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Chapter 1

Introduction
A digital twin is a digital replica of a real-world physical entity (El Saddik 2018). 
The concept is already widely used in the manufacturing sector. In the built en-
vironment sector, digital twins are gradually entering the conversation as they can 
offer substantial value to all associated stakeholders. This report is the outcome 
of the International Workshop on Built Environment Digital Twinning, which was 
co-sponsored by the Institute for Advanced Study of Technical University of Munich 
(TUM-IAS) and Siemens AG.

The workshop brought together Digital Twin experts across academia and the 
private sector, with experts from the Civil & Environmental Engineering, Computer 
Science and Architecture disciplines. These experts were given the task to explore 
the key research and technology transfer challenges in the following areas:

• the digital twin itself,

• from real world to the digital twin,

• from the digital twin to the real world,

• tech transfer and market penetration.
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Notable speakers were invited to the workshop to present their vision in one of the afore-
mentioned areas. Their presentations were followed by brainstorming sessions that aimed 
to provide all attendees an opportunity to brainstorm jointly and derive novel insights. More 
information about the workshop can be found via the link: https://www.cms.bgu.tum.de/
digital-twinning.

The trend that sparked the recent popularity of Digital Twins in the Built Environment sector 
UVGOU�HTQO�VJG�UGEVQTnU�RQQT�RGTHQTOCPEG�KP�FKIKVK\CVKQP��+VoU�DGPGƄEKCN�HQT�WU�VQ�FKIKVK\G�DWKNV�
environments throughout the lifecycle of the facilities. However, as shown in Figure 2.1, the 
construction sector is the least digitized sector among all sectors listed. This leaves lots of 
room for improvement, but no obvious solutions of how to bridge the gap with other sectors, 
such as manufacturing. Digitization plays an increasingly important role in every industry 
including the built environment, and the concept of the digital twin has been proposed to 
address the digitization gap. However, adopting it in the built environment is not a simple task. 
A lot of work needs to be done before we obtain truly valuable and meaningful digital twins.

This paper will introduce Built Environment Digital Twinning using the same four thematic 
CTGCU�CU�NKUVGF�CDQXG��+P�%JCRVGT����YG�HQEWU�QP�FGƄPKPI�VJG�EQPEGRV�QH�VJG�FKIKVCN�VYKP��6JG�
FGƄPKVKQP�QH�FKIKVCN�VYKPU�KU�FKUEWUUGF�HTQO�FKHHGTGF�CURGEVU��%JCRVGT���CKOU�VQ�GZRNCKP�JQY�
to generate a digital twin from real world data. In this chapter, we discuss how to automate 
the generation process across scales and built environment asset types. In Chapter 4, we 
discuss the use of digital twins for real-world applications. In this chapter, we exploit the 
digital twins and how to maintain them. Chapter 5 introduces digital twin tech transfer and 
market penetration. In this chapter, we present answers to questions such as “what industry 
business models are needed to best exploit digital twins” and “how should such models be 
introduced or promoted to achieve fast market penetration”. Discussions and outcomes of 
brainstorming sessions at the workshop are described in Chapter 6. 
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Figure 2.1: The MGI Industry Digitization Index for Europe
(Bughin et al. 2016)

Exhibit E2

SOURCE: BEA; BLS; US Census; IDC; Gartrr ner; McKinsey social technology survrr ey; McKinsey Payments Map; LiveChat customer satisfaction reportrr ;
Appbrain; US contact center decision-makers guide; eMarketer; Bluewolf; Computer Economics; industryrr expertrr intervrr iews; McKinsey Global
Institute analysis

1 Based on a set of metrics to assess digitization of assets (8 metrics), usage (11 metrics), and labor (8 metrics); see technical appendix foff r full list of metrics 
and explanation of methodology.

2 Compound annual growth rate.
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Chapter 2

&GƄPKPI�
a digital twin
6JGTG�CTG�OCP[�FGƄPKVKQPU�QH�C�FKIKVCN�VYKP�HTQO�FKHHGTGPV�ƄGNFU��9G�NKUV�UQOG�QH�VJGO�KP�
6CDNG������#U�YG�ECP�UGG�KP�VJG�VCDNG��KP�CNOQUV�CNN�FGƄPKVKQPU�QH�VJG�FKIKVCN�VYKP��VJTGG�KVGOU�
are mentioned: the physical part, the digital part and the information links between them. 
Roughly speaking, a digital twin is a digital version of a physical asset and the digital part 
and physical part are connected to each other. However, there is currently no commonly 
CITGGF�FGƄPKVKQP�QH�VJG�FKIKVCN�VYKP�HQT�VJG�DWKNV�GPXKTQPOGPV��UQ�YG�ƄTUV�IKXG�CP�QXGTXKGY�
QP�UQOG�GZKUVKPI�FGƄPKVKQPU�CPF�VJGP�CVVGORV�VQ�RTQXKFG�C�JQNKUVKE�FGƄPKVKQP�HQEWUKPI�QP�
applications for the built environment. 

-TKV\KPIGT�GV�CN��
������ENCKOU�VJCV�VJG�FGƄPKVKQPU�QH�FKIKVCN�OQFGNU��FKIKVCN�UJCFQYU�CPF�
digital twins are different. A Digital Model is a digital representation and there is not any 
form of automated data exchange between the physical and digital parts. A digital shadow 
EQPVCKPU�QPG�YC[�FCVC�ƅQY�DGVYGGP�VJG�RJ[UKECN�CPF�FKIKVCN�RCTVU��+P�EQPVTCUV��C�FKIKVCN�
VYKP�KU�UWRRQUGF�VQ�KPVGITCVG�FCVC�ƅQY�KP�DQVJ�FKTGEVKQPU

 physical twin digital twin
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In the context of Centre for Digital Built Britain a digital twin is “a realistic 
digital representation of assets, processes or systems in the built or natural 
environment”.

(Bolton et al . 

2018)

A digital twin, as a means to link digital models and simulations with re-
al-world data, creates new possibilities for improved creativity, competitive 
advantage and human-centred design.

