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Abstract

Digital Twins are realistic digital representations of the physical world, frequently characterised by a two way link between digital
and physical. Originating in manufacturing, they are now expanding to city and national scales. In this paper we explore connections
between Geographic Information Science and National Digital Twins. Six different viewpoints and perspectives are presented on
the topic, highlighting the importance of: geospatial data engineering; metadata engineering; standards; challenges facing mapping
agencies; governance and public values; and a ”reality check” that explores the gaps between what is required and what can currently
be achieved. We present 22 recommendations and summarise the findings by presenting a high level research agenda to enable better
understanding and articulation of the link between the two.

1. Introduction

Digital Twin (DT) are a “realistic digital representation of ex-
isting assets, processes or systems in the built or natural envir-
onment” (Callcut et al., 2021). They have a “bi-directional con-
nection to the real asset, process or system and contain a way
of computationally analysing incoming information to gener-
ate valuable insights for [..] specific use-cases.” Twins should
not be thought of as a product - they are an on-going process
(Callcut et al., 2021). The human dimension - how humans in-
teract with Twins - is also fundamental (Agrawal et al., 2023).
Twins must (Bolton et al., 2018): have a purpose - in particular
public benefit; value creation and provision of insight into the
built environment; be trustworthy - including the importance
of data quality, security and openness; function effectively - be
based on a standard, connective environment, clear ownership
and governance, be able to adapt as society evolves.

DT have gained widespread deployment within manufacturing
(over 49% of DT, Lamb (2019)). More recently, they have
emerged in other application domains, in particular the built en-
vironment and evolved to encompass natural systems (Section
2.1). While some Twins may be able to operate in isolation (i.e.
as a closed system) there are interdependencies between many
Twins - the built and natural environments are closely linked.

Thus, a system-of-systems approach (Section 2.2) is required
to ensure that the links between systems are also considered.
This requires “creating an ecosystem of connected digital twins
- a National Digital Twin - which opens the opportunity to re-
lease greater value” (Gemini Papers, n.d.). Exploring the roots
of system-of-systems concepts could provide some insight as
to how to approach this challenging fragmentation. Rinaldi et
al. (2001) note that system-of-systems interdependencies can
include physical, cyber and also geographic. While normally
geographic proximity has no impact (e.g. water pipes and gas
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pipes can co-exist under a street), an event such as a road col-
lapse, explosion or flood can impact multiple systems at the
same time (Rinaldi et al., 2001).

Modelling these types of location-aware interdependencies is at
the core of geospatial science. Concepts such as binary topolo-
gical relationships (adjacency, intersection, disconnectedness),
proximity, distance measurement, buffering, multi-scale repres-
entation in 2D and 3D and network analysis all lend themselves
to this challenge (Section 2.4). The overlap between intercon-
nected DT and geospatial concepts is further highlighted when
we consider components of a DT (Sharma et al., 2022): the
physical asset; the digital asset (i.e. the Twin); a continuous
bidirectional relationship between them (the links between the
two); internet of things components for sensing; data; analysis
including machine learning; data security. Twin developers face
the same challenges as geospatial scientists - siloed or inaccess-
ible data (Bill et al., 2022), security, ethics (Goodchild et al.,
2022) and real time data management (Errami et al., 2023).

1.1 This Paper

Given these initially theoretical but now increasingly practice-
based overlaps between geospatial science and DT, our motiv-
ation in this paper is to contribute to advancing the concept of
National Digital Twins by exploring the links between the two.

To start to unpick these challenges, EuroSDR1 organised an
AGILE workshop on 13th of June 2023 in Delft. The work-
shop gathered twenty participants from diverse backgrounds.
Six experts from the geospatial domain were invited to present
their views on the key challenges facing National DT. This was
followed by break-out sessions to elicit additional viewpoints.

This paper first presents an overview of related concepts, then
summarises the individual viewpoint, highlighting recommend-
1 A not-for-profit organisation linking National Mapping and Cadas-

tral Agencies with Research Institutes, Universities and Companies in
Europe https://eurosdr.net/
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ations for further work - i.e. a research agenda. These are
then coupled with insights gained during workshop activities
to present a high level overview of the challenges ahead.

2. Background

This section first reviews individual (self contained) applica-
tions of DT, focussing on the built and natural environment.
Links between these Twins are then explored via system-of-
systems concepts, leading towards the concept of a National
Digital Twin, and preliminary commonalities between National
DT and geospatial science identified.

2.1 Digital Twins in the Built and Natural Environment

Applications in the built environment include (Shahzad et
al., 2022): smart cities applications such as traffic manage-
ment, congestion and carbon emissions reduction; evaluation of
designs; compliance checking against sustainability or building
regulations; requirements gathering;construction site progress
monitoring; facility management. Lamb (2019) add energy-
related and maritime applications to this list, and Agnusdei et
al. (2021) focus on the safety domain of mobility systems, civil
infrastructure, aeronautics, energy systems.

Within the natural environment, a systematic review by
Maimour et al. (2024) mentions DT relating to mountains, wild-
life, wetlands, river basins, oceans, forests air and floods. They
also note, however, that natural environmental DT are as yet
underdeveloped as they raise different challenges to built envir-
onment DT (Maimour et al., 2024).

