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Abstract
Infrastructure asset management has long been based on 2D based geographical information systems. However, 3D based solutions have been taking over the market and, for example, other infrastructure management phases, planning and constructions have started taking advantage of these
3D based solutions. Many studies have shown that 3D facilitates the understanding of the models
which improves communication and leads to more efficient working methods.
This thesis aims to outline the rationale, current practices and benefits of semantic 3D modelling in
infrastructure asset management. In other words, the thesis suggests what the rationale for introducing semantic 3D modelling into infrastructure asset management is, what kind of technical solutions or practices have been provided and what are the benefits of introducing semantic 3D modelling into asset management. In the end, change factors were outlined to illuminate what should be
done to enable semantic 3D based infrastructure asset management.
Methods used in this thesis consists of literature, software review and expert interviews. Literature
was used mainly to show the rationale for the semantic 3D modelling in infrastructure asset management. Software review outlined the situation of current existing practices and expert interviews
enlightened the benefits and change factors to carry out the implementation in practice.
The results show a clear need for 3D based infrastructure asset management. However, the software
still needs to be improved and processes clarified to make semantic 3D modelling in infrastructure
asset management reality.
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Tiivistelmä
Infraomaisuuden hallinta on pitkään perustunut 2D paikkatietojärjestelmiin. 3D pohjaiset
järjestelmät ovat kuitenkin kasvattaneet suosiotaan ja esimerksiksi infraomaisuuden hallinnan
muut vaiheet, suunnittelu ja rakentaminen, ovat jo alkaneet siirtyä 3D pohjaisiin järjestelmiin.
Useat tutkimukset ovat osoittaneet, että 3D helpottaa mallien ymmärtämistä ja näin parantaa
eri osapuolten välistä kommunikaatiota tehden samalla työprosessista tehokkaampaa.
Tämän työn tarkoituksena on osoittaa perusteet, nykyiset 3D pohjaiset infra-alan ohjelmistot
ja hyödyt 3D pohjaiselle omaisuudenhallinnalle. Toisin sanoen työssä selvitetään miksi 3D
pohjaiset järjestelmät pitäisi ottaa käyttöön infraomaisudeen hallinnassa, millaisia teknisiä
työkaluja tätä varten on jo olemassa ja mitä hyötyä 3D:n käyttöönotosta olisi infraomaisuuden
hallinnalle. Loppujen lopuksi työssä määritetään niin kutsutut muutostoimet, jotka määrittävät
mitä käytännön toimia tulisi tehdä, jotta 3D pohjaisesta infraomaisuudenhallinnasta voisi tulla
nykypäivää.
Työssä käytetyt menetelmät koostuvat kirjallisuuskatsauksesta, ohjelmistoarvioinnista ja
asiantuntijahaastatteluista. Kirjallisuutta hyödynnettiin semanttisen 3D mallinnuksen
perusteiden määrittelyssä. Ohjelmistoarviointia käytettiin käymään läpi nykyisten 3D
pohjaisten infra-alajärjestelmien tilaa ja kelpoisuutta 3D pohjaiseen infraomaisuuden
hallintaan.
Asiantuntijahaastatteluiden
avulla
määriteltiin
semanttisen
3D
infraomaisuudenhallinnan hyötynäkökulma sekä tarvittavat muutostoimet tavoitteeseen
pääsemiseksi.
Tulokset osoittavat selvän tarpeen 3D pohjaiselle infraomaisuuden hallinnalle. Tarpeesta
huolimatta olemassa olevat ohjelmistot eivät kuitenkaan vielä tarjoa riittäviä työkaluija
tarkoitusta varten. Myös työskentelyprosessit ja tietomallit kaipaavat kehitystä yltääkseen 3D
pohjaisen infraomaisuuden hallinnan vaatimalle tasolle.
Avainsanat GIS, BIM, infraomaisuuden hallinta, semanttiset 3D mallit
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Concepts
Asset Management refers to practices and organized actions which organization uses to manage the functionalities, risks and costs of assets and systems in an optimal and sustainable way
throughout the entire asset life cycle to achieve the strategic goals of the organization. The
scope of asset management are assets which are used in primary business functions such as
real estate, infrastructure networks, plant facilities, and support business functions such as
buildings, infrastructure and IT equipment. The priority is to improve maintenance effectiveness to achieve investor’s profitability objectives and minimize assets’ costs.
Infrastructure asset management focuses on the best practices in asset management for infrastructure of energy, water, rail, air and road industries and governmental and municipal
bodies.
Asset Management System refers to a system which is used to manage asset information
(amounts, attributes, and other relevant information) and tasks and decisions related to the
asset. Digital asset management systems are typically computer software which enables efficient asset information management such as cataloguing, information retrieval and analysis.
Facility Management refers to the integration of multidisciplinary processes of an organization to ensure, maintain and develop the functionality of the built environment. The priority is
to focus on end user’s needs and demands and to improve productivity and efficiency of the
end user’s business.
Semantic 3D Model is a model in which all the geometry-parts are associated with a semantic
meaning. For example, a building object contains walls, floors, roofs, balconies etc. Each semantic geometry-part also contains specific attributes such as surface material, area and maintainer information.
BIM is a realistic 3D-based digital model of a building which is used to support planning and
construction at all building stages. The purpose of the model is to enable more efficient analysis, management and manual processes. Model contains exact geometry and attribute data
required in planning and construction.
City Model combines geometries, infrastructure and building models, geographical information, social structure and infrastructure information of a city. A detailed city model can be
realistic 3D-based model in which feature’s shape and surface material reflects existing built
environment.
Semantic City Model contains the geometries of a city model and also semantics (attribute
and feature information) and topology.
IIMM stands for international infrastructure management manual. It provides practical information for asset managers on, for example, how to implement global standards to everyday
asset management and take advantage of the best practices.

Käsitteet
Omaisuuden hallinta (asset management) viittaa organisaation hyödyntämiin käytäntöihin
ja toimintoihin, joiden avulla organisaatio voi hallita omaisuuttaan ja järjestelmiään sekä
näiden välisiä riskejä, toimintoja ja kustannuksia optimaalisella ja kestävällä tavalla
saavuttaakseen strategiset tavoitteensa.
Infraomaisuuden hallinta keskittyy infran kuten energia-, vesi-, raide-, ilma- ja
tieomaisuuden hallinnan parhaisiin menetelmiin.
Omaisuuden hallintajärjestelmä viittaa järjestelmään, jota käytetään omaisuuteen liittyvien
tietojen (kuten määrien, ominaisuustietojen ja muun omaisuuteen liittyvän tiedon) sekä
tehtävien ja päätösten hallintaan. Digitaaliset omaisuuden hallintajärjestelmät ovat tavallisesti
tietokone sovelluksia, jotka mahdollistavat tehokkaan omaisuuden tietojen hallinnan mukaan
lukien omaisuuden luetteloinnin, tietojen haun ja analyysin.
Toimitilajohtaminen (facility management) tarkoittaa monitieteisten prosessien
integraatiota, jolla taataan rakennetun ympäristön toimivuus. Toimitilajohtamisessa
keskitytään ensisijaisesti käyttäjän tarpeisiin ja käyttäjän tarvitsemien toimintojen
tehokkuuteen.
Semanttinen 3D malli on malli, jossa jokaisella geometrian osalla on semanttinen merkitys.
Esimerkiksi, kohde rakennus koostuu useasta geometrian osasta kuten lattiasta, katosta,
seinistä, parvekkeista ja niin edelleen. Jokainen semanttinen geometrian osa sisältää lisäksi
ominaisuustietoja. Ominaisuustietoihin kuuluu usein esimerkiksi pintamateriaalin, pinta-alan
ja kunnossapitäjän tiedot.
Rakennuksen tietomalli (BIM) on rakennuksesta digitaalisesti luotu todellisuutta vastaava
kolmeulotteinen malli, jonka tarkoituksena on tukea rakennuksen ja rakentamisen suunnittelua
kaikissa vaihiessa. Tietomallin tarkoituksena on tehostaa suunnittelun ja rakentamisen
analyytikkaa, hallintaa ja manuaalisia prosesseja. Malli sisältää rakennuksen täsmällisen
geometrian ja suunnittelun ja rakentamisen tarvitsemat ominaisuustiedot.
Kaupunkimalli yhdistää geometriatiedot, kaupungin infrastruktuurin ja rakennusten
tietomallit, paikkatiedot, yhteiskuntarakentamisen- ja infrastruktuuritiedot. Parhaimmillaan
kaupunkimalli voi olla todellisuutta vastaava 3D pohjainen malli, jossa kohteiden muoto ja
pintamateriaali vastaavat todellisuutta.
Semanttinen kaupunkimalli
ominaisuustiedot) ja topologian.

sisältää

geometrian

lisäksi

semantiikan

(kohteen

IIMM (international infrastructure management manual) on käsikirja, joka sisältää
käytännön ohjeita omaisuuden hallinnan ammattilaisille. Se kattaa muun muassa
kansainväliset standardit ja niiden käyttöönoton sekä parhaat menetelmät omaisuuden
hallintaan.
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CHAPTER 1. INTRODUCTION