(Arup Group 
Limited 2019)

A digital twin is a digital replica of a living or non-living physical entity. By 
bridging the physical and the virtual world, data is transmitted seamlessly 
allowing the virtual entity to exist simultaneously with the physical entity.

( E l  S a d d i k 
2018)

A digital twin is a dynamic virtual representation of a physical object or 
system across its lifecycle, using real-time data to enable understanding, 
learning and reasoning.

(Gallan et al. 
2019)

A digital twin is a real mapping of all components in the product life cycle 
using physical data, virtual data and interaction data between them.

( Ta o  e t  a l . 
2018)

The digital twin is a set of virtual information constructs that fully describes 
a potential or actual physical manufactured product from the micro atomic 
level to the macro geometrical level. At its optimum, any information that 
could be obtained from inspecting a physical manufactured product can 
be obtained from its digital twin.

(Grieves et al. 
2017)

A digital twin is an integrated multiphysics, multiscale, probabilistic simu-
lation of an as-built vehicle or system that uses the best available physical 
OQFGNU��UGPUQT�WRFCVGU��ƅGGV�JKUVQT[��GVE���VQ�OKTTQT�VJG�NKHG�QH�KVU�EQTTGU-
RQPFKPI�ƅ[KPI�VYKP�

(Glaessgen et 
al. 2012)

A digital twin is a coupled model of the real machine that operates in 
the cloud platform and simulates the health condition with an integrated 
knowledge from both data driven analytical algorithms as well as other 
available physical knowledge.

( L e e  e t  a l . 
2013)

6CDNG������&KHHGTGPV�FGƄPKVKQPU�QH�VJG�FKIKVCN�VYKP�KP�XCTKQWU�ƄGNFU
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What is a digital twin of the built environment?

When reasoning about digital twins for the built environment, we have to consider the phy-
UKECN�VYKP�ƄTUV��6JG�RJ[UKECN�VYKP�TGHGTU�VQ�VJG�CUUGV�KP�VJG�TGCN�YQTNF��6JG�RJ[UKECN�VYKP�ECP�
represent residential buildings, commercial buildings, industrial factories, hospitals, railways, 
subways, bridges, roads, etc. It is possible to digitize a small-scale asset like one single 
building or a large-scale asset like an entire railway network. Another example of digitizing 
a large-scale asset is the digital twin of a city. This kind of city-level digital twin can include 
many physical assets from different sectors, from residential buildings to industrial factories, 
from public transportation systems to social infrastructure, from energy systems to water 
systems. Generally speaking, when talking about a digital twin of the built environment, the 
physical asset that we want to digitalize is essential, and its scale can be a single asset or 
a group of assets.

How the physical and the digital twins are synchronized depend on the purpose of the digital 
twin. The purpose determines what facilities we want to digitize and what level of detail the 
digital model should have when compared with the physical twin in the real world. Because 
the concept of digital twins is very broad, it is almost impossible to propose a precise and 
FGVCKNGF�FGƄPKVKQP�QH�C�FKIKVCN�VYKP�YKVJQWV�VJKPMKPI�CDQWV�KVU�RWTRQUG��'ZRGTVU��JCXG�RTQRQ-
UGF�VJGKT�QYP�FGƄPKVKQPU�VJCV�CTG�FGUKIPGF�HQT�VJGKT�URGEKƄE�RWTRQUGU�KP�VJG�RCUV��+P�QVJGT�
YQTFU��RTKQT�VQ�FGƄPKPI�C�FKIKVCN�VYKP��YG�PGGF�VQ�MPQY�JQY�YG�YCPV�VQ�WUG�KV�GZCEVN[��1PG�
typical example is shown in Figure 2.2. A digital twin of a construction site can be used to 
monitor the construction progress. More use cases are discussed in Chapter 4.

Figure 2.2: A digital twin to monitor construction progress 
(Braun et al. 2018)

Another important property of a digital twin is that we want to maintain it throughout the 
NKHGE[ENG�QH�VJG�RJ[UKECN�VYKP�CPF�WRFCVG�VJG�FKIKVCN�VYKP�YKVJ�C�RTG�FGƄPGF�HTGSWGPE[��+P�
some industrial sectors like airplane engine manufacturing, the digital twin of the engine is 
updated immediately because engineers need to know exactly the condition of an engine 
KP�TGCN�VKOG��*QYGXGT��KP�VJG�ƄGNF�QH�EKXKN�GPIKPGGTKPI��YG�FQ�PQV�PGGF�VQ�WRFCVG�VJG�FKIKVCN�
twin of the built environment in real time in most use cases. It does not make much sense for 
a physical asset and apparently increases the cost of creating and managing digital twins. 
9JCV�YG�YCPV�VQ�FQ�KU�VQ�EJQQUG�C�URGEKƄE�WRFCVG�HTGSWGPE[�CPF�VJGP�WRFCVG�VJG�FKIKVCN�
twin to the current condition of the physical asset by the given rate.
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+P�UWOOCT[��YG�YCPV�VQ�FGƄPG�C�FKIKVCN�VYKP�QH�C�DWKNV�GPXKTQPOGPV�CU�HQNNQYU�

A digital twin is a digital replica of a physical built asset.  What a digital twin should 
contain and how it represents the physical asset are determined by its purpose. It 
should be updated regularly in order to represent the current condition of the physical 
asset. A digital twin should be standardised yet extensible, able to address key use 
cases directly and specialty use cases with extensions, cloud and computationally 
HTKGPFN[��UECNCDNG�CPF�XGTKƄCDNG�

Digital twin and Building Information Modelling

With digitization in the construction sector, one term cannot be ignored: Building Information 
Modelling (BIM). What is the difference between BIM and digital twins? There is not a com-
OQPN[�CITGGF�CPUYGT�VQ�VJKU�SWGUVKQP��GKVJGT��/QUV�TGUGCTEJGTU�CITGG�VJCV�C�$+/�OQFGN�HWNƄNNU�
VJG�FGƄPKVKQP�QH�C�FKIKVCN�OQFGN�CEEQTFKPI�VQ�VJG�ECVGIQTK\CVKQP�QH�-TKV\KPIGT�GV�CN���p#�&KIKVCN�
Model is a digital representation of an existing or planned physical object that does not use 
any form of automated data exchange between the physical object and the digital object.” 

