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Here, I provide a perspective on digital twins of cities that cover awide
array of different types, ranging from aggregate economic and behavioral
processes to more disaggregate agent-based, cellular and micro-

simulations. Akey element in these applications is the way that we as
scientists, policymakers and planners interact with real cities with respect to
their understanding, prediction and design. I note arange of spatial models,
from analytical simulations of local neighborhoods to large-scale systems of
cities and city systems, and briefly describe computational challenges that
geospatial applicationsin cities pose.

Theterm ‘digital twin’is riddled with ambiguity’. It emerged around 20
years ago as a computer representation of a real system whose struc-
tures and functions are usually physicalin form? In this sense, a digital
twin (or ‘twin’ for short) is a digital model, although there are limits on
the extent to which a twin is coincident with the system it is designed
to represent. If we define a model as being a simplification, then we
canalways associate atwin withanunderlying digital abstraction that
links the model to theory.Infact, theimplicitidea of a digital twin goes
back many years’ notwithstanding the confusion over its actual origins.
Michael Grieves, whois often accredited with the original populariza-
tion of digital twins, defined such atwin asa “mirrored spaces model™,
echoing David Gelerntner’sidea of a ‘mirror world”.

Digital twins are thus computer representations of the processes
that determine how a physical systemoperates, and in this sense, they
arestrongly coupled to the original system, enabling information to be
shared between the system and its twin in both directions®. This sharing
ofinformation defines the key purpose of the twin, whichistoactasa
sensor, controller, monitor, predictor and/or designer of the original
system. The twin thus keeps the system ‘on course’ so to speak, and
in its most ambitious form, it can enable the system to be controlled
or redesigned to keep it focused on its original purpose or to target it
to meet new goals and objectives. This coupling of ‘real to digital’ or
‘real to model’ is usually strong and formalized when the real system
isaphysical system, but much weaker and looser when twins are being
constructed for social, economic and organizational systems, where
the transfer of information between the real and its twin is often non-
automated and sometimes non-digital.

Digital twins of physical or social systems

There are now hundreds of applications of models that loosely fall
under the rubric of digital twins, the majority of which have emerged
as twins of systems whose form and functions are largely material’. In

this context, physical representations of real systems might be based on
traditional electro-mechanical forms, systems that are manufactured,
orthose that evolve biologically. Physical systems can be quite distinct
fromtheir digital twin, and although interactionbetween the real and
the digitalisamajor requirement, there is stillasense that the real sys-
tem may contain many more functions than are incorporated within
their twin®. However, part of our fascination for the concept involves
the many possibilities of the real and the digital being able to merge
with each other indiverse ways, with traditional iconic representations
continuing to enrich the entire process of modeling the real.

The problem with our implicit definition of digital twins so far
is that the systems that are central to our focus here are essentially
social rather than physical in form’. Cities only in their most superficial
form are physical, as our serious understanding of themis largely in
terms of the way populations and activities function through a myriad
of urban processes, which are social and economic in terms of their
structure and behavior. Although they function in real time, which
is manifest through countless movement patterns and economic
flows™, their focus on very short-term change” is the essence of the
‘smart city’, while most city planning asitis institutionalized in public
policy is associated with much longer-term change'?. Change both in
the shortand long term manifestsitselfin different kinds of economic
and social behavior, whichinvariably have spatial and physical traces.
Itmight appear that cities have astrong degree of predictability, in that
populations engage in routinized activities on minute-by-minute or
longer timeintervals. However, when we examine the degree to which
we can forecast their future form, this predictability dissolves® and
our current predictions for many social processes are at present no
better than two-to-three-day weather forecasting™. Inshort, although
there is a general assumption—even by informed populations and
communities—that cities are easy to explain, this is rarely the case
and not exactly true.
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Key challenges such as theimpact of climate change, questions of
housing affordability, traffic congestion and high residential densities,
spatial segregation, deprivation, exclusion, migration, aging and health
all define a myriad of problems facing our cities. Half a century ago,
urban problems were characterized by Rittel and Webber as ‘wicked’:
problems that once tackled become even more insoluble, problems
that get worse rather than better as we attempt to alleviate them®.
It might thus appear that urban problems cannot be addressed at all
using digital twins, but this is far from the mark. In fact, it is in these
policy areas that digital twins as models are needed, perhaps even
more thanin physical scientific domains from whence they originate™.
This echoes Marc Kac’s insightful sentiment that “... the main role of
modelsisnotsomuchtoexplainor predict—although ultimately these
are the main functions of science—as to polarize thinking and to pose

»17

sharp questions.