1 Introduction
Infrastructure assets such as utility and road networks, parks, lighting and other public
equipment are managed by governments and municipalities, but also private asset
owners such as harbours and factories. Efficient and integrated asset management requires a planned process and useful tools to enable asset managers to stay aware of the
condition, state and amount of their assets. [1]
For a long time, infrastructure asset management was based on tables and reports without proper user interface to analyse the data. As geographical information systems
(GIS) developed, the infrastructure asset management systems started utilizing GIS
applications to facilitate their work. Asset owners have a responsibility to ensure successful performance of their properties, and therefore, they must be aware of the condition of their assets. GIS enables showing the exact location of the assets and recognizing the needs of improvement in more efficient way. [2] [3]
Today, many geographic information systems (GIS) which are used for map creation
manage data-sets containing 3D data. Maps are no longer only projected 2D visualizations but also realistic visualizations of environment. [4] Created 3D data models
can be accessed, published and shared through Internet. The model usually contains
information of object parts, which makes it a semantic 3D model. There is a variety of
commercial and open source software available for creating such models. [4]
As GIS is moving to 3D, the planning and construction phase of infrastructure asset
management is as well. Building information modelling (BIM) which is based on semantic 3D models, is currently taking over the traditional methods for infrastructure
management. Justification for using BIM is that it helps to collect, analyse, and aggregate the data which is compulsory for connecting designs to the existing environment.
Additionally, it helps with collaboration between different parties, as the data is visualized in a realistic way. [5]
As BIM is more and more becoming a de facto in infrastructure planning and construction, asset management cannot ignore the development, but instead consider the
advantage of semantic 3D models from its point of view.
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1.1 Previous Research
Semantic 3D models have been researched in a variety of field of studies. In geoinformatics the topic has been studied widely in recent years, mostly from the perspective
of 3D city models, BIM integration with GIS and defining data requirements.
For example, Oskari Liukkonen studied in his master thesis in 2015 how Finnish municipalities should move from the geoinformation systems based on traditional 2D
maps into the use of 3D city models. As a result, he outlined steps to profitable and
sustainable 3D city model implementation process: education of employees, defining
the usecases based on actual needs before 3D city model production, planning the atomization of the city model creation and update process and planning the management
process of the city model. [6]
In Berlin Germany, semantic 3D city models designed using CityGML standard are
already used to present information such as energy demand of buildings. 3D city model
is also used as the user interface to present resulting data from analysis such as geothermal resources and energy grids. [7] In Finland, similar interests have risen after
publish of Mapgets portal by Finnish Consulting Group in 2015. Portal enables presenting the 2D data of the cities on 3D platform. [8]
What comes to integrating infrastructure asset management into semantic 3D models,
Teijo Huotari (2016) focused on the current situation of integration of BIM and GIS
in his master thesis. Additionally, as a case study he used a BIM-based road project
Taavetti-Lappeenranta in Finland to define which data is needed for the asset manager
from planning and construction phase. As a result, the integration between BIM and
GIS systems was seen as unreliable as not all the data was transferred between the
systems. However, there was a great difference between used systems and data type.
[9]
Semantic 3D models for asset management have been researched in context of BIM,
building information model, which is already used in infrastructure planning and construction. Several case studies also exist on the topic, such as the case of Sydney Opera
house where a maintenance and reservation system was created using 3D model of the
building as user interface [10]. In infrastructure semantic 3D models have been studied
for example by Becker et al. (2012) who defined a new geospatial information model
for creating a semantic 3D model of utility networks for CityGML [11].
Usefulness of semantic 3D models in asset management have been researched by Kivits and Furneaux (2013) who presented the potential of BIM in the asset management
phase in both building and infrastructure projects. They concluded that keys to successful BIM implementation is an interoperable single detailed model which is created
by a designer who knows the needs of different stages of the life-cycle (planning, construction and asset management) in an environment where it is easy to use for any
participant [12].
However, unlike with semantic 3D building information models, use cases are scarce
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when it comes to semantic 3D models currently in use in infrastructure asset management. The problem seems to be that BIM is still rather new even in planning and construction phase of infrastructure management. Therefore, BIM has not yet advanced
into asset management as a legitimate tool. However, there are many ongoing projects
which aim to use the semantic 3D model also in the infrastructure asset management.
For example, is KM3D project by Finnish municipalities and BuildingSmart Finland
(co-operation forum of Finnish real estate and infrastructure owners and service providers) to generate a common data model of municipalities 3D city model requirements. The project has begun in 2014. The aim of the project was first to focus on
determine the requirements and needs for the city model. This was done by queries in
2014. As a result, the development path for moving from 2D to 3D maps was generated
and finally, the common 3D city model interfaces defined and piloted. All in all, the
project aims to specify the 3D city model which would integrate and combine infrastructure modelling, GIS and BIM. Practical benefits of the project are still unseen but
the project has been a major step in defining the needs of different parties and bringing
them together. [13]

1.2 Objective of the Thesis
This thesis focuses on semantic 3D modelling from the perspective of infrastructure
asset management. Thesis explores the concept from three angles:
1) Rationale
2) Current practices
3) Benefits
Rationale refers to the reasons behind the concept of semantic 3D modelling and its
meaning for infrastructure asset management. The thesis wants to emphasis the purpose of upgrading the traditional 2D platforms into 3D world and point out why the
topic is fairly topical issue today.
After the rationale has been defined, the thesis explores existing practices and systems
which enable creation and maintenance of semantic 3D models. The systems studied
in this thesis must meet the requirements of infrastructure asset management which
are further described in the chapter 5.
Last, the thesis outlines the benefits of semantic 3D models for infrastructure asset
management. The challenges the benefits contain are also taken into account and the
necessary measures that must be taken to meet these challenges are discussed.
The main goal of this thesis is to generate the overall picture of the purpose of semantic
3D modelling in infrastructure asset management.
The objective is further clarified by following research questions:
1. What is the rationale for introducing semantic 3D modelling into asset management?
2. What kind of technical solutions or practices have been provided for semantic
5
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3D modelling?
3. What are the benefits of introducing semantic 3D modelling into asset management?
This thesis consists of nine chapters. In the first chapter the purpose of the thesis is
defined. The second chapter describes the background for the thesis, addresses the
current state of practice and introduces the main concepts in depth. Chapter three introduces the methods used for this thesis. The research questions are outlined and the
means to find answers to them are described.
Each research question is considered in separate chapters. First in chapter four, the
rationale for semantic 3D modelling are illustrated. The technical solutions for semantic 3D models are introduced in chapter five. Finally, the benefits and required changes
to achieve these benefits are discussed in the chapter six. Chapter seven summarizes
the results and suggests the main features needed in semantic 3D modelling system for
infrastructure asset management. Last chapter concludes the thesis. Chapter nine lists
the references used in this thesis.
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2 Background
This chapter presents the key concepts related to semantic 3D-based information modelling in infrastructure asset management. First, the field of infrastructure asset management is viewed and the current IT frameworks for infrastructure asset management
are introduced in the general level. The purpose is to gain an understanding of the
architecture and functionality of such software. Second, the semantic 3D-based information models such as building information model (BIM) and 3D city models are introduced. The standards influencing on developing such models are also described as
they facilitate the sharing and widespread use of the models.

2.1 Asset Management
ISO 55000 standard for asset management defines asset management as the “coordinated activity of an organization to realize value from assets”. Asset itself is described
as an item, thing or entity which has potential or genuine value to an organization. To
achieve organizational goals for asset management, asset manager must be aware of
the costs, opportunities and risks related to assets. Overall, generic requirement for
asset management is to guarantee the deployment, operation, maintenance, upgrade
and dispose of assets in a cost-effective way. [14]
Asset management contains several subcategories all of which try to distinguish and
focus on certain type of asset management such as enterprise asset management, infrastructure asset management, property asset management and facilities asset management. However, generic requirements for asset management are consistent for all
asset management categories. [14] In this thesis we focus on infrastructure asset management but take examples from facilities management as infrastructure assets typically contain facilities and these two categories are therefore closely linked.

2.1.1 Infrastructure Asset Management Process
Federal departments, provincial governments, municipalities, school boards, universities and any big organizations have to manage a variety of built assets. These assets
can consist of complex underground networks (such as sewers and water pipes), buildings, road systems, parks and other assets generally described as civil infrastructure.
Aging, climate, environmental hazards or simple changes in use tend to cause deterioration of these assets. Therefore, coordinated maintenance is necessary to ensure that
infrastructure lasts as long as predicted. [15]
Infrastructure assets have relatively long expected service life and thus, their management is planned for a long term. In practice, the aim of asset management is to maintain
a systematic record of individual assets, plan maintenance, repair or replacement work
and implementing and managing information systems which facilitate the entire management process. [1] The basic infrastructure asset management process is presented
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in Figure 1.

