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Abstract: This paper provides a state of the art of contemporary Digital Twins (DTs) projects for urban
planning at an international level. The contribution investigates the evolution of the DT concept
and contextualises this tool within the scientific-cultural debate, highlighting the interconnection
between global policies and local needs/wishes. Specifically, six case studies of DTs are compared,
illustrating their application, content, technological infrastructure, and priority results. The projects
presented provide an overview of the existing DT typologies, focusing on the evaluative/prefigurative
use and the limits/potential of the tool in light of the socio-health, climate, and environmental
crises. Reflections on DT reveal, on the one hand, its potential role in supporting decision-making
and participatory processes and, on the other, the potential utopian trend of data-driven planning
encouraged by public—private investments in the smart city/twin city sector. In conclusion, the study
underlines the innovative role of DT as a cutting-edge scientific format in the disciplinary framework
but highlights that the practical use of the tool is still in an experimental research-action phase. From
this theoretical-critical review, it is possible to hypothesise new research paths to implement the
realism and application potential of DTs for urban planning and urban governance.

Keywords: digital twin; urban planning; urban governance; tools and techniques; geospatial tech-
nologies; climate action

1. Introduction: Emerging Research Questions in the Framework of Global Strategies

In the scientific and cultural debate of the discipline of urbanism, the concept of the
Digital Twin (DT) applied to cities, sustainable urban policy development, and governance
is currently one of the most discussed and cutting-edge topics. In order to contextualise
the concept of DTs, the following is a broad definition borrowed from Bolton [1], which
summarises the concept of DTs as *... a dynamic virtual representation of a physical object or sys-
tem across its lifecycle, using real-time data to enable understanding, learning and reasoning’. This
virtual representation, thus defined, has been enabled by digital technological progress and,
in particular, by the new data acquisition and processing technologies that, in general, refer
to the field of geomatics, information technology, and the world of geo-spatial information
(Geographic Information System, GIS).

Within this multi-disciplinary and trans-scalar area of research, the DT for Urban
Planning pursues, openly and depending on the case, some directives or warnings on
the present and future of cities. Those indications are contained in technical-scientific
dossiers (e.g., Intergovernmental Panel on Climate Change, IPCC, 2014 [2,3]) or in over-
national strategic programmes such as the European New Green Deal [4], the Agenda for
Sustainable Development and its Sustainable Development Goals (SDGs [5]), or in the New
Urban Agenda.

The urbanistic application of this tool, which has been experimented mainly in other
disciplines, is motivated by the need to analyse urban dynamics and assess them in advance
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in order to optimise the efficiency and impact of new projects on the urban landscape.
Generally speaking, and this is perhaps the most interesting aspect of the urban declination,
it aims to provide a systematic and timely local response to the problems of our time,
aggravated by the structural fragility and increasing population density of cities. In
this sense, we refer specifically to the impacts of climate change, the loss of naturalness,
permeability, and biodiversity in cities, unsustainable patterns of transport, and the impacts
of human activities on biophysical and atmospheric components and consequently on
people’s wellbeing [6,7]. Of course, having a virtual copy of a city is not automatically
the solution to such deep-rooted problems, but it is an experimental 3D cyber-space for
monitoring, multi-stakeholder cooperation, and action-research towards more adaptive,
healthy, and liveable forms of cities. Developing a city-DT means adopting the principles
of security, sustainability, and equity that future urban policies should pursue (SDGs, 11),
but also becoming aware of the climate-altering impacts due to the forma urbis and the
increasing anthropic pressure on the city-landscape—inhabitant system [8].

In this regard, Europe has for years been asking administrators and decision-makers
to undertake environmentally, socially, and economically sustainable urban planning
strategies [9], capable of:

a.  Empowering urban actors towards common goals and meeting the real needs of
communities (people-oriented planning);

b.  Providing administrations with an interactive and proactive ‘working table” to sup-
port decision-making and citizen involvement (digital-platform);

c. Promoting the creation of integrated, open, and functional technological infrastruc-
tures for the development of programmes and the provision of services (data-driven
planning).

Within this framework, and considering the various ways in which DT could provide
useful services and data to citizens, businesses, and Public Administrations (PAs), the
concept of the ‘twin city’ [10] goes beyond the sectoral approach of the ‘smart city’ [11]
by integrating the two components (virtual/digital and human) within a multi-purpose
infrastructure that aims to produce new knowledge from data and vice-versa.

To understand the scope of the Digital Twin theme aimed at the hoped-for ‘twin
transition’, it is sufficient to consider that the European Commission (EU) is working on the
development of an Earth Digital Twin (‘Destination Earth-DestinE’) [12] as a cloud-based
platform able to receive and share in an open and user-friendly manner various types of
data (e.g., Copernicus Project [13]) and to integrate simulative and predictive models in a
single dashboard to support the decision-makers of the Member States with respect to the
emerging issues of land-sea—city ecosystems.