Putting the humanin theloop

One crucial element missing from our discussionso faris therole that
we, as scientists, play in developing such models: it is scientists who
define the real system of interest and initiate how to model the system
asatwin or twins. In city planning, planners and urban analysts are
crucial for manipulating the twins that we use to understand the real
system, to make predictions and to improve design. We also embrace
how a single twin might be part of a much wider ecology of twins, a
federation that can exist across many levels composed of many stake-
holders. Inthis sense, we speak of the ‘humanin the loop’. This is often
intrinsic to processes of participation and citizen engagement'®, and
italso lies at the basis of crowdsourcing. Unlike many digital twins in
the harder sciences and engineering, the social and policy sciences
from the perspective of city planninginvolve a mixture of the real, the
non-digital, the digital and ourselves as mediators, scientists, design-
ers, politicians, managers and many other roles that define how we
goabouturban planningin building more sustainable, resilient cities.

An appealing graphic of this augmented system is the cartoon
drawn by Gordon Pask™ over 60 years ago (Fig. 1a). Paskillustrates the
real system, essentially a pattern of traffic flow inatown that he pictures
as a‘black box’, where a variety of sensors measuring some of its flow
dynamics are being monitored by the scientists intent on explaining
and controlling its outputs in terms of its inputs. The humans in this
loop areattempting to understand the system using animplicit ‘digital’
model where they are mixing qualitative and quantitative insights.
Moreover, the black box clearly provides an environment for control-
ling, managing and designing the future system; the box in fact not
being completely black but shades of gray?’. We thus observe the model
directly using our human senses to see what is happening in non-digital
form (by looking through the window in Fig. 1a), and we can also sense
itusing digital means asimplied in the network of sensors wired up to
the system.In more abstract terms, we alsoillustrate thisintersection
of models, twins and humansin schematic formin Fig. 1b.

Although the real system, digital twin and the human in the loop
areshowninFig.1, these three elements are entangled and replicated
many times in the wider environment of twins and stakeholders.
Indeed, we caneven elaborate the real systemitselfinto many systems
orsubsystems, thus forming anecology of analysis, controland predic-
tion consisting of federations of digital twins and many different types
of science (and scientist) that formalize this complex environment.
Inthe case of cities, such environments that already exist as different
models are coupled together and used at different spatial and temporal
scales, whereinformation and data are exchanged between their vari-
ous elements. Inshort, in social systems, we can define many types of
twinsthatreflectamultitude of theoretical perspectives, each of which
reflect different features of the real system. In such contexts, where
more than one twin is developed, a hierarchy of models can emerge
that need tobe coupled in ways that enrich our understanding of how
different types of simulation extend our abilities to control the real
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Fig. 1| The digital twin as ablack box with the human in theloop. a, Thisimage
illustrates the key components of the digital twin environment, which pictures
ablack box—the two towers that generate and attract traffic—whose workings
are largely obscured from the group of scientists gathered around the machine.
The scientists monitor the traffic flows from the operation of the sensors that

are linked to the box and they can also observe the physical traffic by looking
through the window. The entire environment is implicitly digital and non-digital.
b, We abstract the real system from several digital twins, illustrating the role of
the model-builder, scientist and/or policymaker as ‘humansin the loop’. Panel a
adapted with permission fromref. 19, Radius Books.

thing. This type of environment for digital twins represents an ecology
or federation of different models that can be coupled and integrated
in different ways and which illustrate the complexity of systems such
as cities that can only be understood through multiple paradigms?.
To anticipate the limitations of the digital twin environment we have
sketched, our models are largely designed to inform the dialogue
between planning professionals and decision-makers immersed in
producing new designs for better cities, so that a better quality of life,
greaterresilience and urban sustainability can be achieved. Thisreflects
Kac’s mantranoted above that models are “to polarize thinking and to
pose sharp questions.”