Figure 1. Asset Management Process Model. [1]

The key aspects to infrastructure asset management are when and how to inspect,
maintain, repair, renew, and replace existing facilities in a cost-effective way. In other
words, asset management is a business process and decision support framework which
covers the life-cycle of a variety of assets and contains aspects from both engineering
and economics. [15] Valencia et al. (2011) define six processes of asset management
based on IIMM guidelines which are presented in the Table 1.
Table 1. Processes of Infrastructure Asset Management. [16] [17]

Infrastructure Asset Management
Levels of Service
Optimized Decision Making
Risk Assessment and Management
Information Systems and Data Management
Measure Levels of Service
Life Cycle Asset Management
Identifying levels of service includes understanding the needs of the customer base
using the asset. [16] For example, Ramesh and Narayanasamy (2008) have studied
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rural water delivery in Tamil Nadu area in India. Due to technical incapability of Indian municipalities in operating and maintaining water infrastructure has resulted in
massive waste of water. [18] Therefore, there is a need to recognize the demand for
higher level of service to ensure the efficient operability of water infrastructure in India.
Optimized decision making process requires acknowledging multi-criteria and riskbased decision making. [16] Multi-criteria decision making highlights the need of interoperability in infrastructure asset management. Computer aided design (CAD) and
geographical information systems (GIS) are necessary during the implementation of
the engineering tasks. CAD and GIS allow high-level of data integration, data mining,
knowledge discovery, and automated learning techniques which facilitate the simultaneous consideration of multiple features. [19] Risk-based decision making combines
the quantified alternative solutions and the likelihood of an outcome. Typically, cost
is used for quantifying but also malfunction risk level has been used for quantification.
[16]
As asset management is a business process, optimized decision making cannot be
achieved solely through following legislation and standards and acquiring appropriate
software. Therefore, asset managers are often following current operation strategies
and technological trends to stay up to date with the best practices. For example, lean
principles have become more popular among asset managers as they emphasize quick
response, elimination of waste and prevention of defects. Focusing on the right equipment and facilities, optimizing the maintenance of the assets and deploying the manpower effectively are key features of successful decision making in asset management.
[20]
Risk assessment and management has been identified in IIMM in detail. Risk in
defined as the likelihood of an event occurring and the consequences of the occurred
event. The key steps of the process include setting the risk context, identifying the
candidate risk, analyzing each risk, developing risk treatment strategies, and continuous monitoring and review of the risk management process. Successful risk management facilitates the design and enforcement of predictive maintenance procedures
which are required in infrastructure asset management. [17] [16]
Information systems and data management process includes specifying and designing appropriate asset management systems. The specifications include qualities
such as proper information architecture, data integration features, and system support.
[17] IT frameworks for infrastructure asset management are introduced in more detail
in the chapter 1.
Measuring levels of service means the measurement of asset condition states and system performance. The purpose of these measurements are to provide accurate information about current condition of the assets and the future needs for the asset performance. Degraded condition of an asset can lead to performance failures and, therefore,
it is important for asset managers to stay updated of the current state of the assets. [17]
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[16]
The aim of life cycle asset management is to determine the overall life-cycle cost and
life-cycle value of an asset. In practice, the life cycle asset management collects information of an asset from the planning phase to the demolition. This enables including
the planned and demolished (historical) assets into the asset management. [17] The
information can be useful for example in planning future structures of a city or for
learning from previous mistakes. [16]

2.1.2 Asset Management Standards
Several standards, guidelines, technical literature, and best practices have been created
to help for asset managers. These are available in national and international level. [15]
ISO 55000 standards (ISO 55000, ISO 55001 and ISO 55002) for asset management
were made to improve asset management globally. ISO 55000 standards specify the
overview, concepts and terminology in asset management. Additionally, it defines the
requirements for an asset management system and guides the interpretation and implementation of these systems. However, standards do not provide any directions on practical implementation of the standards. [21]
IIMM (The International Infrastructure Management Manual) was created as for
a practical guidebook for asset managers by Australian and New Zealand national land
management institutes. The purpose of this manual is to describe best practices through
case-studies and serve as basis for asset management from beginners to advanced practitioners. [17] IIMM is updated regularly and the newest version came out in October
2015. [22] IIMM has also published a supplement to the IIMM which introduces practical guidelines for implementing ISO 55000 standards. [23]
PAS55 is as standard for optimized management of physical assets created by British
Standard’s Institution. It contains definitions and requirements for founding and verifying an optimized life-cycle management system for all physical assets. It aims to
facilitate the creation of strategic organizational plans, daily work and asset realities.
It can be applied to any organisation dealing with physical assets. PAS 55 has been
accepted as the basis for development of the new ISO 55000 series. [24]
PAS181 is a framework for developing, agreeing and delivering smart city strategies.
Smart city strategy aims to integrate technological solutions such as Internet of Things
(IoT) into city's asset management. The purpose is to enable city leaders to transform
their city’s ability to meet its future challenges and deliver its future aspirations. Practically, it contains guidelines for business decision-making and ensuring that the benefits of a smart city strategy are clearly managed, and notes for monitoring the success
of the smart city strategy to enable managing risks effectively. [25]
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2.1.3 IT Frameworks for Infrastructure Asset Management
Many asset managers use infrastructure asset management systems to store and manage the information. The software is increasingly used as a tool to support strategic
decisions about the operation, maintenance, renovation and replacement of infrastructure assets. To increase management efficiency, the data exchange and sharing ability
has to be implemented into the software. The main feature of an asset management
system is to maintain the accuracy, consistency and integrity of the asset data. Furthermore, the systems must support wide range of functions, such as collecting and reporting inventory and condition data. [26] [15]
Traditionally the information has been collected into archives or tables. However, the
growing amount of data has created a need for a more coherent system where different
assets can be connected. Therefore, many of the available tools in asset management
are nowadays based on relational databases. In relational databases, the data items and
relations between them are organized in tables. A table is a record collection where all
the records contain the same fields. Certain fields are designated as keys are practically
index values which are used for searches and queries. Through these tables, the data
can be accessed or modified in several manners. Structured Query Language (SQL) is
used for interactive queries and sorting and collecting data. Additionally, the tables
can be linked to each other to enable different data structures such as hierarchies. In
practice, for example, a park item can contain tree and trash bin items which have their
own maintenance plans and schedules. This enables preventing storing of the overlapping data. [15] [27]
To enable the visualization, querying, analysis and management of the asset data, the
systems should have data repositories that can integrate spatial and non-spatial attributes. [26] These systems are often geographic information systems (GIS) which can
relate geospatial data (i.e. physical location) to specific assets and their maintenance
information. [16] Therefore, GIS enables the visualization of different data types (such
as roads, buildings and parks) and thematic properties (such as status and condition).
GIS also enables locating, querying and analysing the data by their properties and spatial locations. [28] The basic architecture of GIS based infrastructure asset management system is illustrated in Figure 2.
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Figure 2. Basic Asset Management System Architecture.

Asset management systems are using a number of data forms which creates a problem
of data integration. Most asset management systems are equipped with data import and
export functions to facilitate data transfer between different software. Furthermore, the
systems contain a variety of functions for assessing asset quantities, condition, status,
work management and scheduling and adding, removing and modifying data. The systems facilitate reporting asset properties and locating the assets. [27]
All the asset managers are not using advanced asset management systems due to the
possibly large installation and start-up costs. Also, they create a need for specialized
expertise to update, maintain and use these systems. [27]

2.2 Semantic 3D Models
Semantics studies the meaning of linguistic expressions [29]. In semantic 3D model
all the geometry-parts are associated with a semantic meaning. For example, a building
object contains walls, floors, roofs, balconies etc. Each semantic geometry-part also
contains specific attributes such as surface material, area and maintainer information.
[30]
In infrastructure asset management the most commonly used 3D semantic models are
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building information models and city models. Both of these are described in the following.

2.2.1 Building Information Modelling
Traditionally building information has been displayed with plans, sections and elevations in 2D CAD format. All the objects are in graphical form such as circles, arcs or
lines. All the views must be edited and updated separately which can be highly errorprone process leading to poor documentation. [10]
As a solution to complicated data management, building information modelling has
become more and more popular. Building Information Model (BIM) is a 3D-based
computer model database of building information which contains data about the geometry and topology of a building, building structure and details about construction,
management, operations and maintenance. The database is used to generate representations that correspond traditional design documents such as plans, elevations and
schedules. All the information in the database is integrated and coordinated. The geometry is commonly represented with 3D attributes (see Figure 3). [31] [32] BIM can
be seen as an evolved CAD system containing more intelligence. [33] These systems
are also known by names as Virtual Building, Project Modeling, Virtual Design and
Construction, and nD Modeling. [34] [35]

Figure 3. Characteristics of a Building Information Model (BIM). [36]

BIM is used to represent physical and functional characteristics of a facility. As an
addition to the building data storage and data integration, the valued elements of BIM
include enhanced collaboration, life-cycle data management and increased efficiency
13
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and productivity of building industry. [33] In other words, BIM allows sharing of the
facility information, data use in multiple places at the same time and it forms a reliable
basis for decisions from facility design phase to demolition. [37] Shortly, BIM is a
complete 3D digital representation of a building system which is visually accurate and
contains detailed information about the building features. [38] It aims to eliminate the
possibility of data redundancy, data re-entry, data loss, miscommunication, and translation errors. [37]
In practice, the above depicted comprehensive single BIM has not been achieved. Instead, BIM can be defined as a multifunctional set of instruments for specific purposes
which are increasingly integrated. [39] BIM is mostly used in project planning (site
selection and analysis, visualization, cost estimation), design (energy, lighting and
structural analysis) and construction (clash analysis, site utilization planning) of a
building facility. [32] The reason for BIM implementation is to reduce design, planning and maintenance costs. [37] However, the life-cycle management which would
include taking BIM into account in asset and facility management still remains widely
rather as an idea than a reality.
Efforts for standardization of BIM has been made to enable the overall use of BIM.
An official International Standard ISO/IS 16739 concerning Industry Foundation Classes (IFC) for data sharing in the construction and facility management industries is
commonly used for integration of BIM elements. The standard specifies a conceptual
data schema and an exchange file format for Building Information Model (BIM) data.
[40] Additionally, general data formats have been generated to facilitate data integration. For instance, Construction Operations Building Information Exchange (COBie)
data format provides the system-to-system exchange of the space and equipment information without user intervention. [41]
As the purpose of BIM is to provide more efficient collaboration, the implementation
of integrated information technology is used to ensure that the resources are working
on the right asset at the correct location. Geographical Information Systems can provide location data to BIM and, therefore, complement and extend the capabilities of
BIM. Spatially referenced map-based representations lead to more accurate data, analysis of spatial relationships of the building functionalities and, as a result, great improvements in efficiency, costs and decision-making. [42]
BIM is not only a matter of technological inventions. It also concerns the organizational and technological solutions to facilitate the development and use of BIM. This
is known as building information modelling. Building information modelling is a very
multidimensional and complex phenomenon which evolves among the new technological inventions. The aim of building information modelling is to increase inter-organizational cooperation in the construction industry. [33] Therefore, the purpose of
BIM is to enhance interdisciplinary collaboration. [38] Additionally, building information modelling focuses on improving the productivity and quality of the design,
construction and maintenance of the buildings. [33]
As a collaborative, data-rich environment BIM accelerates the processes as the deci14
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sions and changes can be made at early stage of a project. Also, estimates and workflows can be supervised and followed through the system which enhances the accuracy
and the effectiveness of the design, construction or a maintenance process. [38] However, BIM requires vast changes in work practices, staff skills, communication methods and project management methods. [43]