In this sense, the renewal of cognitive tools for city government, of which the DT
is the current highest expression, appears to be closely linked to the geopolitical context
and the need for ‘zero impact’ development aimed at the ecological transition and digital
transformation of planning processes.

In this regard, the study intends to provide an overview of the role of the Digital Twin
for urban planning by going beyond the mere theoretical-conceptual understanding or the
presentation of the architecture and the single technological components that enable its
construction, aspects already widely documented in the literature. On the other hand, with-
out entering into individual technical-specialist mono-details but with a trans-disciplinary
and multi-thematic approach, the research critically reads some case studies of city-digital
twins in progress, highlighting the potential/criticality of the tool, strategic objectives and
lines of research investigated, and those that can potentially be pursued.

2. Materials and Methods
2.1. Managing Urban Transformations: Early Considerations from the State of the Art

In scientific production, DT is often, if not always, associated with the concept of smart
cities, which, on the one hand, reflects the need for more liveable cities, also thanks to the
contribution of digital technology, and on the other, reflects an optimistic view of the future
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of the technological city. In fact, the term smart conceals a number of critical issues relating
to (i) the significant investments/private interests in cities by the ICT (Information and
Communication Technology) industry, (ii) the exclusivity of planning through simulative
algorithms, obviating the need for an overall urban vision/strategy, and (iii) the ethical
and privacy implications of citizens who are ‘controlled” and whose data are acquired
consciously [14].

In other words, while, on the one hand, private expertise is essential for the develop-
ment of such complex projects, on the other hand, it entails limitations in the accessibil-
ity /sharing/interoperability of data and their use in participatory moments but also in
the development of local micro-entrepreneurship. The challenge will drive this significant
amount of ICT investments [15] in order to achieve government’s aims and contemporarily
answer citizen’s demands, creating real and useful services for users.

At this point, however, some clarification is necessary: what do Smart Cities and
Digital Twin mean? It is difficult to find an unequivocal definition of these concepts in the
literature but there is a clear co-creative link: one enables the other and vice-versa [16-18].
Indeed, a DT deprived of sensors and synchronous or asynchronous updates between
physical reality and its virtual twin would be a mere traditional digital representation
(3D-model) of a complex product, process, or system.

The concept of the smart city is inextricably linked to a process of optimising and tech-
nologising the urban environment, i.e., making a city ‘smart’ means creating the conditions
for improving the quality of life of its inhabitants by enhancing places (work, commerce,
leisure, etc.) and facilitating access to services (health, culture, mobility, energy, etc.). This
process of digitisation of urban and administrative dynamics is closely interconnected with
the issue of DTs. Often there is confusion between Smart City Platforms (SCP) and DTs. The
first is a data infrastructure that the PA offers to citizens and the private sector by acquiring
data from sensors or the automatic digitisation of services provided, etc.; instead, the SCPs
enable the second, when it exists, but goes beyond the provision of data/services for the
user, as expressed in the article.

In fact, the new “performance’ paradigm of the city is driven by the expansion of
infrastructural networks, the continuous advancement in the field of ICT techniques, and
geo-informatics technologies related to GIScience or “science of where’ [19].

With such a neural network, cities acquire new site-specific and up-to-date informa-
tion by sensor technologies (Internet of Things—IoT, 5G wireless, etc.). Such data, usually
referring to emerging urban planning issues (e.g., interactions between urban morphol-
ogy, extraordinary weather events and local climate conditions, accessibility, use, and
proximity), are collected by sensors and allow the study of vehicular/pedestrian flows
(outdoor/indoor), incident weather variables (outdoor), or energy consumption/saving
levels (indoor), just to mention some use cases in a DT.

Once processed with qualitative and quantitative methods, techniques, and algo-
rithms (Artificial Intelligence—AlI, Cloud Computing, Machine Learning, etc.), the data
can be visualised /interrogated through a geo-referenced and navigable platform (e.g., 3D
Web-GIS) that would enable administrator—user interaction for information exchange and
decision-making [20-22] (Figure 1).

The increasing ability to acquire/store/view and analyse geo-spatial ‘big data” opens
up scenarios of interaction and hyper-connectivity between community, environment,
and high-tech devices in a GIS-based environment and/or through Virtual/ Augmented
Reality (VR/AR) applications. Such immersive technologies are able to visualise and
give shape not only to tangible but also to intangible entities (e.g., presence/levels of
pollutants) through highly communicative simulations and prefiguration’s. Furthermore,
those applications can give a voice and actively involve local communities and other
stakeholders in (i) decision-making processes, (ii) awareness-raising on emerging issues,
and (iii) dissemination of PAs projects/programmes [17,23].
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In such a scenario, it is clear that the common factor is data and its flow from physical
reality (digital layer/smart cities) to its digital twin (virtual layer/DT), supplying it in
space-time and modifying it.