Maps, theories, models and twins

Our understanding of cities only began to emerge at the beginning
of the industrial revolution with the rise of modern science, and in
many contemporary interpretations, our current knowledge of how
they function and how we ourselves form anintrinsic part of the urban
civilization they define is still quite primitive. However, our ability to
abstract their form in the simplest of ways goes back to prehistory,
to cave paintings and to simple iconic models* of city shapes on the
first maps engraved on clay tablets produced when cities emerged in
Neolithic times in ancient Sumeria. Maps and models were used not
only to navigate but to represent how life was organized in cities. In
fact, non-digital, iconic models still dominate city planning as they
provide abasic means for visualizing cities in the mostimmediate way,
and they can be easily modified to figure out the aesthetic and visual
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Fig.2|Simple 3D visualizations of digital twins. The most popular digital twin
ofacityisthe 3D digital model that is used as a frame for containing geospatial
data. a, Early models were built for very simple building complexes using desktop
software that produced the English village, which was generated in1978. b, A wire
frame of downtown Chicago developed by Skidmore, Owings and Merrill for an

entire central business district in1984. ¢, Central London as shown in software
based on GIS that enables different layers of data to be linked to the 3D urban
landscape. The layer shownis a pollution surface reflecting PM,, particulate
matter concentrations (red, high concentration; blue, low concentration). Panel
areproduced with permission fromref. 29, Elsevier.

impacts of new buildings and related infrastructures®?*. Indeed, many
large towns and citiesin China continue to build such physical models
complementing them with digital technologies, providing anenviron-
ment for exploring sustainable urban futures®. Various digital layers
can be integrated within them and innovative schemes for enabling
augmented styles of citizen engagement are fast emerging®. City mod-
elsremained non-digital until about 50 years ago when computers first
reached the point where graphical user interfacesbecame the preferred
medium for the display of data, and since then, more and more elements
and processes associated with ways in which cities form and function
have been embodied in digital models.

Amabp, digital or non-digital, embodies critical features of a city at
different scales, with the simplest being in the two-dimensional (2D)
plane. Thereis debate about whether ornotamapisamodel, oramodel
isatwin, and some argue thatamap can never be atwin. Butassoonas
the mapis transformed intoits third dimension, thereis more consen-
sus that this can become a digital twin. In fact, most of the immediate
and obvious examples of digital twins for cities are three-dimensional
(3D) representations of urban form that are as close to the map as pos-
sible. Moreover, the digital map and its 3D equivalent are also excellent
examples of the way scale determines different kinds of city model. As
we vary the scale of the map or model, we vary the detail to the point
where the scale converges with the real terrain and the map becomes
thereal thing, atleast onaconceptual level. Many commentators from
Lewis Carroll toJorge Luis Borges have used this idea to illustrate the
dilemmas posed by developing models at different scales?.

The media with which we represent cities has moved very fast in
thelast40 years from non-digital to digital and from 2D to 3D, with 3D
digital models being made widely availablein web browsers as applica-
tions. Most traditional 3D models of the iconic variety only represent
the superficial geometry of the city, and although there have been
attempts to embed layers of social and economic information into
such systems in terms of locations (points of interest) and represen-
tations of social and economic spatial processes, most 3D models are
still constructed somewhat superficially for their visual value.In 1984,
large-scale 3D models were demonstrated by the architecture practice
Skidmore, Owings and Merrill*® for 9 of the largest US cities where the
focus was on the visual massing and the aestheticimpact of tall build-
ings (Fig. 2b). Atabout the same time, simpler desktop versions atlocal
neighborhood scales were generated (Fig. 2a)”. Increasingly, data can

belayered onto such models, thus forcing these models into new ways
of representing geospatial processes in cities. Figure 2c shows a pollu-
tionsurface (PM,y; coarse particles with adiameter of <10 pm) layered
ona3Drepresentation of central London®.

Analytical functions in such models mainly consist of tools to
construct viewsheds, accessibilities and related geometries, although
thereis aslow convergence with building information models (BIMs)*,
and their generalization to cities (city information models, or CIMs)*,
Agent-based models that populate such 3D landscapes with trafficand
other kinds of movement are beginning to embrace the third dimen-
sion®, but one of the major constraints is the way different functions are
spatially representedin terms of the geometry of the city. Nevertheless,
the 3D physical frame of the city, represented in digital form, provides
acataloging system for many features and attributes of locations that
composethe city and, aslindicate below, this class of modelis still the
one that many of us would consider as a critical pillar for a digital twin
of a city®*. It is worth emphasizing that, although the 3D geometric
frame used to build 3D models is essential to their structure, in many
instances, it falls far short of what we require of a digital twin, in that
many such examples do not contain any of the processes of location
andinteraction that define how cities form and function. In this sense,
there are clear limits to what we might characterize as a digital twin
for a city, notwithstanding all that | have said about the ambiguities
of such definitions.