2.2.2 3D City Models
3D city models are digital representations of urban area containing buildings, roads,
vegetation and other infrastructure which is projected on the Earth’s surface. [44] The
ability to navigate through the model by walking, flying and examining is regarded as
the most important feature of a 3D city model. Walking refers to moving on models
surface, flying enables movement in three dimensions and examining ensures that the
entire model is visible and rotatable. [45]
3D city models are not a coherent concept. A variety of city models can be designed
and created depending on the intended application of the model. The simplest 3D representations of cities contain plain building shapes without any details. More improved
versions can have a photorealistic facades of buildings constructed using images overlaid on a mesh frame (Figure 4). However, both of these types are limited to visualization purposes. [46] Recently, an interest toward semantic city models has been growing. These models contain related information of the objects as an addition to 3D visualization. [47]

Figure 4. Photorealistic 3D model of Munich, Germany. [48]

Traditionally 3D data has been acquired using various datasets such as DTM, 2D maps,
digital surface models, manually entered architectural specifications, aerial and satellite images and DEM. [46] [49] The most significant development in the past years
has occurred in laser scanning. Laser scanning data can be combined with digital imagery to create highly accurate photorealistic 3D city models. [37] Furthermore, great
15
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development has been reached in computer vision community. They have developed
methods to detect instances of object classes (such as people, trees and cars) in images.
This facilitates the real-time creation of 3D city models. In the future, the direct 3D
acquisition methods may be widely available in which case the urban 3D model would
be created instantly by scanning one object at a time. [47]
Apart from visualization 3D city models can be used for example in urban planning
[50], traffic planning [51], environmental quality assessment [52], tourism and public
sector marketing [53] and spatial analysis (such as buffer zone determination, noise
analysis and determining wireless communications network ranges) [46] [54]. Other
application areas have been specified in Figure 5.
As applications for urban data are increasing there is a growing interest in integrating
CAD (computer aided drawing), GIS and BIM data with 3D city models. The resulting
model is called a sematic city model from which user can see a variety of information
by clicking the objects in the city model. [55] This type of collective urban 3D map
enables a high degree of understanding of the complete urban system, enhances planning and event management and offers a solid base for decision making. [46] Businesses have also seen the potential in the integrated use of the city models. Thus, there
are a variety of software for planning semantic city models. These are discussed in
detail in chapter 5.

Figure 5. Application areas for 3D city models. [56]

Inconsistent data formats for 3D city models and a growing need for data sharing has
promoted data standardization. Currently, there are multiple 3D visualization standards such as X3D, 3DMLW, COLLADA, KML, O3D and U3D. Standards integrating
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both visual and semantic information culminates in CityGML. [57]

2.2.2.1 CityGML
CityGML is an international encoding standard which OGC and ISO/TC 211 committee issued in 2008. It is an open data model and XML-based GML3 format based on
the ISO 19107 model for the storage and exchange of virtual 3D city models. The
purpose of the standard is to create universal definition of the basic information, geometries, attributes and relations of a 3D city model. This is required for cost-effective
sustainable maintenance of 3D city models and use of the data in different software
and platforms. [58]
CityGML is the first standard related to 3D city models. It contains both geometric
and semantic information and provides a description of 3D elements such as buildings,
traffic infrastructure, city furniture etc. with their geometry, topology, semantic properties and relevant attributes. [59] Catalogue Service (CS-W), Web Feature Service
(WFS), Web Processing Service (WPS), Web 3D Service (W3DS) and Web View
Service (WVS) can be used for querying, transferring, editing and visualizing the
CityGML 3D models. [58]
CityGML 3D city models consist of a spatial model, appearance model and a thematic
model. Spatial model contains all the data related to geometry and spatial location,
appearance model contains the information of object texture and thematic model (i.e.
semantic level) divides the objects into thirteen different class modules. Class modules
are defined for the most important types of objects within 3D city models. All the
features have relational and hierarchical structure. [58] See the UML diagrams in Appendix A for further information of the CityGML module structure.
CityGML supports five levels of detail (LOD). With greater LOD the geometric and
thematic details increase (see Figure 6). The purpose of LOD is to facilitate efficient
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visualization and data analysis by enabling independent data collection process depending on the model requirements. [58]
The UML diagrams and top level class hierarchy of CityGML can be found from Appendix A.

Figure 6. Levels of Detail (LOD) of CityGML. [58]
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3 Methods
3.1 Analytical Framework
The thesis approaches the problem from exploration and IT systems perspective.
March and Smith (1995) present a two-dimensional IT research framework in which
the IT research has been divided into design science (creative part of IT research) and
natural science (theories and methods of IT research). [60] In this context, this thesis
looks into IT research from the methodological aspect.
In this thesis the demand, existing practices and possible benefits of implementing the
semantic 3D-based information modelling into infrastructure asset management process are explored. Thus, this thesis does not build any new method nor does it implement a new feature. Instead, it uses current trends, methods and frameworks to discover the justification for 3D implementation to infrastructure asset management.
March and Smith describe this method as theorizing and justifying the activity to understand why and how the effect of a method or an application is important. As a result,
this thesis may provide fundamental requirements for the development of 3D infrastructure asset management technologies.
To facilitate the understanding of semantic 3D-based information modelling, its purpose, practices and benefits, a modified version of the analytical framework by Alan
Phelps (2010) [2] is exploited (Figure 7).

Figure 7. The analytical framework [2].

The purpose and scope of infrastructure asset management and semantic 3D-based
information modelling was explored as the background for this thesis. The main aim
of the thesis is that it focuses on outlining the answers for the three questions of the
analytical framework: why do it, how to do it and what it achieves. In practice this
means studying the rationale, practice and benefits of semantic 3D-based modelling
for infrastructure asset management. Benefits will be presented in form of practical
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use cases. Each question is considered in their own chapter (chapters 4-6).
Last, the change factors are identified in Chapter 6 and discussed in chapter 7. Change
factors refer to the necessary measures need to be taken in transformation of 2D based
to 3D model based infrastructure asset management. Chapter 7 discussion will also
emphasize the overall conclusion of the study and point out the advantages and challenges lying in implementing semantic 3D-based modelling into infrastructure asset
management.

3.2 Research methods
As semantic 3D-based modelling is still new in infrastructure asset management, there
is not much empirical data about this topic. Therefore, the data was collected for this
thesis by using literature review and interviews of experts and asset managers.
Literature review was conducted by using existing articles, studies, use cases and other
literature about the topic. As 3D-based infrastructure asset management is not yet settled in practice, the use cases on the topic are scarce. Therefore, the use cases from
building asset and facility management are used to reflect the current situation of 3D
modelling in asset management.
Interviews were conducted in the autumn 2015 as semi-structured interviews. [61] The
purpose of the interviews was to find answers to the questions within the analytical
framework (see Figure 7) reflecting to the state of the infrastructure asset management.
Topics and themes were similar in all the interviews but the focus point varied depending on the role of the interviewee in the infrastructure asset management. More detailed structure and content of the interviews is presented in Table 2.
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Table 2. Themes and topics covered in the interviews.
Theme

Topics

Background

Information modelling / BIM concept
Projects related to information modelling / BIM
BIM / City Model use cases

Infrastructure Asset Management

Current challenges in infrastructure asset management
Reasons and benefits from 3D visualization
Potential use-cases

Technical frameworks and practices

Challenges and benefits of current systems
Requirements for efficient asset management system

Life-cycle management

Reasons and benefits of life-cycle management
Biggest challenges of introducing life-cycle management

Future

Future of infrastructure asset management practices
Necessary steps to successfully meet the future requirements

The interviewees were contacted by e-mail and the actual interviews were made faceto-face or on Skype. The interviews lasted from one to two hours. The purpose of the
interview was to discuss about the above mentioned topics and avoid leading the interviewee towards supposed conclusions. Therefore, interrupting the interviewee was
avoided and free discussion encouraged.
Not all the topics were discussed with all the interviewees. This enabled ensuring that
each interviewee could focus on the topic they knew the most about or which they
personally found the most significant. The people interviewed for this thesis are listed
in the Table 3.
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Table 3. Interviewed experts.
Interviewee

Position

Organization

Vishal Singh

BIM Assistant Professor

Aalto University

Ari Varonen

City Engineer

City of Joensuu

Jaakko Jauhiainen

Business Development Director

Sweco PM Oy

Janne Lindberg

Information Management Coordinator

City of Tampere

Lauri Koskela

Professor of Construction and Project Management

University of Huddersfield

Mert Ocak

Researcher (IoT)

Ericsson Finland

Tiina Perttula

Infra Model Development Manager

Finnish Transport Agency

Heikki Halttula

CEO

Viasys VDC Oy

Arto Kiviniemi

Professor of Digital Architectural
Design

University of Liverpool

Jarkko Räsänen

BIM Manager

FCG Design and Engineering Ltd

All the interviews were transcribed and the results collected together according to the
theme and topic. Thus, the results can be presented anonymously. Interviews enable
specifying the practical benefits and challenges of semantic 3D implementation in infrastructure asset management, and necessary steps to overcome these challenges. Results are further discussed in the chapter 6.
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4 Rationale for Semantic 3D Modelling
In this chapter the rationale for semantic 3D-based modelling is discussed. First the
general idea of 3D-based modelling is explored. Then, the reasons to implement semantic 3D modelling into infrastructure asset management are presented.