The BIM methodology covers the design, construction and operation phases of a facility. 
However, a digital twin often includes broader concepts that can focus on very large-scale 
facilities and integrates information from other sectors. It can be used in the construction 
sector as well as many other sectors or systems, such as water systems, waste systems, 
power systems, etc. It helps the information exchange among the different systems or sec-
tors that we used to treat independently in the past.

Figure 2.3: CDBB’s perspective of digital twins
(from Mark Enzer’s presentation at the workshop)
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Typically, we would assume that BIM models as semantically rich digital representations 
provide a very good basis for setting up a digital twin.  Relevant information to be integrated 
ranges from geometric changes in the building layout over monitoring the condition of struc-
tural components (degradation) to the occupancy and usage information of individual rooms 
and spaces. As can be seen from these examples, the kind of data to be captured is very 
different in nature and so is the frequency of data capturing and model update. Although the 
UGPUQTU�VQ�DG�GORNQ[GF�FKHHGT�UKIPKƄECPVN[��UQOG�TGUGCTEJGTU�UWIIGUV�VJCV�C�FKIKVCN�DWKNFKPI�
twin must be based on integrating BIM with IoT technology to allow a seamless integration 
of various devices and the data they produce.

In summary, digital twins for buildings can be seen as BIM models extended by means for 
capturing the real-world data and feeding it back into the model, thus closing the information 
loop as demanded by the digital twin concept.

Smart Infrastructure: Creating Environments that care

With the global megatrend in urbanization, demographic change, globalization, digitalization 
and climate change, business is reshaped rapidly. The concept of smart infrastructure at 
Siemens aims to bring together businesses that address the pressing challenges of urba-
nization: building technology, decentralized energy systems and electrical infrastructure. 
Researchers at Siemens consider that buildings are becoming increasingly smarter and more 
networked. Buildings do not just consume, as well as store and distribute energy. Figure 2.4 
shows how Siemens pursues smart buildings. 

Figure 2.4: The journel towards smart buildings from Siemens

HTQO�2GVGT�.ÒHƅGToU�RTGUGPVCVKQP�CV�VJG�YQTMUJQR�
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Digitalization is affecting all industries. Figure 2.5 shows the “trinity” of digital twins at Sie-
mens: the digital product twin, the digital construction twin, and the digital performance twin. 
6JG�RTQFWEV�VYKP�EQPVCKPU�RTQFWEV�URGEKƄE�FCVC�YJKEJ�ECP�DG�WUGF�KP�XCTKQWU�CURGEVU�UWEJ�
as product design, product simulation, etc. The construction twin contains information that 
KU�GUUGPVKCN�HQT�EQPUVTWEVKPI�DWKNFKPIU�UWEJ�CU��&�%#&�FCVC��ƅQQT�RNCPU��CUUGV�NQECVKQPU��
and so forth. The performance twin contain data that are used to evaluate the performance 
and maintain the asset.

Figure 2.5: Siemens’ trinity of digital twins

HTQO�2GVGT�.ÒHƅGToU�RTGUGPVCVKQP�CV�VJG�YQTMUJQR�

The National Digital Twin

Following a recommendation from the UK’s National Infrastructure Commission, the Centre 
for Digital Built Britain (CDBB) has been working on a “National Digital Twin” (NDT) to enable 
better outcomes from the built environment. The NDT is envisaged to be an ecosystem of 
connected digital twins, not a massive monolithic digital twin of the nation’s built environ-
ment.  This organic ‘ecosystem’ approach is intended to better represent the actual nature 
of the system of systems within the built environment (such as the connections between 
transport, energy, telecoms, water, waste, social infrastructure, residential/commercial/indus-
trial buildings and their interface with the natural environment).  Beyond this system-based 
view of the built environment, the NDT will require secure, resilient data sharing within and 
across organisational boundaries.  This will include data exchange between the digital twin 
and the physical twin as well as the data connection between different digital twins. Figure 
2.6 shows the concept of connecting digital twins across various systems.
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Figure 2.6: CDBB’s concept of connecting digital twins
(from Mark Enzer’s presentation at the workshop)

CDBB is focused on developing an Information Management Framework (IMF) to facilitate 
UGEWTG�FCVC�UJCTKPI��YJKEJ�YKNN�VJGP�GPCDNG�VJG�0&6�VQ�DG�ETGCVGF��6JG�DGPGƄVU�QH�VJKU�CRRTQ-
CEJ�CTG�CPVKEKRCVGF�KP�HQWT�MG[�CTGCU��DGPGƄVU�VQ�UQEKGV[��DGPGƄVU�VQ�VJG�GEQPQO[��DGPGƄVU�
VQ�DWUKPGUU��CPF�DGPGƄVU�VQ�VJG�GPXKTQPOGPV��6JG�)GOKPK�2TKPEKRNGU�
UJQYP�KP�(KIWTG�������
published by CDBB, summarise the values that will guide the development of both the NDT 
and the IMF (Bolton et al. 2018).

Figure 2.7: The Gemini Principles (Bolton et al. 2018)
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The National Digital Twin

5KOKNCT�VQ�FGƄPKPI�C�FKIKVCN�VYKP��VJG�UVTWEVWTG�QH�FKIKVCN�VYKPU�FGRGPFU�CNUQ�QP�KVU�RWTRQUG��
However, there are some important ingredients, such as capturing geometry, semantics, 
physics models, and sensor data. 