2.2 Systems of Systems - Linking Digital Twins

“A system is a connected collection of interrelated and interde-
pendent parts; a complex whole that may be more than the sum
of its parts.” (Schooling et al., 2021). Systems of systems are
”large scale integrated systems which are heterogeneous and
capable of independently operable on their own but are net-
worked together for a common goal” (Jamshidi, 2017). Arsing
from infrastructure, a system-of-systems approach helps to ad-
dress the strong interconnections between infrastructure sectors
such as water, transport, energy and waste (Hall et al., 2016).
As Rinaldi et al. (2001) notes, a power failure impacts water
pumps and hence manufacturing and homes, as well as rail -
and hence supply chains.

As a whole infrastructure systems can be best analysed at a na-
tional scale (Hall et al., 2016). Individual systems naturally
have a spatial extent Hall et al. (2016) and while the basis of a
system-of-systems approach is physical assets, the ultimate end
result is an impact on people and society.

2.3 National Digital Twins

The Centre for Digital Built Britain (CDBB) - set up to deliver
a ‘National Digital Twin”- define such a twin as ”an ecosystem
of connected digital twins to foster better outcomes from our
built environment” (CDBB National Digital Twin Programme,
n.d.). Originating in the built environment (and in particular via
infrastructure projects) the concept is slowly evolving to span
the natural environment - e.g. Henriksen et al. (2022) present
the concept of a National Twin relating to climate change, com-
bining hydrological modelling and information about the built
environment. More broadly, Lamb (2021) note that the built

environment relies on nature for resources, water, air and recre-
ation; changes in the built environment also directly impact the
natural environment and given the current ”climate and nature
crises, we cannot continue to think about the built and natural
environment as independent from one another.”

Additionally, the human dimension of National DT is fun-
damental to address issues relating to: fragmentation and
silo-isation across different segments of society (Nochta et
al., 2019), for governance and implementation (Nochta et al.,
2019), and to maximise their potential to address some of soci-
ety’s key challenges - e.g. across the United Nations Sustain-
able Development Goals (AlAmir, 2022; Hassani et al., 2022;
Tzachor et al., 2022). The CDBB echo this concept in their
”Flourishing Digital Systems” paper, noting the importance of
delivering desirable outcomes for people and the wider envir-
onment, as well as the importance of digitalisation and a cyber-
physical infrastructure to deliver value from the built environ-
ment (Schooling et al., 2021). Taking the Twin-society links a
step further, Tomko and Winter (2019) propose the concept of
a cyber–physical–social system to represent the close coupling
between the digital, physical and social environments.

2.4 Geographical Concepts for National Digital Twins

Geographical Information Science is the ”branch of information
science that deals with the geographical domain, or the set of
fundamental scientific questions raised by geographical inform-
ation and the technologies that collect, manipulate and commu-
nicate” (Goodchild, 2011). Duckham et al. (2023) define a Geo-
graphical Information System (GIS, software that implements
the science) as a ”computer-based information system that en-
ables the capture and modelling, storage and retrieval, commu-
nication and sharing, manipulation and analysis, presentation
and exploration of geographically referenced data”.

The diversity of software architectures for DT noted in a review
by Broo et al. (2022) makes it challenging to provide a direct
mapping between the agreed definition of a GIS and the com-
ponents of a DT. However, similarities can be observed in the
inclusion of an interaction layer that includes 3D representation,
data visualisation, analytics, service management and system
administration as well as a ’back end’ architecture that includes
databases (i.e.”storage”) and data API (”retrieval”) (Broo et al.,
2022). An alternative offered by Lu et al. (2020) includes data
acquisition (”capture”), data modelling (”modelling”), a service
layer (”manipulation and analysis”) and a top level of ’interac-
tion with people’ (”presentation and exploration”).

Very similarly to DT, GIS are used by stakeholders to underpin
local, citywide, regional, national and international decisions
relating to healthcare, retail, transport, the natural environment,
flood defences, travel, agriculture and many more (Longley et
al., 2015). More broadly location supports the integration of
different systems together and geographic information has a ca-
pacity to ground a system of systems as in the next generation
Digital Earth vision (Goodchild et al., 2012).

3. Perspective 1 - Geospatial Data Engineering for Digital
Twins - A Call to Action

Data is a key component of any DT; broadly three types of data
can be identified: (Elsehrawy et al., 2021):

• Reference data: static blueprints, computer-aided design
(CAD) drawings and 3D models of the building struc-
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tures; documentation of mechanical, electrical and plumb-
ing systems or other representations of their functional de-
pendencies; and asset catalogues

• Transactional data: semi-static information about the
status of assets and maintenance work orders, such as the
condition inspection and date of assets.

• Time series data (from sensors) updated very frequently to
give a near real-time status of the building

Data sources can include sensors (e.g. LiDaR, remote sensing,
but also traffic, transport tickets, air quality), 3D models (city
models, Building Information Modelling), demographics and
statistical data and much more. All of these sources are familiar
to geospatial professionals, although we may perhaps consider
’reference’ data as transactional - for example, a 3D city model
may be updated on a regular basis - in other words, a geospatial
scientist acknowledges that the physical world changes through
time - it is just that ”time” may range from millennia (e.g. geo-
logy) through centuries and decades (changing city scales) right
down to seconds (air quality).

A second key component of a DT is data science – the analytical
component of the Twin that takes the incoming data and turns it
into information for decision makers. Increasingly this involves
machine learning and artificial intelligence. However, there is a
problem – a shortage of data scientists. The UK’s Quantifying
the UK Data Skills Gap (2021) report notes that there were up
to 234,000 data related vacancies that year.