4.1 Why 3D-based modelling?
Infrastructure and GIS industry have long been convinced about the value of 3D city
models. They highlight the fact that 3D models enable simultaneous and realistic simulations of various aspects of the project. As capturing existing physical conditions is
vital in infrastructure projects, 3D models facilitate connecting reality to the design
model. Therefore, all the project data can be accessed and analysed by different experts
at different stages of a project. In other words, 3D based visualization allows nonexperts to understand plans in detail which leads to better informing, decision making
and reduced risk. [5] [62]
If the 3D has been implemented successfully in infrastructure asset management process, the advantages can be extensive. The basis of the advantages is the fact that the
3D visualization can be accessed, analysed and understood by variety of professionals.
[63] Therefore, the long-term and re-use possibilities of 3D data should be considered
to fully exploit the advantages it can offer. If 3D data is seen as the de facto visualization method at all the stages of the project, repeated work can be avoided. As a result,
work is facilitated and efficiency improved. Additionally, the interoperability of 3D
models ensures more convenient data updating which, thereby, assures the sustainability and quality of 3D data resources. [56]
3D data models improve the data access and create more transparent and automated
workflows between different sectors of infrastructure management. 3D data models
can be easily interpreted by any participant and, therefore, the participation of asset
users such as citizens can be increased. Better co-operation between the asset management and the users will lead to more successful projects and facilitate the information
sharing between different parties. [56]
As an addition to the city models, 3D enables realistic indoor modelling which allows
determination of indoor travelling times and exact locations of certain rooms and assets. As an addition to asset management, this information can be used, for example,
in generating new information to public safety planning and emergency response. [64]
3D models are also necessary in describing layered structures such as underground
assets (such as pipes and cables). 3D shows clearly the location and direction of parallel assets where as 2D struggles to describe such structures. [65]
Planning and construction phase of infrastructure is generally done by using semantic
3D models. For infrastructure asset management, moving from 2D to 3D visualization
would enable asset life-cycle management as the planned infrastructure could be implemented in the model as well. This would allow better future asset management

23

CHAPTER 4. RATIONALE FOR SEMANTIC 3D MODELLING
planning as the future structures could be considered already from an early stage. [63]
[66]
Finally, the integration of scheduling and pricing systems to 3D model (i.e. implementing 5D) will ensure that the more overall understanding of the asset maintenance
can be achieved. The model will depict which assets are being maintained and what is
the cost of the maintenance process (see chapter 4.2). Thus, the maintenance process
can be presented and explored as a whole. [63]
However, the implementation of 3D will need profound changes in asset management
systems. 3D models require more efficient hardware than traditional 2D data to display
and render 3D models. In the worst case, the asset manager has to invest to replace
most of the hardware to manage 3D models. Additionally, the existing data interoperability and database integration can become a problem if the necessary data has not
been stored. Even if the hardware and data integration would not be an issue, the staff
has to be trained to use the new tools and follow the new management methods. [63]
Therefore, it is important to consider both the advantages and disadvantages of the 3D
implementation to ensure the rationale of 3D modelling (see Table 4).
Table 4. Advantages and disadvantages of 3D models.

Advantages

Disadvantages

1) More realistic visualization,
more detailed asset information
and intuitive data display
2) Interoperability, multiple use facilitates understanding, data updating and data sustainability
3) Sustainable use will lead to reduced repeated work
4) Increased citizen participation
5) More efficient asset management
6) Interior data models, indoor locations and travelling times
7) Better understanding of layered
structures (such as underground)
8) Asset life-cycle management,
visualization of planned infrastructure
9) Integration of pricing and scheduling (5D)

1) Hardware issues
2) Software issues
3) Data collection and 3D model
construction
4) Database integration
5) Staff training

The main problem with 3D modelling is that often, the implementation is done as a
one-time investment without considering long-term and sustainable re-use possibili-
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ties. Therefore, to gain the most advantage from 3D models, overall change in management strategies is required. [56]

4.2 Reasons for Semantic 3D-based Infrastructure Asset Management
Traditionally, infrastructure asset management is directed by a record system that can
be based on forms on paper or a 2D geographical information system. The needs to
repeat the same maintenance processes and thus repeating the same records causes
inconvenience to the asset management. [67] Additionally, asset managers are facing
a growing pressure to deliver more efficient projects and automate operational processes. The manual handling of boxes full of paper, CDs and USB drives all of which
must be handled separately quickly becomes inefficient and time consuming. [68]
Therefore, the use of semantic 3D models, especially BIM, has been increasing in
building asset and facility management. The basis of advantages of BIM in asset and
facility management is in increased collaboration between different project members,
less collisions and overlapping work. [69] [70] The data can be accessed on one platform which creates a better insight to operations. Asset and facility managers can focus
on work by planning and anticipating the necessary maintenance instead of reacting to
reported problems. In fact, the operations can be planned for long time periods which
saves time and money. [68] The practical BIM implementation possibilities in asset
and facility management include commissioning and closeout, quality control and assurance, energy management, maintenance and repair, and space management. [71]
Same development has already begun in infrastructure asset management. For example, Bergmann Associates (2012) have listed business needs for BIM implementation.
The list contains a variety of use cases such as asset management operations, interior
space data model analysis, public safety analysis and integration with work order and
maintenance systems. Especially the 5D modelling is seen useful with asset management since it enables including pricing and scheduling into semantic 3D model data
properties. [63]
As governments and municipalities are struggling with aging infrastructure with limited capital, a need for more efficient infrastructure management practices have been
recognized. The business world considers BIM as an answer to this problem. With
BIM the infrastructure management can become more coherent, more productive and
more cost-effective as all the information is stored in an integrated manner. The information can also be viewed and understood by different members of the infrastructure
management process. Therefore, miscommunication, design errors and risks are mitigated whereas decision making is improved. [5]
For better understanding of the advantages of BIM in asset and facility management,
Eadie et al. (2013) [72] conducted an analysis of the BIM implementation in the UK
construction project lifecycle in building projects. In the study the focus was on facility
management but as it is closely related to the asset management, the results can be
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reflected into asset management as well.
Eadie et al. ranked various aspects of BIM according to their advantages for the clients
using relative importance index. Key Performance Indicators (KPI) were used to measure the full advantages of BIM in different building process stages. KPI can specify
the amount of client satisfaction (product and service), defects, predictability (cost and
time), profitability, productivity, safety and construction cost and time (see Eadie et
al. 2013 for further details).
Typically, the 3D visualization has been seen as one of the key advantages of BIM.
[36] However, the results of the study by Eadie et al. show that, surprisingly, the 3D
visualization aspects were not considered as significant as increased collaboration, improved process management, reduction of waste and accuracy that BIM generated. The
cost and training that the BIM necessitates were ranked the lowest in importance. Thus,
all the BIM users saw the advantages of BIM greater than the costs. [72]
One of the primary motivators for the use of BIM in asset and facility management is
the chance for direct gains and advantage in maintenance operations. However, BIM
has not yet been widely adopted into asset or facility management. [71] The study by
Eadie et al. confirms that BIM is most often used in the early stages of a building
project (i.e. pre-construction stages). About 70 per cent of the BIM users had never
used BIM in facility management. Interestingly, the study also indicates that the financial advantage of BIM is the highest for Facilities Managers. In other words, the clients
using BIM for facility management benefit the most from BIM implementation. Therefore, the study indicates that BIM is still not used to its full potential. [72]
Whereas the asset and facility managers have not yet understood the full potential of
semantic 3D models, the infrastructure software companies seem to be convinced
about its possibilities. For example, Autodesk states that with BIM infrastructure asset
management will become more efficient due to reduced post-construction rework and
operation costs which are a result of the more visible infrastructure projects and sustainably used data. Additionally, the asset information will be more detailed and their
identification easier during the inspections and maintenance activities. With BIM, all
the project information is available and accessible throughout the infrastructure asset
lifecycle. As a result, asset condition assessments will be facilitated. [5]
As Eadie et al. concluded, also Autodesk highlights the fact that the operations and
maintenance phase of the infrastructure asset will persist longer than any other project
phase. Therefore, the advantages gained here have cumulative effects. BIM will allow
a rich information stream where information can be updated in real-time. [5] It is clear
that the asset managers will benefit from the detailed information about particular assets. BIM also facilitates the analysis of infrastructure project-level information such
as optimization of design tasks to enable the new facilities to meet future needs due to
decisions being based on higher quality information. [42] [5] More coordinated
maintenance can also expand the asset or facility life. All in all, BIM implementation
will enable the maximization of the profit and growth opportunities. It can increase the
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clarity, continuity and agility of infrastructure projects. [5]
Despite the increasing industrial interest towards BIM in infrastructure, BIM innovations and significant technical process, widespread adoption of BIM remains evasive
especially in governmental and municipal level. The attitude towards BIM is a result
of regulative, normative and cultural-cognitive features of the institutional bodies. The
methodological and behavioural changes required for implementation of BIM will be
the most difficult to achieve. [73]
As any information model, BIM is only as accurate as the data that is used to create it.
Thus, it is necessary to plan carefully who is responsible for creating and updating the
model. [36] Incapable interoperability of data is also a major obstacle in BIM implementation and data exchange. [70] However, the most problematic issues are the drastic changes needed in work practices and staff skills. Thus, BIM implementation must
break some borders and overcome these obstacles to be successful. [67] Table 5 summarizes the advantages and disadvantages of BIM implementation in infrastructure
asset management.
Table 5. Advantages and disadvantages of BIM in infrastructure asset management.