Generating city digital twins
Digital twins can be defined for many different spatial characterizations
of cities, first across arange of scales from the most local neighborhood
to the metropolis and then to megalopolises—systems of cities that
define the world’s largest urban agglomerations. In terms of tempo-
ral scales, the development and evolution of cities can be articulated
across many different time periods from fine-scale, minute-by-minute
intervals to years, decades, epochs and eons. Our understanding of
cities relates to theories that are fashioned for explaining how cities
are structured over space and time, although there is a bias towards
articulating citiesasif they arein a perpetual equilibrium, largely due
to the difficulties of identifying their appropriate dynamics®.

The elements that compose cities—social and economic activities,
land uses, clusters of population and employment, and so forth—
relateto aggregate and disaggregate processesinvolving work, leisure,
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travel, health and socialinteractions, which are critical to many related
theories that have evolved over the past century. These elements can
be assembled into various sets of systems and subsystems, which in
quantitative terms can generate several different kinds of digital twin
for the same physical, spatial and social system. In fact, there are many
theories that explain citiesin qualitative rather than quantitative terms
and thus cannot be represented digitally, but still play an important
role in our understanding and planning of their form and function.
Thisintroduces another theme into the use of digital twins in general
and relates to the fact that city planning makes use of many types of
qualitative and quantitative insights, digital and non-digital twins
as well as various kinds of urban analytics that cover a wide range of
mathematical structures and logics. Applications that concentrate
exclusively on quantitative representation are likely to be the excep-
tion rather than the rule in city planning as in many other social and
economic applications of digital twins.

The first urban models simulated the location of land use and
transportation, which were regarded as being critical to urban prob-
lems in the mid-twentieth century city, particularly in terms of the
need for new transportation systems and specifically for high-speed
roads. The frameworks developed for these simulations were termed
land use-transportationinteraction (LUTI) models*. These formed the
basis foracontinued stream of models that became more disaggregate,
picking up ever more detail from different sectors of the urban system,
and enabling their extension to embrace simple temporal dynamics.
There are several reviews of these models* with that by Rolf Moeckel
being one of the most up-to-date and accessible’.

Here, I cannot detail the complete range of models of citiesand their
processes that give rise to digital twins—there are simply too many, and
the cultural and geographical contexts are too diverse—but I need to
provide the reader with some sense of the range of twins and what they
are composed of. The foundations of the best developed models lie in
their origins in location theory, which emerged during the nineteenth
century, explainingwhere and why populations and industries locatein
space”. These theories, which sought to explain relative competitionin
space between different activities, are also related to the application of
classicalideas from Newtonian physics asembodiedingravitational and
potentialmodels*’. These ideas mesh with concepts relating to economic
agglomeration, scale and diffusion*. They have led to a series of aggre-
gate spatialmodels that predict the location and interactions of various
types of population and also generate related patterns that describe
urbanforminwaysthatimply different methods for manipulating loca-
tions to meet the goals of sustainability, equity, resilience and efficiency.

These models have been developed in aggregate econometric
forms, in terms of agent-based representations*, as patterns of cellular
development*, through methods of synthetic microsimulation**, and
through more-inductive approaches involving data-driven models
of urban spatial structure®. Network structures are also providing
a frame for integrating location, interactions, densities and dynam-
ics*®. Currently, this field is being extended through the development
of statistical models that are estimated from increasingly big data.
There is a synthesis of functions relevant to how cities are organized
thatisbeingembedded inthese multivariate styles of model, in which
causal structures based on relationships such as neural networks are
being implemented. These kinds of model and their successors were
developedinNorth America, western Europe and Australasiafromthe
1950s and 1960s, but they have diffused quite widely in Asia-Pacific and
South America® in the past three decades. There has however been
a proliferation of different types with little convergence on specific
forms, and there are parts of the world, in particular the global south,
where their development had lagged far behind. But insofar as these
models are digital twins—and our bias here is that they are part of the
wider portfolio of such tools—then this is illustrative of the massive
growthinhow digital tools are spreading out and expanding toembrace
awide array of different theories but of the same system.

