of
the mined models or patterns attained through kedge discovery. One of the major scientific
challenges to the development of smart sustainafilan forms is to, according to a recent literature
review performed by Bibri and Krogstie (2017a, p) 2[tjo construct and aggregate several urban
simulation models of different situations of urlié@ pertaining to the way...human mobility data dzen
linked to the spatial organizations, transport reks, travel behavior, socio—economic network
performance, environmental performance, and lardofisuch forms. Also to explore and diversify the
approaches to the construction and evolution chmrgimulation models. This is to inform the future
design of sustainable urban forms on the basisedigtive insights and forecasting capabilitiesieT
simulation process entails developing and analyzitigital prototypes of physical, behavioral,
environmental, socio—economic, infrastructural tigp@mporal, operational, and functional models and
their synergic combination in relevance to sustamaurban forms to predict changes in their
performance and forecast potential problems inr¢faé world. Simulation denotes the operation of the
whole model of the smart sustainable urban system its sub—systems) to evaluate the performance of
the system, and allows to optimize that systerméoeiase success and to adjust any parameters within
the system being under investigation. This pertairibis context to the practicality of the typoileg and
design concepts of sustainable urban forms in texfribeir sustainability performance, which can be
affected by urban growth, urban dynamics, enviramalepressures, socio—economic changes, urban
trends or shifts, and other factors. These are camveeptions of the way such forms can operate and
‘utilize the complexity [and data] sciences in fiasling powerful new forms of simulation model and
optimization methods that generate urban structaresforms that improve sustainability, efficiency,
equity, and the quality of life.” (Batty et al. 2B1p. 505). There is an evolving immediacy in théding

of all kinds of urban simulation models due to tieeent advances in and pervasiveness of sensor
technologies and their ability to provide inforneati about medium— and long-term changes in the
context of the real-time cities (e.g. Bibri and gste 2017a). The prominence of urban simulation
models in this context lies in aiding urban plaisrend architects in understanding under what ciondit
and in what ways the urban domains and systensofoe of their components) pertaining to sustainable
urban forms fail to deliver at the level of sustdiity and what to do about potentially predicted
changes or forecasted problems, e.g. if therenised to further enhance the integration and cogfn
urban systems, to further reorganize and coordindt@an domains, and/or to create new or merge
hitherto unconnected typologies and design conaaptsss certain spatial scales. In short, the sito i
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inform the future design and planning of sustaiealdban forms on the basis of predictive insights i
ways that strategically assess and enhance thailmation to the goals of sustainable development.

8. Challenges
8.1. Coupling, Integrating, and Coordinating ICT of the New Wave of Computing and Merging it
with Sustainable Urban Forms

The opportunities for smartening up (the redevelepimof) sustainable urban forms using ICT of the
new wave of computing at every spatial scale wélldnormous in terms of advancing sustainability.
However, the real challenge lies in, on the onadhpntting in place novel digital technologies thait
couple, integrate, and coordinate UbiComp, Aml, IhE, and SenComp with regard to the underlying
core enabling technologies that are fast prolifiegadnd, on the other hand, merging UbiComp, A, t
loT, and SenComp with the typologies and desigrcepts of sustainable urban forms. For there to be
concrete synergy in terms of the amalgamation af d€the new wave of computing with the strategies
through which sustainable urban forms can be aeliethe idea of smart sustainable urban forms with
all its enhanced environmental gains and socio-aoa benefits will only turn into reality if such
coupling, integration, coordination, as well as gegrare specifically addressed, with sustainabitity
mind as a guiding and organizing principle. Thil wecessitate entirely unconventional and divesdif
tools, methods, and models for collecting, procggsanalyzing, synthesizing, and modeling diverse
urban data and transforming them into useful kndgéefor decision—making purposes directed towards
not only catalyzing and boosting the sustainableli@ment processes of these urban forms, but also
strategically assessing and maintaining their domtion to the goals of sustainable development and
hence advancing sustainability. These tools, modald methods are yet to be addressed, explomed, a
extended. This involves a blend of sciences (eatp dcience, computer science, information science,
formal science, complexity science, and sustaiitalstience) and city—related disciplines (e.g.amb
planning, urban design, architectural design, urfastainability, and sustainable urban development)
Needed mostly prior to this is a clear synthesisulofuitous sensor infrastructures, data processing
platforms, middleware architectures, wireless comigcation networks, large—scale and integrated
databases, and data storage facilities, couplddimstitutional and policy apparatuses and orgaioizal
techniques that can relate to the major challemgesustainability in the realm of sustainable urban
forms. This in turn signifies a paradigm changéoalsow to address environmental and socio—economic
challenges such forms continue to face, using ICth® new wave of computing and capitalizing on its
innovative and disruptive power yet to be unleashiéds paradigmatic shift will pave the way for
finding the more effective means to steer techrioldgprogress in a direction where its rapid padée w
no longer happen ad hoc, when new technologiesttaid applications become available, but will be
grounded in a rather focused overall approach driwe the application demand for the most needed
solutions for urban sustainability that future ICan offer, that is, motivated by a realistic tactfethe
most pressing environmental and socio—economicudsaies. The smart sustainable urban form will be
in the vanguard of this macro—shift or techno—urblaange.