However, what to feed?

Virtual Layer

Digital Twin

Digital Layer
Smart City

Figure 1. The smart city enables the twin city: from data sensors (physical-digital model) to new infor-
mation and knowledge (virtual-DT model), to adapt the city and its subsystems. Image reprocessed
from White G. et al., 2021 [22].

2.2. Digital Twin: Definitions and Concept

The notion of the Digital Twin has been present in the literature for about two decades,
but there is no standard and univocal definition as it varies, albeit slightly, in relation to the
disciplinary scope and purpose for which it was developed. In relation to this conceptual
deficit, some transdisciplinary studies [24-29] have recently started taxonomic analyses
about the historical evolution of the notion of DT.

From these papers and others present in the literature, to which we refer for further
study, it is possible to trace a brief excursus of application.

In short, theories and experiments on DT can be found in aerospace prototyping [30],
product and manufacturing [31,32], design robotics and automation [33], biomedical,
engineering, and transport applications [34], or crisis management [35], to name but a
few. Finally, in recent years, it has pervaded the field of urban planning, which we intend
to focus on through the review and critical analysis of some case studies.

As suggested by some authors [36], a city /urban DT is a realistic digital representa-
tion of the system of anthropic-infrastructural elements and, less often, of the physical-
naturalistic system that presents some invariable characteristics:

Scalability;

b Predictability (simulation algorithms);

c. Integration (IoT sensors, data update, and local knowledge);
d Cooperation and accessibility (downloading/uploading data).

o

The notion of DT has evolved over the last decade due to the increase in data pro-
duction from various sources (IoT, smartphones, and social media), the ability to digitally
reproduce ‘objects” on a large scale (thanks to Light Detection And Ranging—LIDAR in-
strumentation, photogrammetric, and Unmanned Aerial Vehicle—UAV applications), the
development of software, hardware, and artificial intelligence (Al) algorithms, and the
automation of processes.

These innovations of Industry 4.0 [37] partly influence the different definitions of DT
found in the literature, of which we report only a few, considered most significant (Table 1).
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Table 1. Some definitions of DT depending on the scope of application.

Author and Year Digital Twin Definitions Field of Application

Glaessgen E., Stargel D., 2012 an as-built vehicle or system that uses

[29]

‘[ ... ]is an integrated multiphysics,
multiscale, probabilistic simulation of
the best available physical models, sensor Aerospace
updates, fleet history, etc., to mirror the
life of its corresponding flying twin.’

Chen'Y., 2017

(30]

‘[ ... ]is a computerised model of a
physical device
or system that represents all functional Product Design
features and links with the working
elements.’

Vrabi¢ R. et al., 2018

[33]

‘[ ... ]is a digital representation of a

physical item or assembly using

integrated simulations and service data

[... ]holds information from multiple

sources across the product life cycle. [ ... Engineering
] is continuously updated and is

visualised in a variety of ways to predict

current and future conditions, [ ... ], to

enhance decision making.’

Schrotter G., Hiirzeler C., 2020 addition to the modelling and description

[38]

‘[ ... ] means a consistent enrichment of
the 3D spatial data inventory and, in
of the data, a lifecycle management of Urban Planning
the individual components as well as the
entire data inventory.’

2.3. Case Studies: Selection Method

On the international scene, there are several DT projects underway, but only a very
limited number of scientific articles cover and present them, and it is even more complicated
to find them in Open-Source (OS) mode. In particular, it is very complicated to find DT
projects in non-EU continents because private investment is predominant and no research
centres are involved. Therefore, access to detailed information and/or scientific data
is limited and some of them are SCPs rather than DTs. In this sense, it is not possible
to explore DTs from North America, Asia, and Oceania and few reports are available
only on specialised websites (e.g., https:/ /www.gim-international.com/, https:/ /www.
smartcitiesworld.net/, https:/ /sig-digitaltwin-smartgeohub.hub.arcgis.com/). Within this
framework, the DT for Amaravati (India) stands out from the rest, as it is the first newly
built city previously investigated, and now monitored, through a DT.