Advantages

Disadvantages

1. Increased collaboration
2. Problem anticipation and estimation
3. Less overlapping work
4. More coherent, cost-effective
and productive management
5. Realistic 3D visualization
6. More accurate information,
faster identification of assets
7. Cumulative effects of BIM
8. Sustainable data management
9. Projects more visible, clear, continuous and agile
10. Better estimation of future needs
11. Extended asset life

1. Software renewals and updates
2. The changes in methodologies
(work practices)
3. The changes in working behaviour
4. Staff training
5. Information updating required

4.3 Examples of Semantic 3D Models in Asset Management
In practice, the best way to understand the benefits of semantic 3D modelling is
through case studies. However, as mentioned in the chapter 1.2, the case studies focusing on implementation of semantic 3D models into infrastructure asset management are still mostly on the planning or construction phase. Therefore, the case studies
about BIM used in facilities management are also exploited to fully understand the
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practices and reasons behind such projects.

4.3.1 Sydney Opera House
Sydney Opera House BIM implementation project is one of the first and most famous
examples of introducing BIM into asset and facilities management. As it is a large,
very complex structure which houses equipment and activities that are equally complex, the need for more efficient and coordinated facility management was addressed
in 2005. BIM was created using Bentley software to be used for full lifecycle management of the facility. As an addition to the 3D models, the service, maintenance and
cost information were implemented in the BIM. The main building model also includes
GIS data via IFCs to describe the underground utilities, terrain and other site attributes.
[38]
The objects with asset maintenance requirements included data fields such as name,
location, maintenance task, and schedule. General data attributes such as appearance,
tidiness and cleanliness of functional spaces were also added to the model. The model
can be queried and classified thematically for example according to the state of maintenance (see Figure 8). [38]

Figure 8. BIM for Sydney Opera House. The data can be classified thematically and queried according to the data that has been implemented into the model.

The created building information model has been perceived as an appropriate and beneficial technology for storing and retrieving building, maintenance and management
data. BIM has enabled data consistency, model intelligence, multiple representations,
2D and 3D reports, integrated source information and queries for data mining. The
BIM is used as the main data structure in which each object such as a wall, furniture
or a room has a unique identifier. Identifier can be used to link different datasets together enabling querying across datasets. [38]
All in all, the BIM provides information that can be easily shared and reused enabling
faster and more effective facilities management. The designs and simulations can also
be performed which facilitates the planning of upgrades and renovations. Furthermore,
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the building performance and budget planning have become more predictable. Overall
BIM has facilitated the maintenance management in Sydney Opera House. [38]

4.3.2 Crossrail: Route across London
A major underground railway project, Crossrail, to connect Heathrow with the West
End, the City and Canary Wharf is an ongoing example of BIM-based infrastructure
project which aims to use the data from planning and construction phase in asset management. The project is supposed to be finished by end of 2019 and currently the project is on tunneling and systems procurement and installation phase. [74]
The purpose of BIM was to create a virtual Crossrail which would be use to facilitate
collaboration of different parties in the project. The requirements of each party were
mapped and suitable 3D modelling interface developed in co-operation with Bentley
integrating mapping interfaces with Oracle database, SAP systems and ProjecWise
program. [74] Currently, Crossrail BIM consists of several semantic 3D models (see
Figure 9).

Figure 9. BIM of Crossrail consists of several semantic 3D models.

The 3D design models are compared to laser scanned data to check and validate the
as-built information. Generated collaborative model is transferred from designer to
contractor and later to asset management. As a result, asset management will be more
innovative as models from previous phases are directly linked to the asset database.
[74]
The direct benefits expected from the projects are reduced wastage as clashed are minimized, improved efficiencies and faster collaborative approvals, reduced information
loss, improved safety as model visualizations lead to better awareness, reduced programme risk through 4D analysis and improved performance by linking models into
GIS mapping. Cost savings are expected to come from faster information finding, and
more effective creation of non-CAD deliverables such as reports, lists, mailing and
databases, and the creation of models and drawings. As data is transferred from phase
to phase, documents can be reused instead of doing the same work twice in each phase.
[74]
Asset Data Dictionary is created already in the planning and construction phase by
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contractors for asset managers. Additionally, the created 3D model will also be the
user interface for asset managers to facilitate browsing the information. As the project
is still on-going, the practical examples on how semantic 3D model facilitates asset
management are still unseen. [74]

4.3.3 BIM-based School Maintenance in Taiwan
Su et al. (2011) [75] developed a BIM system for facility management (BIMFM) for
the schools in Taiwan. The system uses Tekla software for 3D modelling and reading
BIM files for the 3D interface maps. The integration of 3D model and the data was
achieved using Tekla enabled API and C# programming language.
The system was implemented into Taiwan school maintenance to enhance the maintenance management and make the maintenance process more effective. The planned
task timetable and the state of the task were included into the 3D model of the school.
The state of maintenance was presented with thematic colouring (see Figure 10) for
maintenance on schedule, completed maintenance, delayed maintenance and no needs
for maintenance. This enables the staff to quickly see the tasks for each day and visualize the overall state of maintenance. Similarly, the results of the maintenance work
are presented with thematic colouring and they are classified into four classes as well:
satisfactory, not satisfactory, satisfactory but delayed and maintenance not completed.
Additionally, the system can create a report of maintenance information saved in the
system and the BIM model can be published online for the users to visualize the state
of the facility.
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Figure 10. The BIMFM system for Taiwan school maintenance. Visualization of the state of
maintenance is presented with thematic colouring. The dates of planned maintenance work can
be added into the system. [75]

BIMFM has improved the understanding of the state of facility, made the response to
the maintenance work more efficient and allowed the quick access to related data files.
The better understanding has led to more confident maintenance staff as they are more
aware of the overall maintenance situation in the facility. However, all the data has not
been completely stored in the system which creates a need to store some of the data
with different approaches. Additionally, management defects may arise if the system
is not updated after tasks are finished. These problems could be solved by further development of the system. [75]
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4.3.4 Vilnius Municipal Centre
Migilinskas et al. (2013) [43] explored BIM implementation to a building project by
Vilnius Municipality. The aim was to start constructing Vilnius Municipal Centre in
2002 and finish the work in 2004. The centre consisted of 20 stories high 15 060 square
meter main building and adjacent 5- and 3 storey buildings that would provide space
for over 1000 employees (see Figure 11. Vilnius Municipal Centre. Figure 5 a) presents a photograph of the constructed building, 5 b) depicts the BIM model for Facility
Management. Figure 11).

Figure 11. Vilnius Municipal Centre. Figure 5 a) presents a photograph of the constructed building, 5 b) depicts the BIM model for Facility Management. [43]

In the construction phase, the conceptual design, visualization, working drawings and
material specifications were generated from 3D model. More than 200 workers were
daily present at the construction site. 3D model was created with Bentley software. All
the information was saved in a database for further facility management. Every element of the Vilnius Municipal Center was connected with a variety of information
such as design and working drawings, production process, compatibility with certification, maintenance rules and manuals and technical specifications. [43]
As all the information was connected into one 3D model about 20 per cent of the estimated time for planning, viewing and correcting the building plan was saved. Additionally, the model has been used in estimating the quantity of material needed for
construction and facility maintenance which facilitated the negotiations with subcontractors and suppliers and minimized the amount of duplicated work. [43]
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5 Practices for 3D Asset Management
System
In this chapter, suitable semantic 3D modelling software and methods for infrastructure asset management are introduced. The purpose of this chapter is to understand
what kind of platforms and systems enabling creation of semantic 3D models already
exist. They are divided into commercial and open-source frameworks to understand
the possibilities they offer.

5.1 Criteria for Reviewed Practices
The reviewed practices must be well-suited for infrastructure asset management needs.
As mentioned in the chapter 2.1.3 where current IT frameworks for infrastructure asset
management were explored, asset management software must be able to produce reports, thematic maps and data files for the needs of asset managers. The semantic and
geometric properties of the objects must be editable. User must also be able to easily
add and remove objects as well as view, search and generate reports of required objects.
The software selected for this review must enable data management in a similar way
as in current IT frameworks. They must contain some of the above mentioned features
to the extent that it would be possible to use them as a tool for asset management.
Additionally, the selected software must support semantic 3D models.