This shortage is made much worse as up to 80% of a data scient-
ist’s time is spent doing data engineering (Muller et al., 2019;
Mons, 2018) – finding, accessing, formatting and structuring
incoming data to a point where they can use it for analysis.
More formally, data engineering is defined as – “the develop-
ment and maintenance of systems and processes that take in raw
data and produce high quality consistent information that sup-
ports downstream use cases” (Reis and Housley, 2022). Two
changes are needed to make this vision a reality:

• Data engineering is not new – spatial data infrastructures
have existed for many years now. However, very little at-
tention is paid (or funding allocated) to this aspect of DT.
Recommendation 1: to enable future Twins, we need to
prioritise and re-focus DT efforts away from AI and ma-
chine learning.

• Recommendation 2: we also need to take a ‘geospa-
tial first’ approach to data engineering – at the moment,
searching for data is text based so you can’t find related
data for the same location easily, interoperability involves
joining text fields rather than spatial joins which are often
the only option, and we are not taking advantage of our ex-
pertise natural map-based aggregation (‘generalisation’) to
build connected DT at regional and national scale

Using a geospatial data engineering approach is particularly
powerful given that most city and national data can be asso-
ciated with a map location at some level of granularity (either
directly or indirectly). Recommendation 3: to achieve the
above, we also need to understand the geographical hierarchy
of National Twins will it correspond to the familiar build-
ing/street/neighbourhood/town/municipality/region/country or
will different (nested? overlapping?) geographies be required?

4. Perspective 2 - Metadata Engineering for the National
Digital Twin

Metadata convey information necessary for different data en-
gineering tasks including: discovering available data and tools,
selecting the most relevant resources for a current goal, retriev-
ing them, using them, and being informed about the possible
gaps between the data and the depicted reality, publishing res-
ults back for other users to discover, for example in a perspect-
ive of coupling twins together, processing the result to generate
a visual representation adapted to the end user experience.

All these tasks can present a high level of complexity. Poten-
tially relevant data can belong to different domains, in different
formats. There is no single technology but rather different op-
tions that need to be considered, such as spatial analysis, statist-
ics, deep learning, graph processing, requiring specific expert-
ise to define the appropriate tool and workflow.

Services can assist these tasks if tractable metadata exists about
datasets, tools and processes. This in turn depends on interop-
erable, cross domains and expressive metadata standards and
also on metadata production workflows. Yet, despite the devel-
opment of such metadata standards, current metadata are quite
poor, little documented and very often not tractable enough to
support tasks beyond simple discovery (Zrhal et al., 2021). Re-
commendation 4: we believe an approach is needed so that
metadata production can be encouraged by metadata usage -
i.e. metadata engineering for National Digital Twins.

Grounding a decision on a DT requires access to uncertain-
ties associated with the DT. To assist in this, quality-related
metadata for the discovered data should organised in four cat-
egories : specification (a.k.a. product scope), quality criteria
documenting the gap between datasets and the scope in terms
of completeness, accuracy and consistency, provenance (a.k.a.
lineage) and usage. However pdf documents and csv files pre-
vail, published on web portals, usually in local language, and
various files names.

Knowledge graphs have developed on the Semantic Web pre-
cisely to support the retrieval of resources adapted to a user
context (Hogan et al., 2021). They encode knowledge about
the object of interest, e.g. restaurants in London, to interpret a
user query and propose appropriate content, to identify simil-
arities between users to make further recommendations. They
have been adopted in the domain of geodata to develop ”Ques-
tion Answering” capacities to assist users with no GIS skills in
triggering GIS workflow (Xu et al., 2023). Recommendation
5: a National Digital Twin Knowledge Graph should embrace
the user domain (perhaps via Wikidata as a core common-sense
vocabulary as in Zrhal et al. (2021)). It should also embrace the
domain of resources - i.e. data sources, tool and should include
connection between these domains.

User feedback is valuable both for other users and for data pro-
viders, but its production and discovery is disorganised. The
Geospatial User Feedback (GUF) standard from the Open Geo-
spatial Consortium (OGC) can be an opportunity to do so (Za-
bala et al., 2021). Recommendation 6: A benefit of a National
DT Knowledge Graph would be to connect together the differ-
ent experts who process data into this ecosystem to consolidate
their expertise related to data quality and usability.
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Figure 1. Illustration of a semantically rich standard (left) and a
semantically thin standard (right).

5. Perspective 3 - Standards for Digital Twins

To create DT it is important to have standards that facilitate
storage and retrieval of data from different sources to be used
within a wide range of applications. Open standards for se-
mantic 3D city models, such as CityGML and CityJSON, can
be used to facilitate the creation and modelling of DT. In the
recently released CityGML version 3.0, modules have been ad-
ded for better support of versioning and time-series data (such
as data from sensors). Furthermore, the standards can be ex-
tended (e.g. CityGML Application Domain Extension; ADE)
to support different applications or to create national profiles of
the standard. Recommendation 7: explore the use of CityGML
and ADE to create 3D data profiles for National DT

A main consideration when creating a standard for a DT is
what to include. One extreme approach would be to develop
a standard (information model) that includes “everything” that
is needed for a DT (Figure 1 left). That would result in a stand-
ard that is semantically very rich and it will probably be near
to impossible to implement tools for the standard. In addition,
to maintain the data stored in e.g. a database to keep it up-to-
date would be a major challenge since cities are dynamic with
constant changes and flow of data.