How to represent the geometry in digital twins can be changed across different purposes. 
They can represent the geometry by point clouds, surface data, or volume models. High-level 
representation requires a solid description of semantics. For considering semantics, BIM 
standards are a good basis. Physical models describe the interaction of the real-world entity 
with its physical environment, and many physical factors such as deformation, stresses, and 
temperature can be modelled by digital twins. Sensor data make the digital twin a “living” 
representation and the raw data should be transformed into meaningful representation.

The Future of DT Standards

There are several standards proposed by the computer graphics community that we could 
use in large-scale scanning to capture geometry of built environments. However, we need 
a standard reference dataset in building construction, as people in computer vision have 
already done. Krijnen and Beetz (2017) extend the Industry Foundation Classes (IFC) model 
to integrate point cloud datasets. This kind of data could be used when making reference 
datasets.

Besides standardized geometry acquisition, it is also important to standardize the dynamic 
data throughout the lifecycle of buildings. There are many industry standards that we should 
really look through what people in other domains have already done, such as Geo-MQTT 
(Herle et al. 2016) in the geoinformation domain.

1PG�KORQTVCPV�RQKPV�KP�HWVWTG�FKIKVCN�VYKP�UVCPFCTFU�KU�VJCV�VJG[�CTG�UWRRQUGF�VQ�DG�QRGP�
standards. We should reuse and integrate existing standards and extend them only when it 
is necessary. When extending the available standards, we should keep personal data private 
and include the provenance information, such as how data are measured, what sensors are 
used, and what the margins of error are. 

In summary, the future digital twin standards should be decentralized, open, heterogeneous 
and interlinked.
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Chapter 3

Generating 
digital twins

As discussed in the previous chapter, the 
concept of a digital twin is very compre-
hensive. In this chapter, we want to focus 
only on an essential part of digital twins—
geometric digital twins. By geometric di-
gital twins, we refer to geometric digital 
models that are enriched with semantic 
information. Generating a geometric digital 
twin can be seen as a starting point for a 
comprehensive digital twin.

Even though the geometric digital twin is 
fundamental, there are only a few built faci-
lities with available geometric models. The-
re are mainly two reasons for this situation. 
6JG�ƄTUV�QPG�KU�VJCV�OCP[�HCEKNKVKGU�JCXG�PQ�
pre-existing digital models from when they 
were constructed. The other one is that the

Figure 3.1: A room of a typical 
industrial facility (Agapaki et al. 2018)

digital design model was not updated through the lifecycle of the asset, hence it is missing 
CNN�CUUGV�OQFKƄECVKQPU��6JKU�FTCOCVKECNN[�TGFWEGU�VJG�TGNKCDKNKV[�QH�VJG�FCVC�

Existing capturing technologies such as laser scanning or photogrammetry allows us to 
automate data acquisition for geometric digital twins. By using dedicated software tools, 
the collected data can be used to extract model components like columns, slabs, and 
walls in a building or pipes and cylinders in an industrial facility. However, this process is 
still quite time-consuming, even though the work is reduced by software tools. Agapaki 
et al. (2018) measure the man-hours required for modelling pipes and cylinders using a 
commercial software. It takes around 5,200 labour hours to model a facility with 53,834 
pipes.
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Researchers are trying to automate the modelling processes in order to reduce the human 
effort. They use primarily AI techniques to detect objects in scenes (one example is shown 
in Figure 3.2).

Figure 3.2: One example of point cloud semantic segmentation
 by deep learning (Qi et al. 2017)

“Bottom-up”  and  “Top-down”  Methods

Generally, methods of generating geometric models can be divided into two categories: “bot-
tom-up” and “top-down”. “Bottom-up” methods detect geometric primitives (lines, planes, 
cuboids, etc.) in a point cloud, then cluster and label them into higher level geometry, follo-
wed by detecting object spatial and functional relationships leading to a geometric model.

In contrast to “bottom-up”, “top-down” methods hypothesize that object classes in the 
built environment are more uniquely distinguishable through their pose and relationships to 
other objects than their own features. In this case, the collected point cloud is segmented 
KPVQ�JKGTCTEJKECNN[�UOCNNGT�CUUGV�CUUGODNKGU�
DWKNFKPI�VQ�ƅQQTU�VQ�TQQOU��GVE����HQNNQYGF�D[�
the formation of cascaded hypotheses on where object (wall) and part (door knob) types 
might be and a directed search yielding the desired objects and their relationships, i.e. the 
model. These methods leverage context very effectively to generate geometric models, but 
perform best in assets that broadly follow standardized contextual rules (i.e. rectangular-style 
buildings, highways overpasses, etc.) and are less capable of leveraging the power of AI.

Many researchers have been working on generating geometric digital twins. In generating 
digital twins of bridges, an automatic process to generate 3D model from point clouds 
captured by a laser scanner is shown in Figure 3.3. In Figure 3.4, an automatic method to 
generate walls and slabs in a building is described. After reconstructing the model, authors 
enrich it by space detection.
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Figure 3.3: Generating geometric digital twins of a bridge 
(Sacks et al. 2018)

Figure 3.4: Generating geometric digital twins of a building 
(Ioannis Brilakis’ presentation at the workshop)

For more complicated infrastructure scenes like industrial facilities which contain lots of 
E[NKPFGTU�CPF�ƅCPIGU��FGGR�NGCTPKPI�EQWNF�DG�WUGF�VQ�UGIOGPV�RQKPVU�KPVQ�OCP[�ECVGIQTKGU��
UWEJ�CU�E[NKPFGTU��XCNXGU��ƅCPIGU��CPF�UQ�HQTVJ��1PG�GZCORNG�QH�KPFWUVTKCN�ENCUU�UGIOGPVCVKQP�
by using deep learning is shown in Figure 3.5.

Figure 3.5: Industrial class segmentation with deep learning 
(Ioannis Brilakis’ presentation at the workshop)
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Real-time reconstruction of the 3D World from moving cameras

+P�VJG�ƄGNF�QH�EQORWVGT�XKUKQP���&�TGEQPUVTWEVKQP�ECP�DG�KORNGOGPVGF�KP�OCP[�FKHHGTGPV�
approaches, such as camera-based reconstruction, 3D photogrammetry, direct sparse 
odometry, deep visual SLAM, semantic SLAM, and so forth. 