To gain an overview of the geographical contexts of international projects, it is useful
to make a list of those published in online websites or reported in scientific articles [39]:

a. Europe: Cambridge, Dublin, Gothenburg, Helsinki, Herrenberg, London, Munich,
Newecastle, Paris, Rennes, Rotterdam, Zurich;

b. North America: Atlanta, Boston, Boulder, Pasadena, Portland;

C. Asia and Oceania: Amaravati, Dubai, Jaipur, Singapore, Sidney, Yingtan.

Of these virtual cities, only those highlighted in bold have been selected. This is for
two general reasons: (i) they are well represented in one or more scientific articles, and (ii)
the material is disseminated in OS mode with a thorough understanding of their general
structure and technical specifications.

The research allowed for a critical comparison, potentially updatable as individual
projects continue, identifying both similarities and differences, as well as strengths and
weaknesses, through certain interpretative categories such as:


https://www.gim-international.com/
https://www.smartcitiesworld.net/
https://www.smartcitiesworld.net/
https://sig-digitaltwin-smartgeohub.hub.arcgis.com/
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Types of DTs;

Scales and portions of the city covered by the project;

Project aims/demands and purposes underlying the investments;
Technologies/software used or developed;

Management of the virtual model;

Simulative experiments and degree of innovativeness.

AL o

Using these reading categories, the documentation was systematised and the relevant
information on the individual projects was extracted synthetically. In this sense, it is useful
to highlight how cities are heterogeneous and different from a geographical and climatic
point of view, in terms of the morphology of the urban form, level of governance, etc.
The articles themselves do not always present the city or the urban transect in its spatial-
functional organisation but rather focus attention on the research activities carried out. For
more details about the actors involved or the specificities of the urban contexts, please refer
to the literature cited.

3. Results
3.1. Case Studies: Reflections on the Critical Comparative Analysis

The results of the research conducted provide (i) a critical understanding of the
significance of the project (next paragraphs) and (ii) a summary table of the characteristics
and contents of these virtual replicas of cities realised through transdisciplinary work
between public and private institutions, universities, and research institutes. The results,
in the form of deductive and comparative critical reflections, are useful for outlining the
preliminary trajectories of DT research in the field of urban planning and city studies. In
this regard, the case studies, with their diversity, offer a sufficiently broad overview to
generalise current lines of research and identify potential future developments. In the
following paragraphs, the considerations and evaluations of the projects examined are
presented, from which common traits and specificities emerge.

Below is an evaluation table summarising the salient features of the selected case
studies (Table 2).
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Table 2. Selected case studies: summary of contents and comparison.

Case Studies

Cambridge [40]

Zurich [38], Dublin [22], Helsinki [41-43]

Herrenberg [23,44]

Singapore [45-49]

DT types Static and managerial Dynamic-evolutive Dynamic-evolutive and collaborative Dynamic-evolutive
Scale Supra-municipal City, sub-areas, district City City-State
Orientated towards data-driven preventive Ie I
. . . . onsensus building, involvement of . ..
P Multi-level governance and platform for assessment, creation of simulative and . o e Development of a high-tech decision support
urposes . . . o . . . interested citizens, democratisation of
cooperation between different planning levels  predictive scenarios for support in sustainable decision-making processes platform
urban development policies/actions &P
. . GIS-BIM, Laser Scanner, UAV (Unmanned GIS-BIM, Lidar, IoT, AR/ VR, software GIS._BIM’ hlgh-resolu.t on satellite magery,
Technologies GIS-processing . . Lidar, Remote Sensing, Deep Learning,
aerial vehicle), IoT, software Open Source Open-Source . .
Machine Learning, Al
- ) B Simulations of crisis and prevention Augmentgd reahW applications - Cl%mate 51mu1at19ns.from city-scale
Traditional urban planning surveys scenarios (floods and run-off, thermal (AR/VR) in public events and (City-GML) to building-scale (BIM)
prior to the elaboration of the project - workshops with different application tools
. . . stress, exposure to pollutants) aimed at . . X
. Simulation of local energy demand in S o . App development for data collection integrated in DT
Experiments a ‘what if” scenario of electric mobility developing site-specific strategies (VGI) - 3D tree census with semi-automated
. ) - Urban microclimate analysis HR - . .
Y
considering future housing and work (ventilation, shadow study, solar Mobility and traffic simulations for technological procedures
policies radiation) ’ v awareness-raising on anthropogenic - Maximum accuracy of the built
pollution issues environment (LOD3)
DT as an instrument of coordination B High-tech 3D model Multi-participatory activities B ii;lrligg ]?gafl;nos]t)rjr)nzr;j;i\;anced
etween planning levels . . : n ; vanced technological tools cops
b planning level & Ad d technological tool &
. . - Simulations in critical climate . - Open-space characterisation (3D
Strengths Strategic analysis of the local . (AR/VR) + GeoApp data collection !
scenarios vegetation)
governance structure . (VGI) . . .
P . - DT models in open data . . - Macro-micro energy/climate scenarios
Involvement of citizen representatives Simulations from sensors data .
from measured and simulated data
- DTs do not take into account the
morphology of open space . ~ .
) } General low interoperability and users Lack o'f proactive proposals and/or Risk of lack of data transparency
Undeveloped virtual 3D model . scenarios (proprietary software)
Weaknesses involvement (workshops, tools,