Another extreme would be to exclude (almost) all semantics and
only include geometries with metadata about data collection
and accuracy and a unique ID in the standard (Figure 1 right).
The semantics could be stored in external databases and/or op-
erational systems and linked to the objects in the DT via the
unique IDs. That way the data could be stored and maintained
closer to the source, e.g. at the traffic office or park management
office, but it requires an efficient way of connecting to external
sources and linking data.

One example of a national profile of CityGML, that in longer
term will support the creation of digital twins, is the new
Swedish specification for 3D city models called 3CIM (Uggla
et al., 2023). This project was iteratively developed via work-
shops and tests, and takes the second of the above approaches
- geometry metadata are aligned with the NMA’s framework
to make it easier for cities/municipalities to create data accord-
ing to 3CIM. Recommendation 8: a thin specification - with
separate geometry and semantics - may help to overcome chal-
lenges relating to data search and formats.

6. Perspective 4 - Organizational Challenges Facing
Mapping Agencies

Recommendation 9: National Mapping Agencies emerge as
natural candidates for spearheading the development of digital
twins of territories, due to their production and dissemination
of spatially referenced data. This data can feed these intricate
system-of-systems.

However, the demands for data quality, encompassing updates
and levels of detail, pose huge challenges which could neces-
sitate in-depth reorganization. Indeed, the prevalent model ob-
served in most national or regional mapping agencies involves
furnishing comprehensive and homogeneous geospatial refer-
ence data across their operational territories, following the tra-
jectory of traditional cartographic productions. Traditionally,
supplementary data enhancements for specific applications are
made by other stakeholders, including public agencies at vari-
ous administrative levels, private operators on their own initi-
ative, or acting on behalf of public entities. For example, this
could involve the integration of satellite imagery or extensive
tree census data with official geo-data for effective city green-
ing management.

Recommendation 10: explore whether cartographic agencies
are equipped to address the aforementioned challenges in terms
of production, quality, standardization, and human resources?
Should they retain, if applicable, the monopoly on generat-
ing reference geospatial data, or should novel models be con-
ceived? This query becomes particularly pertinent in the con-
text of developing digital twins for cities, wherein the collab-
oration between municipal agencies, cartographic entities, and
private actors assumes diverse configurations.

Three main trends (Figure 2) in the metamorphosis of the role
of national cartographic agencies can be identified:

• “Keep it as usual”: National and regional agencies adapt
their production methodologies to meet the requisites of
digital twins, without significant alterations in collabora-
tion frameworks with other stakeholders. However, there
exists a risk of inadequately addressing identified chal-
lenges due to resource and human capital constraints.

• ”Promote Municipal/Territorial Level”: Digital twins for
urban or territorial landscapes are managed at alternative
authority levels (city, region, etc.), closer to the applica-
tion and utilization spheres. Collaboration with mapping
agencies and the private sector is envisioned from these
echelons. Yet, the substantial risk persists of being unable
to surmount all challenges owing to resource and expertise
deficiencies. Greater delegation to the private sector in-
troduces potential risks to public sovereignty, data control,
and sensitive processes.

• ”Reshaping of Roles of Public Mapping Authorities
(PMA)”: Intensifying collaboration among public author-
ities (national, regional, and municipal). This transcends
the realm of mere technical challenges, encompassing so-
ciotechnical considerations. Such an approach could strike
a harmonious balance with private partners, safeguarding
public sovereignty and ensuring control over data and pro-
cesses. Nevertheless, it demands overcoming resistance
to change from public operators and may evoke political
and governance intricacies. This paradigm might consti-
tute the optimal approach for inclusive citizen involvement
throughout the entire process.

Preliminary work via a partnership to investigate and proto-
type a digital twin of Liege was launched in 2022 between the
City of Liège, Liège University, the Liège Economic Redeploy-
ment Group (GRE-Liège) and public land development office
(SPI). This highlighted the difficulty to prototype the third ap-
proach of reshaping PMA roles without firstly promoting the
city level and addressing the governance issues. Recommend-
ation 11: explore whether a ”keep it as usual”, promote muni-
cipal/territorial level” or ”reshaping of the roles of PMA” is an
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appropriate strategy for national mapping agencies to engage
with DT, along with related governance issues.

7. Perspective 5 - Governance and Public Values

In the context of an urban DT, three types of reality must be
considered: physical reality, social reality and digital reality.
Paradigms already exist to study the links between these realit-
ies as illustrated in Figure 3. Recommendation 12: the Digital
Twin should be a triple and connect physical, social and digital
realities together. Urban and National Digital Twins are made
up of the sum of many (Urban) Digital Twins, in a distributed
and decentralised fashion. Each of the twins have their own
area of focus: either community, topic or physical area.

Today, there is still too much focus is on the traditional and
”smart” city - whilst our lives are mostly affected by the
changes in the Social and Digital Reality (social media is well
known, but also AI, AR/VR, Web3 will have a large impact on
our daily lives). From a legislative perspective, there is a gap
between social and physical reality.