8.2. Big Data Analytics and Context—Aware Computingrechnologies

The rising demand for big data analytics and cdrtexare computing as disruptive technologies
signifies that there are major scientific and ileetual challenges that need to be addressed and
overcome with regard to the design, developmemtdaployment of data—centric and smart applications
within smart sustainable urban forms. These chadlsnare mostly computational and analytical in
nature, including constraints of design science amgineering (e.g. Bibri 2015a; Bibri and Krogstie
2017b), data management and analysis, databageaitivé across urban domains, privacy and security,
data growth and sharing, data uncertainty and ipbeteness, data quality, urban intelligence fumatjo
urban simulation models (e.g. Al Nuaimi et al. 20B&tty et al. 2012; Bertot and Choi 2013; Bibrdan
Krogstie 2017b; Demchenko et al 2013; DeRen, Jiarahd Yuan 2015; Fan and Bifet 2013; Khan,
Uddin and Gupta 2014; Kitchin 2014; Krogstie andb@815; Malilk 2013; Mann 2012; Solanas et al.
2014; Townsend 2013), and modeling and managemerdommextual information in largescale
distributed pervasive applications and in open dyiamic pervasive environments (e.g. Bibri 2015a;
Strimpakou et al. 2006). Adding to these technichbllenges are the financial, organizational,
institutional, and regulatory ones, which are asded with the implementation, retention, and
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dissemination of big data in relation to sustaieabtban forms. In addition, controversies over the
application and benefit of big data analytics eltéd representativeness, limited access and related
divide, and ethical concerns about accessibilign(lend Bifet 2013). Nevertheless, by advancing the
existing knowledge on the available processinglyaiga and management capabilities associated with
big data analytics and context—aware computingeims$ of conceptions, tools, principles, paradigms,
methodologies, and risks, the goal of making snatde urban forms smartly more sustainable asgio th
systems and domains and the underlying typologielsdesign concepts as well as related operations,
functions, and services will be attainable (seegiibd Krogstie 2017a). This entails though engyutire
current open issues stemming from those challergesunder investigation and scrutiny by the
constituents of the technological innovation sys@iCT of the new wave of computing for urban
sustainability, namely industry consortia, entreetgial companies, universities, research insstute
sustainable development institutes, policy netwoaksl governmental agencies.