Limited simulation capabilities

feedback, and reports)
- Few simulations from
IoT-synchronised data

Lack of relationship with government
and territorial governance

- Lack of a co-design system and/or
participatory processes
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3.1.1. (Cs)DT: A Digital Twin for Urban Governance—The Case of Cambridge

As pointed out by the authors [40], the design of the City-scale (Cs) DT for Cam-
bridge (Figure 2) integrates the development processes of the technological platform with
the different political-administrative institutions, the private entities, and some citizen
representatives. In this sense, the project seeks to interconnect the objectives of the DT
with urban policies and collective demands. This cross-sectoral approach to multi-level
governance is a valid example of involving both public and private interests in efficient
city planning.

High-level urban development goals

2051 Electric icles (EVs) Charging Demand
ASSUMPTION All o g cars into Cambridge are EVs

Legend
2051_EVs_Charging_Demand

—y

0- 10 MWh
10- 30 MWh
B 30- 50 MWh

Sectoral goals

B 50- 70 MWh
~ W > 70 MWh

Transport

Energy

Land-use

Environment i
planning

City-scale Digital Twin

Sectoral models

Air quality Land-use

Models Models

Figure 2. The Digital Twin as a potential coordination tool between planning levels. In evidence,
some 2D forecasting scenarios quantifying local energy needs based on urban densification settlement
models and an all-electric mobility scenario. Image reprocessed from Notcha et al., 2020 [40].

Regional/local public institutions organised workshops, carried out preliminary con-
text studies, and organised interviews with different public/private stakeholders. From
the participatory meetings, the stakeholders identified some critical issues: road traffic and
pollution, energy infrastructure limited capacity, need to update housing policies and create
new jobs. Starting from these addresses, the authors present several two-dimensional ‘what
if” cartographies developed with GIS techniques representing possible scenarios useful to
orient the construction of the DT project and new urban strategies. The authors themselves,
from the materials they consulted and produced, reconstructed the needs of the PA and
the citizens demands that will constitute some of the technical requirements of the future
(Cs)DT, which can be summarised as:

a.  Communicating data that influence choices (transparency of data-driven decisions);
b.  Enabling citizens to use the DT (accessibility to data and the possibility of remote
feedback to establish a rapid dialogue between the PA and citizens).

The method proposed for the development of this DT enhances the role of the knowl-
edge co-production and of the arduous but necessary dialogue between the territorial
actors to link the technological network to the city strategic development objectives. This
approach, which is of absolute methodological interest, has slowed down the develop-
ment of the overall infrastructure of a DT ‘type-model’, which still appears to be in an
embryonic phase.

3.1.2. (U)DTs for a Scenario-Based Planning: The Cases of Zurich, Dublin, Helsinki

The articles reviewed for Zurich [38], Dublin [22], and Helsinki [41-43] show that some
European administrations are working on different declinations of Urban-DTs (Figure 3).



Sustainability 2022, 14, 6263 9of 16

Figure 3. (U)DTs; shown from left to right is an overview of a DT at LOD2 (Zurich), a wind simulation
(Helsinki), and a predictive contingency scenario (Dublin). Image reprocessed from Schrotter G.,
Hiirzeler C., 2020 [38], White G. et al., 2021 [22], and from the KIRA-digi technical report on the DT
in Helsinki [43].

Depending on the contexts and the needs/aspirations of the PAs, the application focus
addresses the development of a technological network capable of supporting planning
(Zurich, Helsinki) or towards the creation of evolutionary scenarios to which citizens are
called to provide qualitative feedback, albeit with unrepresentative numbers (Dublin).
The Zurich case study is notable for the underlying planning application, i.e., the DT is
part of a broader programme responding to an expected increase of 280,000 inhabitants
in the canton by 2040. Among the objectives, in addition to urban densification, the Swiss
administration pays particular attention to climate scenarios and risk prevention in order
to ensure high standards of liveability in neighbourhoods. In general, while Zurich and
Helsinki experiment with simulations concerning the study of shadows, solar radiation and
sunshine hours, ventilation analysis, and exposure to noise or pollutants, Dublin focuses
on the relationship between planned buildings and the urban skyline and the assessment
of risk scenarios related to flooding, safety, and mobility.