5.2 Commercial Software
3D visualization has attracted a variety of software into the market. Most can quickly
construct a photo-realistic model. However, the spatial accuracy and semantic properties may be insufficient for a semantic 3D model for needs of infrastructure asset management.
All the big GIS software producers such as Autodesk, Pitney Bowes, ESRI, Bentley
and Trimble have created their own 3D city modelling software. Additionally, smaller
companies have been interested in providing 3D solutions for asset management. The
software fitted for asset management is reviewed in Table 6Error! Reference source
not found..
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Table 6. Commercial 3D Modeling Software which support 3D city modelling.
General description

Semantic 3D Model

Functions

Supported data formats

API

Autodesk® InfraWorks
360 LT

Automated 3D modelling and
city visualization with datarich 3D models. [76]

Semantic 3D (city) model especially designed for the needs of
transportation.
Each geometry-part can contain
attribute data.
BIM supported.
Variety of assets and 3D objects
supported.
[76]

Attribute and geometry editing function.
Filter data on import, filter by location.
Select based on location or attributes.
Thematic classification of objects.
3D analysis (line of sight, mass calculation,
shadow analysis etc.).
Cloud collaboration. [76]

Database (Oracle, MySQL,
etc.) integration supported.
Point clouds, CityGML, Autodesk formats, etc, export for
example in FBX, Collada,
Wavefront. [76]

API offers read access to
model data using REST protocols. [71]

ESRI
CityEngine

3D smart city visualization to
model different projects as
one, assess their feasibility,
and plan their implementation. [77]

Semantic 3D (city) model especially designed for urban planning, architecture and design.
[77]

Attribute and geometry editing function.
Rule-based reports. Reporting function enables
BIM analysis.
3D analysis, swipe.
Publish 3D model in ArcGIS online (WebGL)
Python scripting interface for process automation. [77]

OBJ, DAE, DXF, VOB,
KML. CityGML extension.
Supports only Esri geodatabase. [77]

CityEngine SDK enables additional import and export
formats and integrating the
procedural runtime in 3rd
party client applications to
take advantage of the procedural core without running
CityEngine or ArcGIS. [72]

Bentley
Map

Product for mapping, planning, designing, building and
operating infrastructure in 2D
and 3D. [78]

Simple semantic 3D models with
CAD, GIS and BIM integration.
[78]

Attribute and geometry editing function.
Attribute and spatial queries.
City model generation
3D thematic mapping
Spatial analysis [78]

Variety of data formats such
as CityGML. Database integration supported.
KML/KMZ, 3D, PDF, etc.
[78]

API for developing custom
GIS applications and a mobile application for easy access in the field. [78]

VDC Modeler

Multi-disciplinary virtual design and construction models
from various input sources.
[79]
3D models for various purposes. Layout, visualization
and communication tools for
example for urban planning
or building construction. [80]

Semantic 3D models. Models can
be created by importing data from
multiple sources. BIM supported.

Parametric modelling rules (tasks automation)
Design modeling
Simulation
analysis.
[79]

-

Semantic 3D models which can
be exported and managed in most
of 3D modelling software. BIM
supported (attributes, geolocation) [80]

Attribute and geometry editing function.
3D drawing, designing, visualization.
Online sharing
SketchUp’s 3D Warehouse for downloadable
3D items. [80]

Autodesk formats, landXML,
IFC, CityGML. Generic 3D
model formats such as fbx,
3ds, obj, dae (Collada). [79]
Import and export DXF,
DWG, 3DS, DAE, KMZ,
TIF, JPG, PNG, etc. Export
also PDF, OBJ, FBX, XSI,
VRML, MP4, WEBM and
AVI. CityGML extension.
[80]

Trimble
Sketchup
Pro

Table 6
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Ruby API for creating additional functions.
C API for reading and writing
data to and from SketchUp
models. [77] [78]
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Most of the software presented in Table 6 are generally created for planning and construction phase. However, some products are taking into account the needs of asset
management. For example, Autodesk Infraworks 360 has introduced field asset functionality which allows user to view and comment on assets on the field. An asset card
presents the attributes of an asset.
All commercial products also have a variety of supported file formats. Common standards, such as CityGML, is also commonly supported which facilitates sharing the data
cross-platform.
To get more detailed review of the suitability of commercial semantic 3D software to
asset management, the features of current IT frameworks must be compared to software presented in Table 6. The features which are common for IT Frameworks in Asset
management are discussed in the chapter 2.1.3. The comparison is presented in Table
7.
Table 7. Comparison of the features within current IT frameworks for Asset Management and
Commercial Semantic 3D Modelling Software

Current IT Frameworks for Asset Commercial Semantic 3D Modelling
Managers
Software
1.
2.

8.
9.
10.

2D map based user interface
Table view (allows viewing data of multiple objects simultaneously)
Attribute queries
Spatial location queries
Create new objects
Modify existing objects
Update attribute data (mass update typically enabled)
Collecting and reporting inventory data
Collecting and reporting condition data
Linked data (data hierarchy)

11.

Visualization of different data types

3.
4.
5.
6.
7.

3D model based user interface
Table view (typically allowing viewing data
of one object at a time)
Queries not specifically highlighted. Filtering
typically possible.
Create new objects
Modify existing objects
Update attribute data (for one feature at a
time)
Reporting options limited.
Data can be imported from a database where
hierarchy is maintained.
Visualization of different data types

Even though the existing commercial software offer a good platform for visualizing
asset data on 3D, each of them would need modification to meet the needs of asset
managers. Querying and reporting functions should be facilitated to meet the basic
requirements of an asset management system.
However, the visualization of spatial location and condition would experience a great
upgrade with 3D user interface as each object can contain its realistic look in the
model. Semantic 3D models offered by the commercial software would add full BIM
functionalities which would enable collaboration between experts of different fields.
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[81] Therefore, using the model through the cloud and wide import and export functions are a great addition to traditional infrastructure asset management solutions.

5.3 Open Source Software
Open source software (OSS) permits the access and modification of the source code.
This ability has resulted in a variety of technical benefits such as better quality, high
availability, compatibility and flexibility of use. Particularly the possibility to escape
vendor lock-in and to increase co-operation and innovation are seen as very significant
features. However, most of the benefits only exist in more mature products which have
already attracted a large developer and tester base. Mature software is also more likely
to avoid compatibility issues, poor documentation, and lack of expertise, roadmaps
and level of integration, which are seen as major drawbacks with OSS. Nevertheless,
no matter how mature OSS, the lack of support and ownership are always problems
with open source software. There is no support and no company to ensure safety and
functionality of the software which means that the staff has to be trained to be able to
solve problems independently. [82]
As a response to high demand of 3D modelling software and the high price of the
commercial products on the market, some OSS enabling semantic 3D modelling have
been invented. [83] These are presented in the Table 8.
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Table 8. Open source software, applications and platforms which support semantic 3D modelling and have potential in the use of infrastructure asset
management.
Description
Semantic 3D Model
Functions
Supported data formats
Blender

Free 3D creation suite for commercial or
non-commercial use.

Creation and viewing of various 3D
models. Each geometry part treated
separately which enables export to, for
example, CityGML.

3D modelling, rigging, animation, simulation, rendering, compositing, motion tracking, video editing, game creation, cloud services, Blender network to connect with professionals.

Wide range of file formats such as OBJ,
FBX, 3DS, PLY and STL for import and
export.

Trimble
Sketchup

3D modelling for architectural, interior design, civil and mechanical engineering, film
and video game design. Basic version free
for non-commercial use.

Semantic 3D models which can be exported and managed in most of 3D
modelling software. BIM supported
(attributes, geolocation) [80]

Drawing, copying, rotating and painting
functions.

Import and export DXF, DWG, 3DS,
DAE, KMZ, TIF, JPG, PNG, etc. Export
also PDF, OBJ, FBX, XSI, VRML, MP4,
WEBM and AVI. CityGML extension.
[80]

Virtual Globe
based applications

Applications use virtual globes as a user interface to present a semantic 3D model imported from a database (such as
3DCityDB). [84] [85] [86]

Semantic 3D model created using another software (such as Blender). Semantic 3D model can be presented on
a virtual globe directly or stored in a
database to enable multiple functions
related to the data management. [84]
[85] [86]

Variety of functions depending on for whom
the application is designed for. Basic functions include viewing and analysing the data
in the model. [84] [85] [86]

COLLADA, OBJ, gITF [86]

Clara.io

Cloud-based 3D modelling, animation and
rendering software tool running on a webbrowser. [87]

Semantic 3D Models enabled through
plugins. 3D model can be viewed using customized viewers. [87]

3D modelling, photorealistic rendering,
online sharing, web game content design,
data import and export. [87]

Autodesk FBX (.fbx), Wavefront Object
(.obj/.mlt), Collada (.dae), STereoLithography (.stl), ThreeJS (.json), Blender
(.blend), 3D Studio (.3ds), STEP CAD
(.stp/.step), IGES CAD (.igs/.iges), Stanford Poly (.ply) [87]

Mapgets

An open visual 3D application platform
which includes spatial information (such as
maps, routes, buildings and streets). It can
be used as the platform for a wide range of
applications, such as those designed for urban planning, asset management and process management. [88]

Google Maps based map component
which presents objects in 3D. Data editing is enabled through customized
functions or plugins. [88]

Viewing the data in the system.
Enables creating custom functionalities or
using Mapgets as a platform for an application. [88]

WMS, WFS interfaces, CityGML, Tundra SDK, point clouds, common 3D file
formats [88]

Table 8
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In general, open source software does not offer ready solutions for infrastructure asset
management. However, they enable vast modifications to their platforms witch offers
great prospect for developing and modifying the solutions for asset management.
For example, Scianna and Ammoscato (2010) have studied how to use Blender together with GIS data to create urban 3D models. They used Python scripts to integrate
spatial database implemented through PostgreSQL and PostGIS to enable data retrieval from database to Blender. Excellent results were achieved by designing 3D
models with Blender and storing their geometrical and topological information into
the PostGIS database. Data in the PostGIS database can also be accessed from Blender.
[89] The study is a great example of advanced use of open source software with geographical information.
Additionally, Chaturvedi (2014) developed a client-server architecture to visualize and
analyse CityGML data on a Cesium virtual globe using libraries based on WebGL
(Web Graphics Library). He created an application utilizing CityGML 3D city model
to analyse data on 3D user interface. He concludes that such applications can contain
enormous amount of different functionalities such as parse geometries, view geometry
attribute information and to create buffer zones and intersections through a web
browser. [85]

Figure 12. HTML5 and WebGL based 3D web application which utilizes CityGML file for visualization and analyses of data. Application allows functionalities such as creating a buffer zone
and finding intersections through web browser. [85]

Similarly, Wu et al. (2010) have used GeoGlobe virtual globe and Web Service Oriented Architecture (SOA) to visualize urban planning to public. SOA enables co-operation of several software components by using communications protocol. Photorealistic 3D city model is encoded in CityGML. It offers visualization and comparison
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of candidate designs, general measurement tools, data importation and sunlight analysis. [84]
In SmartOulu project, Mapgets platform was used to publish data from city investment
projects on a semantic 3D model. Application’s timeline function allows illustrating
of differences of past and present on a 3D environment. Similar project has been
planned for Tampere, Joensuu and Hyvinkää. [90] Mapgets platform has also been
planned to be used in presenting and analysing all the data related to the city infrastructure. [8]
The comparison of current IT frameworks and possibilities open source software and
applications offer are presented in Table 9.
Table 9. Comparison of the features within current IT frameworks for Asset Management and
Open Source Semantic 3D Modelling Software

Current IT Frameworks for Asset Open Source Semantic 3D Modelling
Managers
Software
1.
2.
3.
4.
5.