In Figure 3.6, the surface of a bunny, a computer graphics 3D test model at Technical Uni-
versity of Munich, is reconstructed by inputting images from different views. In the built en-
vironment, the accumulated point cloud in large-scale direct (LSD) SLAM is shown in Figure 
3.7, and this kind of approach is extremely helpful for civil engineers, especially when we 
talk about generating geometric digital twins.

Figure 3.6: Bunny 3D reconstruction from images 
(from Daniel Cremers’presentation at the workshop)

Figure 3.7: Accumulated point clouds by LSD SLAM  
(Daniel Cremers’ presentation at the workshop)
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Chapter 4

Using 
digital twins

As a valuable digital asset of the built environment, digital twins have the potential to help 
us in a variety of cases, including facilities management and operation, asset condition 
monitoring, sustainable development, etc. Especially with decision making, digital twins 
can provide all stakeholders of the built environment more reliable and useful information. 
As digital twins can be used in various built environments and for diverse purposes, we 
discuss only some potential use cases here.

Condition monitoring

As one example, digital twins can be used to 
monitor the current condition of a bridge. By 
capturing geometric and surface information, 
the current condition can be visualized and 
represented by digital models. 

By comparing the current condition with pre-
vious asset conditions over time, we can 
know how the bridge has changed through 
time. This allows us to give maintenance sug-
gestions to the bridge holders and bridge 
managers.

Facilities ma-

nagement and 

operation

Asset condition 

monitoring

Sustainable 

development

Decision 

making

Similarly, we can also monitor the sewer system of a city. Predictive maintenance operations 
can be utilized to identify potential blockages. By monitoring some values, like the current 
UVCVG�QH�ƅQY��CPF�EQORCTKPI�VJG�EWTTGPV�XCNWGU�YKVJ�JKUVQTKECN�XCNWGU��YG�CTG�CDNG�VQ�RTGFKEV�
disruption locations in the system. The predictive maintenance suggestions can help facility 
managers make a more suitable decision by providing convincing data support.
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Figure 4.1: Crack and spalling on a bridge pier 
(Ioannis Brilakis’ presentation at the workshop)

Figure 4.2: A typical sewer system 
(van Nooijen and Kolechkina 2018)
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Facilities management

&KIKVCN�VYKPU�CNUQ�DGPGƄV�HCEKNKVKGU�OCPCIGOGPV��(TQO�UOCNN�UECNG�HCEKNKVKGU��NKMG�QHƄEGU��VQ�
NCTIG�UECNG�WTDCP�GPXKTQPOGPVU��YG�ECP�WUG�UGPUQTU�VQ�ƄPF�JQY�RGQRNG�GZCEVN[�WUG�VJGUG�
facilities. With a better understanding of these data, we can optimise the environment con-
ditions so that human wellness and living satisfaction can be improved. 

For example, air quality in a large city can be measured and monitored by digital twins of 
the city. In other words, digital twins provide us more control over the environment where 
we live and work.

Figure 4.3: An impression of city twin

Simulations in design

Designers and civil engineers can use digital twins when designing a facility. They can use 
digital twins to easily simulate diverse scenarios, like modifying facilities or constructing new 
DWKNFKPIU��#�NQV�QH�HCEVQTU�ECP�DG�UKOWNCVGF��UWEJ�CU�PCVWTCN�NKIJV��CTVKƄEKCN�NKIJVKPI��JGCVKPI��
and so forth.
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$[�ƄTUV�OQFKH[KPI�HCEKNKVKGU�KP�VJG�FKIKVCN�VYKPU��YG�ECP�RTGFKEV�JQY�VJGUG�EJCPIGU�YQWNF�
KORCEV�VJG�CDQXG�HCEVQTU�YKVJQWV�KORNGOGPVKPI�VJG�OQFKƄECVKQPU�KP�VJG�TGCN�YQTNF��$[�OG-
ans of  VR/AR equipment, designers can make use of digital twins to visualize their own 
FGUKIPU�CPF�UJQY�VJGUG�EJCPIGU�CPF�OQFKƄECVKQPU�
NKMG�NKIJVKPI��VQ�ENKGPVU��YJKEJ�OCMGU�
the communication between designers and clients easier. In Figure 4.4, based on a BIM 
model, different lighting atmospheres  are visualized that help designers to aesthetically 
assess the design and to present the outcomes of the setup to their clients (Natephra et al. 
�������6JKU�U[UVGO�KP�VJG�ƄIWTG�ECP�DG�UGGP�CU�C�UVCTVKPI�RQKPV�VQ�GPTKEJ�FKIKVCN�VYKPU�CPF�
simulate other factors.

Figure 4.4: Visualization examples of lighting atmospheres 
of different design options (Natephra et al. 2017)

An important topic: data security

Data stored

Data transmitted

Data manipulated

Safely

If more and more participants (like governments, academic institutes, commercial companies, 
GVE���CTG�LQKPKPI�VJKU�ƄGNF��FCVC�RKTCVGU�YQWNF�CNUQ�DGEQOG�OQTG�KPVGTGUVGF��#EEQTFKPIN[��KV�KU�
extremely important to make sure all data are safely stored, transmitted, and manipulated. 
This point was also mentioned in the workshop multiple times. 

What can we use to improve the security of digital data? Blockchain technology (Zheng et al. 
2017) could be an option. The entire processing is implemented by a decentralized network 
that can be used to document unalterable data. Because of the decentralised property of 
blockchains, data are more safely stored than with centralized platform.
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In the short term, the value of 
using blockchains in construction 
is mainly cost reduction (Carson et 
al. 2018). As we can see in Figu-
re 4.5, the potential value in cost 
reduction is high in the built en-
vironment sectors of property and 
utilities. For example, the cost of 
contract signing can be reduced 
by removing intermediaries or the 
administrative effort through block-
chain technology.