An important milestone to achieving the Urban Digital Twin is
to improve general awareness that digital is not solely an instru-
ment but is part of the reality. This is an on-going process with
debates regarding the ownership and governance of platforms
that play a critical part in urban processes. Recommendation
13: National Mapping Agencies are needed to promote Open
Urban Platforms that can be shared by public and private act-
ors. Such Open Urban Platforms represent a more adapted solu-
tion than all private platforms or all public platforms.

National Mapping Agencies have long managed the founda-
tional content for digital representation of the physical real-
ity, traditionally in 2D, increasingly in 3D. They also play a
role in the ethical use of that digital representation in combin-
ation with the real-time feedback from the physical city. They
have vast experience in achieving interoperability through the
use of international Open Standards and are looked upon to
provide technological leadership in their implementation. Re-
commendation 14: validate whether National Mapping Agen-
cies can be the guardians of an Interoperable DT.

Recent Digital Acts from the EU provide a first framework for
the creation of Digital Twins in alliance with European public
values. Recommendation 15: the Digital Twin must be made
and managed and benefited from by both the private and public
sector, academic community and especially the citizens them-
selves. This will help to avoid both full private control (e.g.
social media) and full public control (’big brother’).

8. Perspective 6 - A Reality Check

The locational aspects of national and city-level DTs is crucial
when addressing sustainable issues. GI-science has therefore
a lot to offer to the implementation of DTs. However, while
theoretically potential is high, there are many GI-related chal-
lenges still to be tackled to fulfil the promises of nationwide
DTs that is able to address and solve global challenges.

8.1 A catch-all term: risk to ignore fundamental problems

The term Digital Twin lacks a uniform definition. The risk
of a such a catch-all term is that research can focus on just
a part of the DT (mostly technical) and ignore more complex
fundamental issues, working on isolated parts of the problem.

Recommendation 16 clarify the meaning of the term Digital
Twin. fundamental research challenges about collecting, shar-
ing and integrating multi-temporal, multi-resolution heterogen-
eous data across organisations, scales and domains still remain
and are easily overlooked by a term that covers all and nothing.

8.2 Going beyond the concept of an exact mirror

The exact mirror concept of a DT representing reality works for
a single product that can be isolated from its surroundings such
as a car or a plane, but not for a complex, interconnected reality
of our physical environment. GI modelling is always based on
an abstraction of the world where selections and generalisations
are applied to capture reality in geographical data. Different
data views on the same reality exist just as different DTs exist
depending on focus, scale and purpose. Recommendation 17:
determine how to develop and implement a multi-view (multi-
scale, multi-temporal) DT concept.

8.3 Temporal data

To enable the two-way flow of information from the physical
to the virtual model and back, realtime data and continuous up-
dating of the DT is required. However, for geo-data an update
cycle of days or weeks is often already high. Recommendation
18: determine how ”real-time” is real-time and what temporal
data is needed for a National DT.

8.4 Versioning

Recommendation 19: address the challenge of how to main-
tain and manage different versions of geodata. This allows
users to be able to go back to a version of the data on which
a decision was based or to study trends of specific phenomena,
noting that the underlying data models also change with time.

8.5 Simulation National DTs

On the fly simulations are considered an important part of a DT
from which it can directly be seen what the impact of a spe-
cific intervention is on different aspects such as noise, air qual-
ity, mobility, energy etc. However, most types of simulations
require sophisticated hardware and specific data structures as
input. Simulation outputs are also easily confused with predic-
tions at a certain moment in time. Recommendation 20: how
to use the same DT-basis for a wide variety of simulations and
how to feed back the simulation results into one integrated view,
including usable uncertainty information.

8.6 Realism versus realistic

Often it is thought that the more real the DT looks the better.
But realistic looking models are not per se realistic models of
reality. These models can be outdated, contain errors and be
equally (sometimes even less) accurate than less detailed mod-
els, while they are more expensive to acquire and to keep up to
date. At the same time, many simulations require thinning and
generalisation of the data to reduce performance issues. Re-
commendation 21: determine how to specify and accommod-
ate (create, manage, align) different levels of detail and differ-
ent accuracy levels for the same reality for different needs.

8.7 Practice readiness of DTs

To understand the practice-readiness of DTs it is helpful to loc-
ate the current state of the implementation of nationwide and
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Figure 2. Data flow and Articulation between PMA and private companies in the three main approaches

Figure 3. The Urban Digital Twin is a Triple

city level DTs on the Gartner hype cycle (Linden and Fenn,
2003). The concept of national and city-level DTs can be placed
somewhere between the Innovation trigger and the Peak of In-
flated Expectations. To date, studies have shown the (mainly
technical) potential of location Digital Twins which has led to
high, and often inflated expectations.

Recommendation 22: More exemplars are required that con-
vert results and insights from pilots into feasible DT implement-
ations. This will help us understand how fundamental GI sci-
ence challenges can be addressed in order to implement the full
concept of National DT. To reach the Plateau of Productivity
DT should solve real-world problems within available budgets
and within organisational and institutional structures.

9. Integrating the Perspectives

The concept of a National Digital Twin is an adaptation of the
manufacturing vision where a group of relevant experts and
operators interact with a digital counterpart of a manufactured
physical component and use it to agree on a possible interven-
tion, to simulate it on the digital counterpart, to evaluate its im-
pact and ultimately improve the physical component. Here, the
manufactured physical component is replaced by territory in all
its complexity. Agreeing on a possible intervention is replaced
by making a decision for our future and tooling the ecological
transition, for example deciding to move a whole set of hous-
ings from a threatened seashore to a secure location, or inform-
ing in real time citizens about what source of energy to use.