The simulations generated in these DTs make use of highly resolved and micro-
scalar input data, acquired with the latest technologies and operational methods and
produced/delivered in OS mode, as shown in Figure 3.

Among these projects, Helsinki is certainly a best practice. With this project, the
city sets the benchmark for the development of DT for urban planning. In particular,
the complexity of the technological platform [43] earned it the Digital City of the year
2020 award from software development company ‘Bentley Systems’, one of the leading
companies in building DTs for PA with ‘Cityzenith’, ‘Cesium’, and others.

In addition, the three DT cases widen the view towards potential spin-offs within real
estate construction processes and in the hi-tech industry (ICT start-ups, gaming etc.) of
the acquired data, product, and digital by-products developed. At the end, some of the
applications tested in these projects also concern the community awareness actions using
simplified DTs in gameplay mode (e.g., ‘Minecraft’) or specific PA-to-citizens interfaces for
reporting criticalities, expressing appreciation, or proposing project actions.

In conclusion, the three projects link to each other by the operational approach aimed
at the preventive assessment of urban transformations and by the transparency and free
accessibility of the data. In fact, the partners produced data in CityGML, a semantic city
information model based on the OGC (Open Geospatial Consortium) global standards
defining an open-source interoperable format for the representation, storage, and exchange
of 3D virtual city models.

3.1.3. (P)DT: A Participatory Digital Twin for Consensus-Building in Herrenberg

In the European DT framework, the town of Herrenberg (about 30.000 inhabitants)
nearby Stuttgart is experimenting with a Participatory-DT that, although technological,
focuses on the involvement of local actors and the potential role of the DT in the dynamics
of cooperative planning and co-design [23,44]. The use of DTs for co-design and local
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knowledge learning processes is an emerging and limited theme in the literature. In this
sense, this study case acquires an interesting value and is a useful reference to start a
bottom-up DT project development.

Certainly, the size of the urban context has facilitated the development of ‘mixed
approach’ methods. In fact, the technological component stands on the same level as the
social one, according to the democratic-inclusive purpose assigned to this DT (Figure 4). As
in European (U)DTs, the entire development process of the platform is based on the use of
OS software (i.e., Simulation of Urban Mobility—SUMO, COllaborative Visualisation and
Simulation Environment—COVISE, OpenCOVER, OpenFOAM) and free access to data.

Figure 4. In evidence is a participatory event to disseminate research activities and raise awareness
of air pollution issues using augmented reality technologies. Image reprocessed from Dembski F.
et al., 2020 [44].

The virtual recreation of the city centre and its surroundings was generated from 3D
point clouds, Building Information Modelling (BIM) architectures, and public databases
that form the DT’s data infrastructure. Sensors were installed on this neural and techno-
logical network to analyse the relationship between traffic and the production/fluidity of
pollutants, as the project was driven by the need to safeguard and revitalise the historical-
medieval centre affected by pollution. The results of the research were communicated in
public meetings and workshops through interactive and experiential modalities of AR
that involved the public. In addition, the citizens experimented with the use of a Geo-
App (i.e., Reallabor Tracker) for (i) the collection of data to suggest proposals and submit
critical issues to the administration (Volunteered Geographic Information—VGI) and (ii)
complete questionnaires to assess their appreciation of the tests and the immersive modes
of communication.

3.1.4. (CS)DT: Virtual Singapore as A City-State Digital Twin

The Virtual Singapore (VSdt) is a complex and dynamic three-dimensional model
of a virtual city. It is a technological platform of queryable 3D data, tools, and simula-
tive/predictive algorithms developed ad hoc to guide the choices of decision-makers. This
platform, developed with proprietary software, is intended for the public, private, and
research sectors with the aim of creating new businesses linked to the world of digital
technologies. A project supported by substantial funds (USD 73 million) and managed by
various institutional and government bodies will enable users to access interactive tools
and applications, aimed primarily at evaluating and choosing efficient urban development
strategies (Decision Support System—DSS) [45,46].

The plurality of actors involved, achievable objectives, and issues addressed in this
(CS)DT can be found in the literature in various scientific articles. Those selected allow us to
consider the VSdt as a real multidisciplinary technological hub able to feed the international
state of the art on the subject. In fact, while the digital /virtual development of the built
system is well established in European experiences, some research conducted by the project
partnership illustrates extremely punctual and state-of-the-art workflows for (i) the analysis
of the urban microclimate [47], (ii) the 3D representation of open-space components with
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a focus on the geometric-semantic reproduction of vegetation [48], and (iii) the Level Of
Detail (LOD) of the digital model developed with semi-automated geo-Al informatics
procedures [49]. In general, compared to the other DTs examined, this case study also
combines technical and technological expertise with the desire to represent the physical

world as realistically as possible, ‘spectacularising” digital navigation and data—model-user
interaction (Figure 5).