Although blockchain technology 
can improve data security and 
reduce operation costs, there is 
still a long way to go if we want to 
make use of it for our digital data.

Figure 4.5: The value at stake from blockchain 
varies across industries (Carson et al. 2018)

&KIKVCN�6YKP�KP�1RGTCVKQP��5KGOGPU�2GTURGEVKXG

In Siemens Smart Infrastructure, BIM creates a common data environment along the buil-
ding lifecycle (Figure 4.6).

Figure 4.6: Siemens’ concept of BIM common data
(from Berit Wessler’s presentation at the workshop)
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Across the building lifecycle, Siemens considers data requirement in different key phases 
are different. Static building data that represent building structure are used mainly in design 
CPF�EQPUVTWEVKQP�RJCUG��+PHQTOCVKQP�UWEJ�CU�ƅQQT�RNCP��PWODGT�QH�YKPFQYU��CPF�FKOGPUKQPU�
of the electrical panel should be included in the static data. In contrast, dynamic building 
data are mainly used in the operation phase. Dynamic data refer to status information (like 
room temperature, operating hours of fans), occupancy information, location information 
(location of a person or nearest equipment), and external data (like weather). Product and 
engineering data are used from the planning and design phase, through the construction 
phase, to the operation phase. They represent the functional information and as-installed 
information, such as the serial number of installed chillers in basement. 

When considering digital twins, Siemens proposed a building twin ecosystem. It is a homo-
geneous ecosystem based on a common data model. In this ecosystem, Siemens offers 
customers applications and services based on their data in a building twin. For example, 
data analytics shows the site temperature and can alert the facility manager as soon as an 
anomaly is detected. Another example from Siemens is the occupancy analysis of buildings. 
The building twin contains connected data that provide insights on location. With the help 
of occupancy sensors, space utilization can be captured. After visualizing and analyzing the 
FCVC��UKVG�OCPCIGTU�ECP�RTQRQUG�ƅQQT�TGEQIPKVKQP�VJCV�KORTQXGU�URCEG�WVKNK\CVKQP�

6GEJPQNQIKGU�HQT�URGEKƄE�WUG�ECUGU

By considering different use cases of digital twins, the digital twin technologies can be divi-
FGF�KPVQ�VYQ�ECVGIQTKGU��IGPGTCN�VGEJPQNQIKGU�CPF�VJG�VGEJPQNQIKGU�HQT�URGEKƄE�WUG�ECUGU��
General technologies that aims to acquire and visualize for a digital twin platform system 
KPENWFG��&�UECPPKPI��$+/�JCPFQXGT��UECP�VQ�$+/��5.#/��GVE��6GEJPQNQIKGU�HQT�URGEKƄE�WUG�
cases include user input via mobile phone, connection to existing databases, new goal-spe-
EKƄE�FCVCDCUGU��FCVC�ICVJGTKPI�HTQO�UGPUQTU��GVE��*QYGXGT��VJGTG�CTG�UQOG�RTQDNGOU�VJCV�
we must tackle: (i) the geometric representation of a digital model should be lightweight, 
scalable, stable, exchangeable, and operating-system-independent; (ii) unavailable infor-
mation caused by occlusions also belongs to the digital twin; (iii) effective visualization of 
complex information and simulation results is an essential part of digital twins. 

In updating digital twins, it is still not clear who should update the geometric and non-geo-
OGVTKE�KPHQTOCVKQP��1PG�UWIIGUVKQP�KU�VJCV�NKIJV�YGKIJV�WRFCVGU�UJQWNF�DG�WRFCVGF�D[�TGIWNCT�
users (designers, engineers, facility managers, etc), crowdsourcing, and sensors. In contrast, 
heavy-weight updates should be done by professional digital-twin managers and sensors.
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Using digital twins for infrastructure

Some companies have started to transfer the virtues of other sectors, such as gaming, to the built 
environment, and they bring a huge amount of experience.
 
.QE.CDnU�%61�-KO�,WPI�JCU�FGNKXGTGF�QXGT������FKIKVCN�VYKP�RTQLGEVU�QP�VJG�DCUKU�QH�JKU�UGOK�CW-
tomated production process (one of them as shown in Figure 4.7). LocLab uses AI software for 
geometry modelling, but more importantly for object recognition and semantisation. The process 
can make use of several data input formats, but as a minimum only requires photographs or videos 
and reference measurements to create a semantic 3D model. This makes LocLab‘s method scalable 
from individual buildings or plants to large areas and cities. 
LocLab‘s technology consists of two parts: a) a vast object library, containing street furniture, building 
components, rail equipment, technical objects, materials and textures from all over the world; b) the 
various algorithms combined in a vendor-neutral „ToolChain“ (as shown in Figure 4.8), enabling an 
outstanding degree of automation in the digital production process. When talking about integrating 
data among different systems, LocLab considers digital twins as the backbone of data integration. 
Systems and records can be linked through the digital twin.

Figure 4.7: One example of LocLab’s digital twin (from Ilka May’s presentation at the workshop)

Figure 4.8: LocLab’s ToolChain concept (from Ilka May’s presentation at the workshop)
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Chapter 5

Tech transform 
and market 
penetration

Built environment digital twins are transforming almost all stages of facilities, such as 
designing, constructing, operating, and maintaining throughout the entire life of facilities.  
Some questions need to be discussed about tech transform and market penetration of 
digital twins.

What industry business models are needed to exploit digital twins best?

Prior to talking about business models that 
can exploit digital twins, we want to discuss 
what is important in a business model. A 
business model framework includes two ca-
tegories, internal factors like market analysis, 
product promotion, development of trust, 
CPF�UQEKCN�KPƅWGPEG��CPF�GZVGTPCN�HCEVQTU�NKMG�
competitors (Ferri et al. 2012). 

Firstly, due to their advantages like redu-
cing cost in operations and maintenance, 
we need to make sure that digital twins are 
attractive. That means owners and operators 
of buildings and infrastructure, the potential 
ENKGPVU��ECP�QDVCKP�DGPGƄVU�YJGP�WUKPI�FKIKVCN�
twins.