However, for the most part, geospatial solutions to these chal-
lenges concentrate on one aspect of the process. This fragment-
ation is reflected in the DT community, where (Shahzad et al.,
2022) note that even the development of city-level digital twins
is at a conceptual stage, and better integration of DT with as-
sociated digital technologies (IoT, Industry 4.0, Big Data) is
required.

Recommendations from the six perspectives above are coupled
with additional insights identified through workshop break-out
sessions to develop a high level research agenda. Related re-
commendation numbers given in brackets.

9.1 Identify the Components of a (National) Digital Twin
(16)

As noted in Section 2.4 there is as yet not a clear definition of
the components of a Digital Twin. To date, we understand that
a National DT:

• will not be a monolith but will be a connected series of
Twins (following the system-of-systems approach outlined
in Section 2.2).

• will encompass multiple scales - from neighbouhoods to
national extents

• will link the built environment, the natural environment
and society

• will focus on societal and other benefits

A preliminary list of components generated during the work-
shop includes: 3D city models, simulation, interoperability,
meeting citizens’ expectations, metadata, people, standards,
data ethics, diversity and inclusion, metadata, governance, edu-
cation, data and reference data.

We can speculate that the components of a National DT will be
identical to those of city or urban DT, but it will be important
to explore this in more detail. We do no yet understand whether
a National Twin will be solely a question of interconnecting
existing twins or also of designing additional Twins specifically
for territories. It is unclear whether the concept of a National
DT will in fact be the same or similar across multiple countries.

The lack of clarity on the components of a National DT renders
the task of identifying where geospatial expertise can contribute
to making this integrated vision a reality more challenging.

9.2 Exploit and Publicize Existing Data, Metadata and
Standards and Related Expertise (1,7,9,20)

The geospatial community’s data expertise covers: 3D (3D
models, virtual reality, 3D), Spatial Data Infrastructures (gov-
ernance, ownership, reference data, up-to-date data, inter-
operability, standards, data integration, system architecture,
metadata, workflow, management, public), ethics (diversity
& inclusion, public values, data ethics, citizen expectations),
Users/application (users/target group, education, people, citizen
expectations, privacy), simulation/models is of great relevance
to National DT, in particular when it is considered that this
expertise frequently relates to national (or even cross-border)
datasets. Standards within the community are also relatively
mature, and adaptable to meet National DT requirements. Data
expertise spans the built environment, the natural environment
and human geography.

However, this expertise is perhaps not well known or under-
stood outside the community: National DT developers are not
able to benefit from the expertise and data providers and geo-
spatial scientists are not able to demonstrate value.
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9.3 Further Develop Multi-Scale and Temporal Data
Methods and Expertise (3,17,18,19,21)

National Mapping and Cadastral Agencies are world leading
experts at deriving less detailed (smaller scale) data from large
scale data, through generalisation. This mirrors the ’scaling-
out’ of a National DT as component DTs are linked. Data ver-
sioning across time is also well understood - the physical envir-
onment is undergoing continual change, and map update cycles
are relatively short. This basis provides an ideal foundation for
the requirements of a National DT. We can speculate - based on
a preliminary exploration of system-of-systems concepts (Sec-
tion 2.2) - that geospatial concepts (topological relationships,
network analysis, buffering and many more) will be crucial in
identifying potential inter-dependencies between Twins.

9.4 Developing New Tools and Approaches (2,5,6,8,12)

From a technical perspective, geospatial science is a very well
established (50+ years) discipline. The required tools and ap-
proaches identified above - new approaches to metadata, know-
ledge graphs, Twins as triples, alternative data architectures,
geospatial-first approaches - are not specific to National Digital
Twins. It remains to be seen if further work is also required to
handle as-yet-unrecognised technical challenges.

9.5 Addressing Societal Challenges (15,22)

Applying DT at territorial scale sets up strong expectations both
from the technology providers and from stakeholders, and case
studies are fundamental in terms of managing these. A Na-
tional Digital Twin needs to represent not only physical reality
but also society and needs to be able to communicate with cit-
izens and practitioners. To engender the required trust, it may
be the case that the Twin should be created and hosted some-
where authoritative rather than within the private sector.

9.6 Understanding the Role of National Mapping Agen-
cies (10,11,13,14)

Linking to the above, it will be important to understand the
role, readiness and business models that geospatial organisa-
tions such as National Mapping Agencies and international or-
ganisations (e.g. EuroSDR) will play in developing a National
DT. Answers to the above challenges, coupled with an under-
standing of business drivers, will help to clarify this situation.

9.7 Building a National Digital Twin - Learning Together

The bias in the research agenda outlined here should be noted.
Recommendations have been identified by incorporating the
viewpoints of six geospatial experts with those of others attend-
ing a EuroSDR workshop associated with the AGILE interna-
tional Geographical Information Science conference. The ma-
jority of the recommendations relate to data, perhaps identify-
ing data-related issues as a priority whose resolution will enable
other challenges to be addressed.