Aslhavealready discussed, models of cities primarily depend on
the way their spatial structure and geometry are configured, largely
because it is widely accepted that, to improve the quality of life and
sustainability of cities, urban planning involves manipulating their
physical form. This dominant paradigm is paralleled by related foci
which are not necessarily spatial, but aspatial and non-spatial, yetintrin-
sically linked to the spatial and physical through social and economic
behavioral processes. I have already noted how digital representa-
tions emerged on the back of computer graphics, firstin 2D computer
cartography, then 2D geographic information systems (GIS) in paral-
lel with 3D digital models associated with computer-aided design*®
and more recently satellite remote sensing®. Such developments are
directly linked to the scale of analysis, where such digital models have
the prospect of being extended almost indefinitely to finer and finer
granularities and point distributions defining the form of the city. In
this sense, there are continuing computational challenges in terms
of how spatial scale generates numbers of city locations. Moreover,
once representation moves from being point and line to polygon and
volume, the potential interactions between these physical parts grow
exponentially in terms of processing power and memory required.

Although 2D and 3D representations provide locations—census
tracts, zones, parcels, points, grids, buildings and so on—for vari-
ous features or attributes defining the city system, and these can be
extended to embrace the temporal dimension, most theories and
models whose dominant focusis on representing the physical features
ofthe city are relatively simple in terms of their meaning. This is what
makes such geographies relatively easy for the public at large to grasp
visually, but once we drillinto such representations, there are amyriad
of more complex processes that define how cities function over space
and time that are not easily understood in immediate terms. Many
simple models now exist but most are for pure visualization® although
somessuchas Virtual Singapore™ are being developed to contain many
technical functions associated with land development, utilities, water
systems and so on. However, the best developed models articulate
urban processes as people, commodities, ideas, information and so
forth, flowing between different locations, where such traffic is often
unusually difficult to observe and extract with much remaining invis-
ibleto direct observation. These processes determine the local dynam-
icsof changeincities frequently being explained using the economics
of markets, where flow volumes depend onhow resources are allocated.
These are reflected in the ways that housing markets clear, wage rates
aredetermined, taxes are levied and so forth, as well as through social
interactions where ‘who and what’ relate to one another also condi-
tions what happens at different urban locations. The cutting edge
for such modeling at present involves simulating entire populations
of individual agents at ever finer scales where LUTI models are being
merged with agent-based transport and housing market models such
as MATSIM*, UrbanSim*, SimMobility*** and related structures that
incorporate both short- and long-term dynamics of urban change.
Much of this modeling is supported by awider range of spatial analytic
functions, sometimes called models or twins in their own right, that
describe and explain the statistical landscape that cities reveal. Such
toolsand methods serve to organize and clarify the data thatisintegral
to the construction of digital twins.

The types of interactions that are basic to the way cities func-
tion using social physics and location theories are pictured in Fig. 3.
This is a digital twin not of a single city but of all of the cities in Great
Britain: it includes all of the settlements that are defined by urban
development, where we show how employment in different locations
generate interactions (flows) and accessibilities (potentials) based,
for example, on journeys to work and many other flow patterns and
activity locations*®. These models are partly based on analogies with
physical systems, on social gravitation that I noted above, associated
with how people respond to activities at different distances from their
origins®’. The way such flows take place depends on mechanical as well
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Fig.3| A digital twin for Great Britain based on urban accessibilities and
spatial interactions. a, The standard interface that enables the user of the digital
twin to explore and visualize data. a,b, An accessibility surface that computes the
relative proximity to employment of every place in Great Britain (a) and azoom
into Greater London on one of the touch-screen devices also used to display and

run the model (b). ¢, Visualization of the average trip volumes and their dominant
orientation from each spatial zone to all others, giving animage of where
employment activity moves using journeys to work across Great Britain. The user
can create all this by running the basic model from http://quant.casa.ucl.ac.uk/.

as digital processes and the costs involved relate directly to contem-
porary challenges involving energy, climate change and the quest for
net zero. There are many such models often castin econometric terms
that reveal how we might make cities more sustainable and livable, and
these canbe developed at different scales from aggregate populations
downtoindividual agents such as households.