Figure 5.1: Business model innovation
 is an iterative and potentially circular

 process (Geissdoerfer et al. 2017)



24 / 37

Secondly, digital twin companies can sell products like software or provide services like ge-
nerating, operating, and maintaining digital twins. A digital twin compilation service should 
DG�CWVQOCVGF�CU�HCT�CU�RQUUKDNG��UWEJ�CU�CTVKƄEKCNN[�KPVGNNKIGPV�CESWKUKVKQP�QH�OQFGNU�HTQO�
photogrammetry or laser scanning, collected over time.  A digital twin information manage-
ment (curation) service should make the information easily accessible yet secure (access to 
VJG�TKIJV�RGQRNG�QPN[���CPF�COGPCDNG�VQ�CTVKƄEKCNN[�KPVGNNKIGPV�RTQEGUUKPI��#P�#2+�CPF�C�UQWPF�
database design for developing customized simulations, analyses and interfaces are needed.

How should such models be introduced or promoted

to achieve fast market penetration?

Achieve fast 

market 

penetration

Figure 5.2: Technology offerings for the 
construction phase(Blanco et al. 2017)

Start-ups and technology vendors ap-
pear to have different strategies. In con-
struction, technology start-ups are cre-
ating new applications and tools that 
are changing how companies design, 
plan, and execute projects (Blanco et 
al. 2017). These start-ups offer unique 
technologies that could eliminate speci-
ƄE�RTQDNGOU��(KIWTG�����UJQYU�VJG�VGEJ-
nology offerings only for the construction 
phase. Start-ups can provide tools for 
one use case or multiple use cases in 
VJG�ƄIWTG��

Startup companies can offer unique 
technology in terms of compilation and 
curation, together with a method to scale 
their service provision. These are two 
quite different aspects, but both are es-
sential. They will require capital to sur-
vive long enough to achieve a critical 
mass of live/operating digital twins that 
generate revenue.
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For large technology vendors, they can offer operation software, services as well as hard-
YCTG��UWEJ�CU�UGPUQTU�VQ�EQNNGEV�FCVC�CPF�OQPKVQTKPI�GSWKROGPV��6JGKT�TQNG�KP�VJKU�ƄGNF�KU�
developing and implementing a comprehensive digital twin. It is almost impossible for start-
ups to achieve such large tasks.

Construction tech: adoption of Innovative Technologies in Construction

Prior to talking about digital twin adoption, we could learn from construction tech adoption. 
In this decade, we are witnesses to a surge in innovation in construction. Some of that inno-
vation has emerged within existing architectural, engineering and construction companies, 
and some from established software vendors, but the most exciting developments are in 
Construction Tech start-up companies. Construction tech has largely followed these paths 
to adoption: from academic research, through implementation by start-up, to start-up ac-
quisition by established vendor. We can use the same strategy when considering the market 
penetration of digital twins.

There are three factors that shape the business value of digital twins of built environment:

(i) the long-term source of value for digital twins accrues from savings in operations, main-
tenance and learning for new development of buildings and infrastructure. Scale of ope-
rations is necessary to leverage that value, and it requires long periods of time. Thus the 
business models must either address large clients only, or they must aggregate small scale 
owners and operators to create a critical mass of value. This suggests that the ‘low hanging 
fruit’ – i.e. the main clients for digital twins of buildings and infrastructure – are large scale 
public or private owners and operators. A good business model will address these clients 
ƄTUV�

(ii) the value of digital twins for infrastructure is stored in the information. Digital twin vendors 
can generate value by generating, organising and making information accessible, rather than 
selling software, which would fast become a commodity.

(iii) digital twin models cannot be compiled by the staff of building or infrastructure owners, 
for two reasons: a) highly specialized knowledge is needed for compiling digital twins, and 
b) the effort for compiling a digital twin is concentrated at the start of their life (whether from 
existing infrastructure or at the handover from a project built with BIM).
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$+/��C�5QNWVKQP�VQ�VJG�.CEM�QH�'HƄEKGPV�2TQEGUUGU

1PG�KORQTVCPV�TGCUQP�YJ[�YG�YCPV�VQ�ETGCVG�FKIKVCN�VYKPU�QH�DWKNV�GPXKTQPOGPVU�KU�VQ�KORTQ-
ve the design, construction and operation process. However, in the last two decades, the 
productivity per employee has been stagnating in the construction industry. 

Siemens considered BIM as a solution, because Siemens has a unique overall perspective 
which is the ideal match for an overall BIM approach. The holistic view, products, solutions 
CPF�UGTXKEGU�HTQO�5KGOGPU�TGƅGEV�VJG�YJQNG�DWKNFKPI�NKHGE[ENG�
HTQO�KFGC�VQ�TGDWKNF���CNN�
disciplines in the building (from power management, to access and security, etc.), the vari-
ous user and customer types (from facility managers and planners to building owners), the 
different energy forms (oil, gas, electric energy, etc.), the hardware and software products 
used in buildings.

The ideal process throughout a building life cycle with BIM will be as follows and it would 
be ideal if digital twins can follow these aspects.

a) The design and use of a data model starts directly once the project idea has been esta-
blished. 

b) During every phase, the disciplines can work in parallel.

E��1PG�LQKPV�IQCN�HQT�CNN�KPXQNXGF�RCTVKGU�

d) Everybody uses the same tools, standards, formats.

G��1PG�RCTV[�KU�TGURQPUKDNG�HQT�VJG�FCVC�VJTQWIJQWV�VJG�GPVKTG�RNCPPKPI�CPF�EQPUVTWEVKQP�NKHG�
cycle.