The challenges listed perhaps highlight the current disconnect
between those developing National Digital Twins and the geo-
spatial community - our community may lack an understanding
of the system-of-systems approaches that drive National Digital
Twins, of IoT and the specific complex, big data, AIdriven ana-
lysis that forms the heart of many Twins, in particular when
the strictest definition of a DT - two-way real-time data feeds
and automated decisions - is considered. Geospatial experts

struggle to articulate the benefit of our approach in a National
DT context, and to articulate value. Equally, it could be spec-
ulated that the DT community - while making use of geospa-
tial approaches - are perhaps doing so implicitly, and thus per-
haps not exploiting geospatial data to its fullest extent or with
full awareness of any inherent quality issues or consequences
of misapplying geospatial techniques. Addressing these skills
and knowledge gaps should be a priority.

Going forwards it will also be important to incorporate the per-
spectives of other stakeholders - e.g. infrastructure operators,
central government, software vendors and many more - as well
as to provide examples and case studies to illustrate the prac-
tical applications of the emerging recommendations.

10. Conclusion

A National DT encompasses not only specific entities, like
a dam or an infrastructure but also entire territories. This
paradigm is driven by strong expectations from administration
to be assisted to face the climate crisis and social crises with the
territories they administer, from local to national levels - a DT
of territories is seen as a solution to take back control of the im-
pact a local administration and citizens have on their territory.
An important difference from many classical DT applications is
that territorial twins should not assist in maintaining territories
but rather they should assist in engaging a transition, in other
words assist societies to decide the future they want to reach for
their environment and how to reach it. At national levels, coun-
tries are developing National Digital Twins strategies to articu-
late territorial DT development with public value, trust and reg-
ulation. In a context where phenomena do not stop at borders
and where some impacts need to be evaluated at a global scale,
the DT concept can also be applied to multi-country challenges
and to the Earth as a whole.

“A strong ecosystem of connected digital twins should con-
nect processes, technology and organisations to deliver positive
outcomes for people, society and nature by making better de-
cisions, faster.” (Gemini Papers, n.d.). Ensuring that geospatial
and DT practitioners are open to the idea that there is learning
to do on both sides, and that it will be beneficial to combine
forces and work towards a common goal is fundamental. We
very much need to engage with disciplines beyond our own to
progress the research agenda outlined here, and ensure that the
vision for a National DT becomes a reality.

References

Agnusdei, G. P., Elia, V., Gnoni, M. G., 2021. A classification
proposal of digital twin applications in the safety domain. Com-
puters & Industrial Engineering, 154, 107137.

Agrawal, A., Thiel, R., Jain, P., Singh, V., Fischer, M., 2023.
Digital Twin: Where do humans fit in? Automation in Con-
struction, 148, 104749.

AlAmir, N., 2022. How digital twins will help to un-
lock united nations sustainable development goals. Abu Dh-
abi International Petroleum Exhibition and Conference, SPE,
D021S065R002.

Bill, R., Blankenbach, J., Breunig, M., Haunert, J.-H., Heipke,
C., Herle, S., Maas, H.-G., Mayer, H., Meng, L., Rottensteiner,
F. et al., 2022. Geospatial Information Research: State of the
Art, Case Studies and Future Perspectives. PFG–Journal of
Photogrammetry, Remote Sensing and Geoinformation Science,
90(4), 349–389.

ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume X-4/W5-2024 
19th 3D GeoInfo Conference 2024, 1–3 July 2024, Vigo, Spain

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper. 
https://doi.org/10.5194/isprs-annals-X-4-W5-2024-147-2024 | © Author(s) 2024. CC BY 4.0 License.

 
153



Bolton, A., Butler, L., Dabson, I., Enzer, M., Evans, M.,
Fenemore, T., Harradence, F., Keaney, E., Kemp, A., Luck, A.
et al., 2018. Gemini principles.

Broo, D. G., Bravo-Haro, M., Schooling, J., 2022. Design and
implementation of a smart infrastructure digital twin. Automa-
tion in construction, 136, 104171.

Callcut, M., Cerceau Agliozzo, J.-P., Varga, L., McMillan, L.,
2021. Digital twins in civil infrastructure systems. Sustainabil-
ity, 13(20), 11549.

CDBB National Digital Twin Programme, n.d. https:
//www.cdbb.cam.ac.uk/what-we-did/national-
digital-twin-programme, note = Accessed: 28/01/2024.

Duckham, M., Sun, Q. C., Worboys, M. F., 2023. GIS: a com-
puting perspective. CRC press.

Elsehrawy, R., Kumar, B., Watson, R., 2021. A digital twin uses
classification system for urban planning & city infrastructure
management. Journal of Information Technology in Construc-
tion, 26, 832–862.

Errami, S. A., Hajji, H., El Kadi, K. A., Badir, H., 2023. Spatial
big data architecture: From Data Warehouses and Data Lakes to
the LakeHouse. Journal of Parallel and Distributed Computing,
176, 70–79.

Gemini Papers, n.d. https://www.cdbb.cam.ac.uk/files/
gemini_papers_-_what_are_connected_digital_twins.
pdf&sa=D&source=docs&ust=1707248767764623&usg=
AOvVaw0H5F3C2zP5wl5-1sGIbx2p. Accessed: 2024-01-30.

Goodchild, M., Appelbaum, R., Crampton, J., Herbert, W.,
Janowicz, K., Kwan, M.-P., Michael, K., Alvarez León, L.,
Bennett, M., Cole, D. G. et al., 2022. A white paper on loca-
tional information and the public interest.