9. Conclusions

The debate over the ideal or desirable smart siadiks urban form has just began, and will undouipted
continue in an increasingly technologized and caemmed urban society. In the meantime, the concept
of smart sustainable urban development will evohse to developing different models of smart
sustainable urban form based on crafting new arldngareative combinations of typologies and design
concepts—along with more effective ways to mergantiwith ICT of the new wave of computing to
achieve the goals of sustainable development, gsdaita and context—aware technologies and
applications become mature and widely deployedsacroban spaces. Therefore, the contemporary
urban computing and ICT research agendas are wifisance and salience to sustainable urban forms.
Sustainable urban forms need, however, to be weétkd to the requirements of such agendas,
particularly in relation to the ubiquity presencedamassive use of ICT in urban systems and domains.
Underlying emerging and future ICT are the varigissons where technology in varying ways recedes
into the background of urban life and becomes wigen with urban processes, functions, services, an
designs, thereby being embedded virtually in ddaarcomponents and entities. Hence, it is imperativ
for the field of sustainable urban forms to extésdooundaries and look for new horizons beyond the
urban form in order to further exploit and unlotle tpotential of its sustainability ambit by embragi
technological opportunities as to smart solutiomd sophisticated approaches. In fact, researchdagen
of ICT of the new wave of computing must by meafhsoffering novel applications pertaining to
sustainability propel this field towards broadenitgyhorizons and thus moving it beyond its current
ambit of sustainability. Especially, the conceptsl approaches developed for sustainable urban forms
are associated with inadequacies, uncertaintiemdpges, and fallacies (Bibri and Krogstie 2017a).
Therefore, smartening up sustainable urban formsrlaen development strategies is of high relevance
and importance to achieve the required level ofassbility with respect to urban operations, fumas,
services, and designs. This holistic approach hgidat potential to rise to the challenge of snstaility
facing future sustainable urban forms.

The new digital transition increasingly fueled YTl of the new wave of computing, on which many
cities are increasingly engaging, is projected mteash drastic transformational effects in relation
sustainability. The aim of this study was to expland substantiate the real potential of ICT ofrtee
wave of computing to evaluate and improve the doution of sustainable urban forms to the goals of
sustainable development. This entailed merging O&a and context-aware technologies and
applications with the typologies and design coreegt sustainable urban forms to achieve various
objectives. Important to underscore first is thas tstudy serves to facilitate collaboration amaingl
between the academic disciplines of urban planaimg) design, sustainable development, sustainability
science, and ICT for the primary purpose of geiagate kind of interactional knowledge necessary f

a more integrated understanding of the topic ofrssusstainable urban forms (see Bibri and Krogstie
2017a). This is a core contribution that suppdresfoundational ethos of interdisciplinarity peniag to
smart sustainable urban planning and developmemthér, this study focuses on three types of
sustainable urban forms given their distinctive tdbation to sustainability that have several oapd
among them in their concepts, ideas, and visiomgsé& types are not mutually exclusive but rather
compatible to a great extent. This implies thatdhgtill are some key differences and characteristi
concepts for each one of them. Accordingly, compégtemphasizes density, compactness, and mixed—
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land use; eco—city focuses on ecological and alltiversity, passive solar design, renewable ness)
urban greening, environmental management, and amentally sound policies; and new urbanism
emphasizes sustainable transport, mixed—land g sy, compactness, greening, and design coding.
While both smart sustainable cities and smartésciypically rely on the fulfillment of ICT visianof

the new wave of computing, the smartness in thet &iase offer great prospects for smarter cities to
achieve the required level of sustainability and $imartness in the second case is directed prymaril
towards advancing the contribution of smart susta cities to the goals of sustainable development
This entails strengthening the role of ICT, esgdbcibig data analytics and context—aware computing
technologies and applications, in urban operatifunsstions, services, and designs as to management,
planning, and development to improve sustainabidityong other things.

As this paper shows, the three selected urban fa@madscities are the most sustainable models and
approaches. Different models and approaches useetif scales of physical and technological corszept
as well as emphasize some of these concepts dwenrsotn practice, sustainable urban forms andtsmar
sustainable cities entail varied planning and desigproaches. The question is, how such forms and
cities can be merged in terms of their design cotscend typologies and their technologies and
applications, respectively? This paper outlinesistinttive set of three design concepts and four
typologies as well as four technologies and twasga of applications through which future settlasen
can evolve sustainably, and develops a smart sastia urban form matrix that can contribute to
improving the contribution of sustainable urbamierto the goals of sustainable development, asasell

a data—driven approach and simulation method tatacvance the assessment practices of such forms.
These insights and perspectives are intended mirénacademics and planners as well as real-world
cities to develop and deploy more convincing moaélsmart sustainable urban form and be specific
enough in terms of the combination of the physiaatl technological components of such form.
Regarding that, this paper concludes that by ushmg relevant advanced technologies and their
applications in conjunction with the right scaléstee design concepts and typologies, we can peduc
theoretically and practically different smart susadle urban forms that respond to various amistioin
sustainability within different local, national, @dimternational contexts.