+P�5KGOGPUo�RGTURGEVKXG��CPQVJGT�DGPGƄV�QH�YQTMKPI�YKVJ�$+/�KU�VJG�EQPUVCPV�KPHQTOCVKQP�ƅQY�
(as shown in Figure 5.3). Since everybody is involved from the planning phase and works 
with the same consistent common data model, the information loss between the planning 
CPF�EQPUVTWEVKQP�RJCUG�KU�UKIPKƄECPVN[�TGFWEGF�

Figure 5.3: BIM prevents information loss
(from Wolfgang Hass’ presentation at the workshop)
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Common Data Environments to Build the Digital Twin 

As data integration is essential in digital twins, the obsolete data ecosystem where data 
are fragmented and not integrated is not a desirable way to exchange data. Common data 
GPXKTQPOGPVU�
%&'��RTQRQUGF�D[�1TCENG�ECP�DG�UGGP�CU�C�DCUKU�HQT�DWKNFKPI�VJG�FKIKVCN�VYKP�
(as shown in Figure 5.4).

Figure 5.4: A CDE & Ecosystem of Oracle to build the digital twin
(from Frank Weiss’ presentation at the workshop)

&CVC�SWCNKV[�KU�CNUQ�KORQTVCPV�KP�FKIKVCN�VYKPU��1TCENG�JCU�VJTGG�MG[�RQKPVU�HQT�JKIJ�SWCNKV[�
data: simplicity, neutrality, and security. These key points can be extended to the digital twin 
domain when we store, process and handle data. 
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Chapter 6

Discussions
In the previous chapters, we discussed different aspects of digital twins of built environ-
OGPVU��*QYGXGT��VJGTG�CTG�UVKNN�UQOG�RQKPVU�VJCV�PGGF�VQ�DG�ENCTKƄGF��#HVGT�EQNNGEVKPI�CPF�
summarizing the brainstorming sessions and speakers’ opinions, we list some ideas and 
questions in the following section.

6JG�FGƄPKVKQP�QH�C�FKIKVCN�VYKP�

9JGP�FGƄPKPI�FKIKVCN�VYKPU�QH�DWKNV�GPXKTQPOGPVU��VJG�HQNNQYKPI�CURGEVU�UJQWNF�DG�EQPUKFGTGF�
in order to make the digital twin useful and valuable in practice.

a) A digital twin should include not only the detected data but also the methods used to 
detect these data (that is, description of the processes).

b) A digital twin should be integrated into the environment. For example, if generating a 
FKIKVCN�VYKP�QH�C�DTKFIG�QXGT�C�TKXGT��YG�UJQWNF�CNUQ�EQPUKFGT�VJG�ƅQY�F[PCOKEU�QH�VJG�YCVGT�

c) A digital twin should contain a set of data for the whole lifecycle of facilities.

d) A digital twin must be standardized in a company-neutral way.

e) The visualization function of digital twins is essential, and we could also use augmented 
reality (AR) and virtual reality (VR) to further enhance this function.
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There are still some problems.  Although there are some standards, like the Gemini Principles 
published by the Centre for Digital Built Britain (CDBB), there is a real danger that individual 
digital twins may be developed with no respect to standardization or interoperability. This 
would build friction into the ecosystem that would complicate any future data-sharing. It is 
necessary to come up with commonly-accepted standards and introduce these to industry 
companies as soon as possible.

Generating digital twins

When generating digital twins, there are some points that we need to keep in mind. 

a) We should reuse all useful information from design to reduce unnecessary work. 

b) Various capturing technologies, like radar and ultrasound, could be used to model the built 
environment. Geometric data can be acquired through 3D laser scanning and photogram-
metry. Non-geometric data can be collected through other instruments, such as temperature 
sensors and pressure sensors.

c) Information on different digital twins should be accumulated in order to understand the 
behaviour, physics, or design of facilities. For example, we can compare data of similar 
buildings to estimate failure behaviours or other critical damages.

There are also some open questions regarding the generation of digital twins.

a) Large amounts of human effort are required to reconstruct geometric models from col-
lected data.

D��(CEKNKVKGU�JCXG�UGNH�OCKPVCKPGF�UWD�U[UVGOU��9G�UVKNN�PGGF�VQ�ƄPF�C�RTQRGT�YC[�VQ�UGRCTCVG�
components from sub-systems such that we do not interfere with the individual systems.

Using digital twins

Digital twins should be driven by purpose. Different use cases will require different update 
methods and different levels of detail. Currently, we do not have much experience in using 
digital twins in built environments, but we need to have a guide or standard to maintain data 
consistency between different systems.

Legacy data from the past will be another problem because they will include many missing 
pieces of information. Additionally, a digital twin can become obsolete after 100 years. To 
solve this problem, it will become critical to create digital twins based on standard data 
formats rather than based on proprietary data.
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Tech transform and market penetration

Data sharing is vital for digital twins. Market penetration should be based on the clients‘ 
DGPGƄVU��6JGTG�OC[�DG�UQOG�EQPƅKEV�DGVYGGP�UJCTKPI�FCVC�CPF�ENKGPVUo�DGPGƄVU��

It will be essential to evaluate and quantify the value of a collected data set. For example, 
what is the monetary value of a data set that will be compiled through a digital twin? The 
value of a data set could be regarded as an added value to physical assets. Nevertheless, 
a company may be discouraged from sharing information after knowing the value of a data 
set. In such cases, a digital twin would not work well because it is built on the concept of 
data sharing and exchange. Thus, it is critical to analyse and release the value increase by 
data sharing and exchanging data at the same time. The value of data increases when they 
are shared, and this could encourage companies to share their data.
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Closing remarks

6JKU�RCRGT�RTGUGPVGF�DWKNV�GPXKTQPOGPV�FKIKVCN�VYKPPKPI�HTQO�KVU�FGƄPKVKQP�CPF�IGPGTCVKQP�
to its use cases and market penetration. Some achievements have already been done, not 
only in research but also in practice, but digital twinning is still an ongoing topic that requi-
res both interdisciplinary cooperation and collaboration between academics and industry 
companies. Although much progress has been made, there is still a long way to go before 
YG�FGXGNQR�FKIKVCN�VYKPU�VJCV�HWNƄNN�QWT�TGSWKTGOGPVU�
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