Many of the models I have alluded to are static, castin a timeless
equilibriumthat reflects how the city is spatially structured at a cross-
sectionintime, but there are now various models slowly emerging that
focus more on how citiesactually evolve in their development through
time, reflectingideasin complexity theory where the dynamics canbe
rich and unpredictable®®. Agent-based models at fine spatial scales,
where agents are modeled as individuals and households, are intrinsi-
cally dynamic built on local decision-making, such as discrete choice
theory and microsimulation. More aggregate dynamics can also be
simulated by defining sequential change in development using cellular
automatastructuresincorporatingbirths, deaths, migration and regen-
eration. These canbe linked back to finer scale agent-based models as
well as to more aggregate population, employment and accessibility
dynamics based on gravitational laws emanating from social physics.

This portfolio of models is part of the wider field of complexity
theory that now informs the development of this science*. The notion
of cities developing from the bottom up has cometo reinvigorate the sys-
tems approach that originally articulated theories of how cities are struc-
tured and formed asif they were manufactured from the top down. The
idea of cities as developing akin to biological systems began to replace
theanalogy between cities and machines at much the same time the first
computer models were being built and only in the past two decades have
these models begun to embrace evolutionary dynamics, scalingand non-
linear growth®’. These developments are twisting the idea of the digital
twin even further in that the link between the real system and its twin is
itself becoming part of the evolutionary process where the real system

is changing in concert with the twin itself as the relationships between
them change, strengthening or weakening. In this sense, digital twins of
citiesarethemselves becoming more like real cities as the elements that
compose their digital elements become more deeply embedded in the
processes that drive the dynamics of the real city system.

Computational challenges
There are clear computational challenges in building twins of cities,
and these mostly pertainto the types of processes that twins are able to
representand to the scales at which the models are built. Dataon human
behaviorsrepresented spatially and in terms of mobility are notoriously
difficult to identify and collect®. Often inadequate proxies are used
for such data, such as from social media, and the biases in such data
sets as well as problems over privacy and confidentiality are legion®?.
Moreover, the ever-increasing volume of new datais intimately bound
up with the increasing complexity of the contemporary city® and this is
continually taxing our abilities to make sense of the urban system and
urbanlifeingeneral.Interms of computational resources neededin the
quest togetever finer spatial representations, the increase in computer
time and memory required for the simplest modelsis usually linear, but
most city models also incorporateinteractions between locations that
lead to exponential increasesin processing time and memory storage.
Thestandard land use-transportation model that forms the basis
of the digital twin illustrated in Fig. 3—which is being built for Great
Britain—is based oninteractions or flows between locations and scales
with respect to the square of the number of locations. This model is
based on 8,436 zones or locations, which generate about 71 million
trips (or interactions) with the most stripped-down version of the
model on the fastest local hardware, taking about 20 seconds to run.
When this is scaled by about 5 times, the model potentially generates
1,741 million trips, ascaling of approximately 25 times with the number
of zones increasing to 41,729 (the number of census units comprising
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complete coverage of the country). Computer time scales accordingly.
Ithasonly become possible to consider making such twins operational
withthearrival of new hardware based on GPU chips, and eventhen, the
sheer scale of datarequiredis difficult to acquire and manage and even
more difficult to absorbin terms of its analytical meaning and integrity.
These problems remain challenging. As computer time and datascale
super-linearly with size, the total time required for single model runs
cansoonbecome daunting, outstrippingavailable computer resources.
Thishas dominated the construction of digital twins of cities since their
inception more than 50 years ago and it shows little sign of stopping as
we continue to increase the detail in our models.