G
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Figure 5. The VSdt is a highly technological and realistic DT (LOD 3), among the few to experiment
with techniques and methods for the characterisation of open space and 3D vegetation. Image
reprocessed from Ignatius M. et al., 2019 [47], and from government website [45,46].

4. Discussion: Potential and Limits

From the study conducted, several variations in DT for urban planning emerged,
which can be substantially distinguished by scale, purpose, technologies used, and in-
novation produced in terms of data, techniques, and simulation tools (see Table 2). The
current research defines DT as the most innovative tool in the international urban planning
panorama, able (yet potentially) to provide decision-makers with new ways such as:

e Simulative/predictive analyses from real measured data (even simultaneously) for
modification to specific city systems or places (e.g., accesses and local mobility);
e Directing planning choices on the basis of monitoring and historical data series

(e.g., maintenance and enhancement of the landscape heritage and urban green areas);
e  Managing the dynamics of participation and listening to the community involved in a

DT project.

None of the case studies reviewed at the moment have developed organic DTs as
bridging technology hubs between city government and civil society. In order for these
three trends and aspirations to become consolidated reality and not experimenting with
single focuses depending on the interest of the individual PA /university, it will take
time, greater digital competence within the PAs themselves, but also a process of digital
acceptance/alphabetisation of citizens. From the literature, it is clear that data-driven
urban planning based on co-design/geodesign methods with citizens, real-time monitoring
through sensors, etc. is still in an embryonic research-action phase.

Some of the applications developed in the case studies considered reflect today’s
need to rethink cities for flexible, incremental, and adaptive scenarios with respect to
the impacts of climate change (Dublin), energy requirements (Cambridge), biodiversity
conditions (Singapore), city governance (Cambridge, Singapore, Zurich), land and social
demands (Herrenberg, Zurich), environmental conditions (Helsinki), etc. What emerges
in general from all six case studies is the need for ‘smart governance’ of cities, in which
public administration, the private sector, and inhabitants engage in an open dialogue to
share visions for improving local conditions for better liveability.

The scientific production under review shows the progress made on the subject over
the last few years, highlighting the innovative and absolutely in-progress state of knowledge
on the topic of DT, highlighting both its unquestionable proactive potential for urban and
landscape planning and some critical aspects, which can be summarised as follows:
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a.  Conflicts of interest between ‘big companies” and PAs in the area of smart cities/twin
cities;
b.  Difficulty in relating the tool to multi-level urban governance instruments and models
and to a strategic planning vision;
c. Complexity of transparent data management, privacy, and democratic processes.

The survey carried out, although not exhaustive, invites a general reflection on the
themes and objectives entrusted to this tool. It is clear that this virtual platform must
necessarily adapt to not only geographical but also socioeconomic local contexts (a) in order
to include the human dimension and the local micro-entrepreneurship ‘beyond the current
technology-driven status quo’ [40]. In this sense, it would be necessary to understand how
small hardware/software developers and the local community can be actively involved
in supporting the creation of site-specific virtual models that are not ‘top-down’ with a
structure homologated by leading companies.

Furthermore, two main reflections can be made upstream of the open access scientific
literature or the consulted sitography. The first (b) concerns the purely urban dimension,
i.e., it is not always clear whether the development of the DT is linked to the objectives of
territorial government and urban knowledge of places. In this sense, to date, it is prema-
ture to argue how this digital tool can accommodate the forecasts of the urban planning
instrumentation and drive projects/policies in conformity /disparity by founding choices
on simulated scenarios. Second (c), it refers to the rhetoric of the supposed simplification
of multi-stakeholder processes by means of new digital technologies. DTs certainly have
these prerogatives, but at the moment, considering the experimental nature of the tool
and the type of study carried out, it is not possible to evaluate them exhaustively. From
this perspective, the sociocultural aspects of the DT as an instrument of choice-making
and consensus-building appear to be a further field of research in progress, which, for
the success of individual projects, must occupy an equal weight with the technological
infrastructure enabling the virtual-city.

In addition to the technical-operational and social components, it is also relevant to
point out that open space hardly ever enters into the discussions, which remain mainly in
the field of computer-engineering and geomatics, with the exception of VSdt. As illustrated
by Gobeawan [48], a context validated and made realistic by the semantic and biological
replication of trees will lead to the development of more accurate spatial analyses and
prefigurations dependent on the very individual forms, species-specific generalities, and
growth factors that can be associated with each 3D geometry. The vegetation component
is not the only characteristic of the open space, but related to the already accurate digital
terrain models for which it lays the basis for reproducing and evaluating more faithfully
the different and interacting dynamics and fragilities of the urban landscape.