Goodchild, M. F., 2011. Challenges in geographical informa-
tion science. Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 467(2133), 2431–2443.

Goodchild, M. F., Guo, H., Annoni, A., Bian, L., De Bie, K.,
Campbell, F., Craglia, M., Ehlers, M., Van Genderen, J., Jack-
son, D. et al., 2012. Next-generation digital earth. Proceedings
of the National Academy of Sciences, 109(28), 11088–11094.

Hall, J. W., Tran, M., Hickford, A. J., Nicholls, R. J., 2016.
The future of national infrastructure: A system-of-systems ap-
proach. Cambridge University Press.

Hassani, H., Huang, X., MacFeely, S., 2022. Enabling Digital
Twins to Support the UN SDGs. Big Data and Cognitive Com-
puting, 6(4), 115.

Henriksen, H. J., Schneider, R., Koch, J., Ondracek, M., Trold-
borg, L., Seidenfaden, I. K., Kragh, S. J., Bøgh, E., Stisen,
S., 2022. A New Digital Twin for Climate Change Adaptation,
Water Management, and Disaster Risk Reduction (HIP Digital
Twin). Water, 15(1), 25.

Hogan, A., Blomqvist, E., Cochez, M., d’Amato, C., Melo,
G. D., Gutierrez, C., Kirrane, S., Gayo, J. E. L., Navigli, R.,
Neumaier, S. et al., 2021. Knowledge graphs. ACM Computing
Surveys (Csur), 54(4), 1–37.

Jamshidi, M., 2017. Introduction to system of systems. Systems
of Systems Engineering, CRC Press, 1–36.

Lamb, K., 2019. Research Landscape: Scoping Review.

Lamb, K., 2021. Modelling across the built and natural envir-
onment interface.

Linden, A., Fenn, J., 2003. Understanding Gartner’s hype
cycles. Strategic Analysis Report Nº R-20-1971. Gartner, Inc,
88, 1423.

Longley, P. A., Goodchild, M. F., Maguire, D. J., Rhind, D. W.,
2015. Geographic information science and systems. John Wiley
& Sons.

Lu, Q., Parlikad, A. K., Woodall, P., Don Ranasinghe, G., Xie,
X., Liang, Z., Konstantinou, E., Heaton, J., Schooling, J., 2020.
Developing a digital twin at building and city levels: Case study
of West Cambridge campus. Journal of Management in Engin-
eering, 36(3), 05020004.

Maimour, M., Ahmed, A., Rondeau, E., 2024. Survey on digital
twins for natural environments: A communication network per-
spective. Internet of Things, 101070.

Mons, B., 2018. Data stewardship for open science: Imple-
menting FAIR principles. CRC Press.

Muller, M., Lange, I., Wang, D., Piorkowski, D., Tsay, J., Liao,
Q. V., Dugan, C., Erickson, T., 2019. How data science workers
work with data. Conference on Human Factors in Computing
Systems-Proceedings, 86–94.

Nochta, T., Parlikad, A., Schooling, J., Badstuber, N.,
Wahby, N., 2019. The local governance of digital technology–
Implications for the city-scale digital twin.

Quantifying the UK Data Skills Gap, 2021. https:
//www.gov.uk/government/publications/quantifying-
the-uk-data-skills-gap/quantifying-the-uk-data-
skills-gap-full-report. Accessed: 2024-01-30.

Reis, J., Housley, M., 2022. Fundamentals of Data Engineer-
ing. ” O’Reilly Media, Inc.”.

Rinaldi, S. M., Peerenboom, J. P., Kelly, T. K., 2001. Identify-
ing, understanding, and analyzing critical infrastructure inter-
dependencies. IEEE control systems magazine, 21(6), 11–25.

Schooling, J., Enzer, M., Broo, D. G., 2021. Flourishing sys-
tems: Re-envisioning infrastructure as a platform for human
flourishing. Proceedings of the Institution of Civil Engineers-
Smart Infrastructure and Construction, 173(1), 166–174.

Shahzad, M., Shafiq, M. T., Douglas, D., Kassem, M., 2022.
Digital twins in built environments: an investigation of the char-
acteristics, applications, and challenges. Buildings, 12(2), 120.

Sharma, A., Kosasih, E., Zhang, J., Brintrup, A., Calinescu,
A., 2022. Digital twins: State of the art theory and practice,
challenges, and open research questions. Journal of Industrial
Information Integration, 100383.

Tomko, M., Winter, S., 2019. Beyond digital twins–A com-
mentary. Environment and Planning B: Urban Analytics and
City Science, 46(2), 395–399.

Tzachor, A., Sabri, S., Richards, C. E., Rajabifard, A., Acuto,
M., 2022. Potential and limitations of digital twins to achieve
the sustainable development goals. Nature Sustainability, 5(10),
822–829.

Uggla, M., Olsson, P., Abdi, B., Axelsson, B., Calvert,
M., Christensen, U., Gardevärn, D., Hirsch, G., Jeansson,
E., Kadric, Z. et al., 2023. Future Swedish 3D city mod-
els—Specifications, test data, and evaluation. ISPRS Interna-
tional Journal of Geo-Information, 12(2), 47.

Xu, H., Nyamsuren, E., Scheider, S., Top, E., 2023. A gram-
mar for interpreting geo-analytical questions as concept trans-
formations. International Journal of Geographical Information
Science, 37(2), 276–306.
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