To date, most urban models have not attempted to articulate third-
orderinteractions, where there areinteractions betweeninteractions.
Thisis reflected inthe most simple mannerin movements between any
two locations that spawn movements that spin off frominitial interac-
tions, such as those that are reflected in multi-modal travel patterns.
Similar linkages between economic activities that are spontaneously
generated from economicinteractions lead to similarkinds of correla-
tion and complexity. Tomodel such order effects, new theoretical forms
ofurbanmodel willbe required. As these types of model are built at finer
andfinerscales, they begin to approach agent-based models where the
units, whichare stilltagged toland parcels (or zones), merge into loca-
tions associated with individuals. In this sense, spatial representation
changes from locations of a fixed set of physical assets to the location
ofindividuals that tend to have their own dynamics. There are few such
developments at present but the field israpidly moving in this direction.
Most urban models currently do not deal explicitly with dynamics, but
thosethatdo, tend toadd dynamicsasalinear process (intime), which
simply expands the modelin additive form. Interactions between time
periods aresimplelinear links forward in time, but there are no models
that deal with nth order interactions between different time intervals
as of yet. There is, however, the possibility that real-time sensing from
remote satellites will provide us with updates of physical land use and
urban data, which mightbe incorporated into digital twins, providing
some sense of how cities are changing physically on daily frequency
cycles. Thistoo would boost volumes of data dramatically with conse-
quent computational limits, again, determining what scale of modeling
ispossible. Thisisincreasingly possible, but the real challengeislinking
thesekinds of representation to social and economic processes thatare
the ultimate drivers of spatial change in cities.

Visualizationis an essential feature of digital twins, where spatial
representation is key to making sense of the processes and dynamics
that determine the structure of cities. There are now considerable
resources for visualizing big data, model structure and model predic-
tions that are all associated with digital twins, but challenges remain
concerning the most appropriate ways in which big datacanbe under-
stood and incorporated into urban models. I have indicated above
the kind of framework or platform being developed for our national
digital twin, the QUANT model (Fig. 3). New developments in digital
twinninglike this depend on how we define and structure dataas much
asonthewayswerepresent spatial behaviors. As our models get more
detailed—due to our datagetting bigger—and the scale that we require
ofthemodelincreases, thisisleading to better models, but progressis
slowintheface of increasing complexity. Digital twins for understand-
ing cities and enabling informed predictions for planning imply new
ways of linking theory to practice, while the emergence of platforms
for organizing ecologies of twins provide new challengesin getting to
grips with the key problems of future cities in terms of their sustain-
ability and the quality of life that they aim to realize. Developmentsin
extracting big data from social media and traces left by mobile inter-
actions as well as new methods of automating model design through
Al are likely to enrich the idea of the digital twin for city planning in
the next decade. The problems of achieving all this, however, are still
daunting due to the fact that thelevels of accuracy associated with such
dataand theory are poor®*.

I have already implied that unless real systems are closed from
their wider environment, whichis only possiblein theory, digital twins
cannot be perfect simulators. This is especially so when there is no
dominant theoretical paradigm explaining the system in question
and where there are a multitude of models that can be used to build
acomprehensive understanding of the system in question. This does
not negate the idea of digital twins, but in fact, challenges of this kind
make the approach even more important. Computer models of cities
have existed for 70 years with some of the first being built for Detroit
and Chicago in the mid-1950s® but their performance has always been
mixed®. Cities are getting ever more complex as new technologies
continueto beinvented, and even though our models attempt toreflect
this, their predictive abilities will always be limited. As soon as we begin
tosimulate systems where humanbehavioris critical to their structure
and dynamics, their intrinsic predictability isin doubt. The question as
to whether we should build digital models at all if we are dealing with
systems that are unpredictable will always be to the fore with respect
towhat urbanistJaneJacobs® said about “the kind of system that a city
is”. But digital twins are ever more essential to the debate as to how we
can design more sustainable, efficient, equitable and resilient cities.

I do not have the space here to catalog and evaluate the many
different applications of digital twins to city planning, but I can point
the reader to different application domains where the suitability of
the twin can be evaluated. Some 50 years ago, Douglass Lee wrote a
devastating critique of the first models, where he pointed out that
theearly efforts were plagued by poor data, limited computation and
the chaotic organization of applications®®. Many of these problems
have and are being resolved with developments in big data and speed
of computation®, where the focus on very short-term change in the
smart city now exists alongside the planning of cities over the long
term’°. But problems of theory remain. Thus, in this area, we need to
adapt theideaof the digital twin to environments that are plagued by
intrinsic unpredictability. As soon as we open the door to this type of
uncertainty, the concept of the digital twin, from which most classic
twins of physical processes have emerged, begins to change as we enter
aworld where more than one twinis always required and no single twin
can be considered as best.
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