5. Conclusions: Reflections and Future Direction

Research has highlighted the characteristics of DTs as ‘cyber-physical-social eco-
systems’ [50], i.e., as ‘organisms’ with brains and neural functions that reflect, at least
in part, and with a certain degree of unavoidable approximation, a physical system, admit-
ting within it immaterial influences. It is clear by comparing the experiences of the DTs
that the expert and local components are not yet integrated, but the two-world dialogue is
on only a few occasions. This lack thereof is attributable to the complexity of the subject
matter, the shortage of staff with such skills in the PAs, and the historical difficulty of local
authorities to work in synergy with the social and economic framework of the cities or
territories involved.

Some of the DTs under development consider the involvement of residents and their
needs as a mandatory part of the project process (Cambridge, Herrenberg). However,
as the authors themselves often point out, the number of participants, associations, or
categories involved is not yet representative and cannot be generalised. It will be necessary
to wait for the developments of the same and other research to understand if technological
procedures and DTs can (i) facilitate the democratisation of urban policy choices, (ii) support
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the governance of the temporal dimension of a city, and (iii) produce from data a new
knowledge useful for dimension/qualify planning interventions.

Similarly, the study undertaken showed how geo-technological and ICT progress
is able to support, but not replace, traditional urban planning analyses and assessments
with innovative survey tools. With respect to these issues, the ongoing and still embry-
onic characteristics of DTs for urban planning certainly emerge. While, on the one hand,
they provide highly accurate 3D reproductions and geo-morphological and architectural
models, on the other, they appear to be lacking in the connection between tools and city
strategies. In this regard, a prior cognitive and critical-qualitative assessment of contexts,
their structural weaknesses, community needs, and strategic planning appears necessary.
The DTs should adapt to the real needs of the territories and to the specific future vision
of the city at 360° (mobility, waste management, maintenance-implementation of public
green areas, new /social housing or urban regeneration projects, etc.). In general, a stronger
connection between quantitative and qualitative aspects is highly desirable between the
governing body and the resident community. In this perspective, DT will become not only
a pioneering tool for data management (‘Data Lake’) but also a proactive platform for the
strategic elaboration of new policies-strategies-actions. A simulative, cooperative, and
multi-stakeholder ‘smart dashboard” will enable the assessment of the sustainability of
transformations and expand the level of knowledge of the city with the support of new
geographic information technologies.

Moreover, almost all DT projects lack the digital configuration of open spaces and
vegetation (except for Singapore) as a fundamental and identifying part of the specific urban
landscape. These weaknesses open up new avenues of research to explore those gaps and
topics. In this sense, the FinEst Centre for Smart Cities (FinEst Centre) of Tallinn University
of Technology is currently testing new urban technologies in cooperation with Aalto
University and Helsinki Municipality on the topics of urban green digital twins, citizen
participation/engagement, sustainable mobility, and urban governance. In particular, the
strategic Tallin-Helsinki ‘Dynamic Green Information Model’ project is of high interest and
represents a disciplinary advancement [51].

Broadening the application horizon of the DTs presented, it is useful to point out how
this emerging theme is also crossing the purely urban and city limits to involve entire
nations, as, for example, in the United Kingdom. In this sense, what is meant is not a single
3D representation of the national territory at the geographical scale, but a chrono program
that is aimed at digitising the different cities and individual or systemic components
according to the ‘Gemini Principles.” The result will be an ecosystem of interconnected
DTs, especially with regard to the built environment, infrastructure, logistics, and efficient
services to support citizens [52].

In conclusion, the key element of this new paradigm is the spatiotemporal evolution
between data and virtual simulation and between semantics and geometry. These properties
enable DTs to acquire time series of data through sensors, allowing administrators/users
to elaborate ‘real-time” and ‘data-driven’ scenarios, offering a precise understanding of
urban reality. The complex urban dynamics will be increasingly investigated as the Digital
Twins evolve. Of particular interest will be advances in research lines on (i) the quality of
public space and emerging climate-social-health issues, (ii) the urban agenda timelines and
multi-level governance, and (iii) the connections between analogue observation and digital
processing for a sustainable and comprehensive urban planning. As emphasised in the
paper, the new paradigm of the 3D twin city as a virtual copy of the physical world and
its relational dynamics opens up new cognitive horizons for environment-city-inhabitants
studies. In this perspective, the digital transformation behind the renewal of the cognitive
processes and operational tools of urban planning is also a process of cultural-political
evolution in which the traditional tools of the discipline and the digital components of the
‘science of where’ could and should integrate.
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