According to the smart sustainable urban form mathis paper additionally concludes that mergimg t
physical landscape of sustainable urban forms lamdéhformational landscape of smart sustainabiescit
holds tremendous potential to advance urban sadtidity. Moreover, different scholars and planners
may develop different combinations of design cotxepd typologies along with advanced technologies
and applications to achieve the fundamental gobustainable development. They might come with
different smart sustainable urban forms, where efmtm emphasizes different physical and
technological concepts. However, all should be ®rtimat environmentally and socially contribute
smartly beneficially to the planet for the presant future generations. The viable smart sustanabl
urban form according to the design concepts analdgies of sustainable urban forms and the
technologies and applications of smart sustainalties is that which effectively, meaningfully, and
seamlessly integrate their underlying physical &edhnological components. Ultimately, smart
sustainable urban forms aim to achieve differefecailves or targets. The most prominent among them
are decreased energy use, reduced waste and qullteduced travel distances and needs, efficiat a
sustainable transport, preservation of open spadesansitive ecosystems, design scalability, dpatia
proximity and connectivity, and livable and comntyroriented human environments (Bibri and
Krogstie 2017a; Jabareen 2006).

Furthermore, this study indicates that there araynthallenges ahead to tackle, just as there argy ma
fascinating opportunities ahead to embrace in #mnr of smart sustainable urban forms. These
challenges need to be overcome in order for swirurban forms to realize their full potentialtas
evaluating and improving their contribution to susability. While enormous challenges exist as to
deploying UbiComp, Aml, the loT, and SenComp tedbgies, implementing their novel applications,
putting in place new digital technologies that canple, integrate, and coordinate such technolayiés
their applications, and merging the whole informa#l landscape with the typologies and design
concepts of sustainable urban forms, the effordedinitely worth the outcome, especially in an
unequivocally increasingly technologized and coragméd urban society. That is to say, the resulting
blend of the most advanced solutions and sophisticapproaches enabled by constellations of
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heterogeneous instruments across many spatialssshustainable urban forms will provide a fertile
environment for smartening up sustained urban deweént, which will in turn be conducive to
achieving urban sustainability as a long—term g@éth the advancement of knowledge on ICT of the
new wave of computing (and thus big data analytiosl context aware computing) in terms of
conceptions, techniques, paradigms, principles,hotktiogies, and risks, the goal of advancing
sustainable urban forms by making them smartly nsmsainable will be attainable and worthy (see
Bibri and Krogstie 2017b).

In light of all the above, we conclude that ICTtbé new wave of computing will provide many new
opportunities to develop, operate, apply, and maandiverse smart and data—centric applications tha
will effectively evaluate and improve the contrilomt of sustainable urban forms to the goals of
sustainable development. The underlying assumggighat emerging and future ICT will usher in all
forms of computer intelligence in nearly all thesgms and domains of sustainable urban forms—ane.,
era of the omnipresence of computing resourcestheil always—on interconnection for providing
intelligence functions and related simulation medelptimization methods, and efficient servicesisTh
will eventually form a techno—urban digital ecogystthat is conducive to improving the long—term
environmental and socio—economic health and effayieof sustainable urban forms and enhancing the
quality of life of their dwellers.
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The issue of sustainable urban form has been prabiie and difficult to deal with, and therefore réhe
are still significant challenges that need to bdrasised and overcome.

Sustainable urban forms need to embrace and levevhagt ICT has to offer as innovative solutions and
sophisticated methods so as to thrive—i.e. advérae contribution to sustainability.

The field of sustainable urban planning is requitedextend its boundaries and broaden its horizons
beyond the ambit of the built form of cities.

There exist four technologies and two classes pfi@dions pertaining to models of smart sustaieabl
city that can be merged with the typologies andgiesoncepts of models of sustainable urban form.

The proposed Matrix helps scholars and plannemsidterstanding and analyzing how the contribution of
sustainable urban forms to sustainability can beraved through big data analytics and context—aware
computing.

The proposed data—driven and simulation methodiggrded to evaluate and strategically enhance the
contribution of sustainable urban forms to the gadisustainable development.
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