Map-based user interface
Table view (allows viewing data of multiple objects simultaneously)
Attribute queries
Spatial location queries
Create new objects

6.

Modify existing objects

7.
8.
9.
10.

Update attribute data (mass update typically enabled)
Collecting and reporting inventory data
Collecting and reporting condition data
Linked data (data hierarchy)

11

Visualization of different data types

3D model based user interface
Table view often provided only by customization through plugins or development
Queries enabled in some cases (such as Virtual Globe applications and Mapgets)
Creating new objects possible if 3D model
can be modified (such as with Blender and
Clara.io)
Modify objects possible if 3D model can be
modified (such as with Blender and Clara.io)
Updating data often not enabled in existing
systems. Development possible by user.
Reporting often not enabled in existing systems. Development possible by user.
3D objects can be related to each other for example when saved in CityGML format.
Visualization of different data types

5.2 Best Practices for Asset Management
The purpose of this chapter was to outline the software that could have potential to be
used as a practise for 3D-based infrastructure asset management. However, the review
shows that what comes to existing commercial and open source practices for asset
management, none of them is ready to be introduced as de facto method for semantic
3D-based infrastructure asset management.
Commercial systems focus on the planning and construction phase rather than infrastructure asset management which can be seen from the functionalities software offer.
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However, they support a wide range of data formats to facilitate integration between
different systems. All of the commercial systems encourage using their own publishing
platforms for data viewing. Additionally, generating new functions is limited to the
use of APIs. Therefore, the modification options for users are very limited.
Reviewed open source systems often rely on creating 3D models. However, unlike
commercial systems, OSS enables vast modification options as the source code can be
accessed. This enables creating new applications by using the existing OSS platforms.
If user has the time and skills, the options with OSS can be unlimited. However, what
comes to existing solutions for infrastructure asset managers, OSS does not yet offer
any complete options.
In conclusion, when regarding all the reviewed systems, Autodesk Infraworks 360
takes the asset management perspective into account more than any other reviewed
software. Autodesk Infraworks 360 enables user to include a variety of assets into the
semantic 3D model by allowing user to import their own 3D objects as part of the
model. Each asset can contain data attributes and they can be simply viewed by clicking the object. Additionally, the asset condition can be commented and, thus, stored to
the system. [71] However, Autodesk Infraworks 360 lacks the complex search and
reporting functions which are essential for efficient infrastructure asset management.
Also, the object hierarchies are not supported to the extent that is commonly required
in an asset management system. [15] [27]
Anyhow, all the reviewed software offers a good platform for developing a 3D-based
system specially designed for infrastructure asset management. For example, a process
can be created to integrate different tools to first create or modify existing 3D models
for asset managers’ needs, to use existing platforms as a user interface and to design
the functionalities required by asset managers. In this way, existing solutions can be
used to create best practices for semantic 3D-based system for infrastructure asset
management.
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6 Towards Semantic 3D-based Infrastructure Asset Management
Rationale for semantic 3D-based infrastructure asset management was explored in the
chapter 3 and practice in chapter 4. Now we move on to study the benefits of semantic
3D-based infrastructure asset management and challenges of its implementation. Apart
from literature, interview results are used to define benefits and challenges of semantic
3D-based infrastructure asset management.

6.1 Benefits
The experts and specialists interviewed in this thesis listed multiple benefits which
would be gained from introducing semantic 3D modelling into infrastructure asset
management. Full list of the benefits mentioned during the interviews can be found in
the Table 10.
Table 10. Benefits of semantic 3D based modelling in infrastructure asset management as mentioned in the interviews conducted for this thesis.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

More realistic
More illustrative
Easier to comprehend by non-specialists  facilitates communication
Helps with decision making
Information can be interpreted faster  less cognitive load
More efficient asset management
More data can be visualized
Simplifies data collection and presentation
Facilitates presentation of complicated structures
Integration of planning, construction and asset management
Preventing double work

When asked whether or not 3D-based modelling should be part of infrastructure asset
modelling, all of the interviewees agreed that it would be beneficial as 3D modelling
is known to be more realistic and illustrative presentation form compared to traditional
2D visualizations. Furthermore, multidisciplinary communication is required constantly in asset management as decision makers must agree on the financing of the new
purchases and repairs. With 3D model communication is faster, easier and more efficient as it is simpler for viewer to understand. Interviewees had experienced that with
3D model they got understood much faster than with the traditional 2D models.
As 3D model is more realistic presentation of the reality, it can visualize more data
than a 2D model. Currently data such as surface materials, plant species and equipment
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brands are presented as attribute information of a feature. With 3D model it all can be
shown to the user directly. Some of the interviewees saw this as a benefit especially
for asset managers who recognize features easily simply by the way they look. Additionally, as asset managers recognize the features more quickly the updating data becomes faster as they find the target faster than before. Interviewees also highlighted
the benefits of 3D models in visualizing complicated and layered structures rather than
simple road networks. The more different features are presented, the more useful 3D
presentation becomes as the features are easier to recognize and separate from each
other.
The greatest benefit in introducing the semantic 3D modelling into infrastructure asset
management interviewees saw in integrating the different phases of life-cycle management: planning, construction and asset management. Planning and construction are
already using BIM efficiently in many countries whereas asset management is still
relying on old working methods. One of the first steps in introducing BIM into asset
management would be the start of semantic 3D model use. With similar working methods co-operation between people in different phases in infrastructure management
would become simpler. With more integrated infrastructure management, double work
would be preventable as the information would be shared between all the personnel
working with same infrastructure management projects.

6.2 Challenges
With only seeing the rationale and benefits of introducing semantic 3D modelling into
infrastructure asset management, it is not possible to understand the reality with such
action. Therefore, the interviewees were also asked why semantic 3D modelling is not
a reality in infrastructure asset management at the moment and what the greatest obstacles with its implementation are. Table 11 presents the challenges recognized during
the interviews.
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Table 11. Challenges of semantic 3D based modelling in infrastructure asset management as
mentioned in the interviews conducted for this thesis.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Process development required
Changes in attitudes and work methods
Co-operation can be complicated
Slow results
Defining the data content of the model
Vague concepts
Implementing common standards to software
Information silo effect (i.e. information is collected and used
only by a certain section of infrastructure management)
Lack of resources
Lack of precedents and test cases

The interviewees saw the most important challenge with the entire process itself. Currently, the asset management is generally its own field with its own working methods
compared to other infrastructure management phases, planning and construction. The
asset management is rarely taken into account when planning infrastructure and rarely
the data collected in the planning and construction phase is moved directly to the use
of asset managers. Instead, asset managers collect the data they need with the methods
they have been using for years. Changing these methods would require changes in
attitudes and practices of current asset management employees. However, common
understanding between different parties can be complicated unless the needs of both
parties are recognized and taken into consideration. Major changes in such complicated processes take time which also results in slow benefit acquirement.
Another major setback which most of the interviewees highlighted is the lack of clear
definitions of the needed data models, concepts and common standards. Even though
some global standards (as presented in the chapter 2.1.2) already exist, the implementation in the national level varies. Additionally, the definitions should be made clear
in the local language to ensure their full understanding. Without common language
and realistic definitions of the required data models the implementation of semantic
3D model will not result in the benefits listed in the previous chapter.
One purpose of semantic 3D model is to prevent information silo effect. Information
silo refers to the habit in which the information is collected and used by a certain section of infrastructure management. However, interviewees pointed out that simply introducing a semantic 3D model will not automatically change the current information
silo effect. The same 3D model must be implemented and taken into use by all the
different sections. If all the sections start using their own 3D models, information will
not be shared any more than before. Therefore, if the risk of information silo is not
recognized, there is a risk that the semantic 3D model will be left to little use and its
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full benefits are lost.
Interviewees concluded that in practice lack of resources is one of the greatest reasons
for not introducing semantic 3D modelling into infrastructure asset management. Busy
schedules and limited resources hinder the process development as it is more convenient to rely on the old, functioning system than educate the employees into new practices. When the resources are scarce there is only a little motivation to implement
something which has so few precedents and test cases.

6.3 Change Factors
The last theme in the interviews was to find out how semantic 3D modelling could be
implemented into infrastructure asset management in the most beneficial way. In other
words, the purpose was to understand what steps should be taken, what should be
changed to achieve profit from semantic 3D models. In this thesis these steps are referred as change factors. The change factors which came up during the interviews are
listed in the Table 12.
Table 12. Actions required to successfully implement semantic 3D modelling into infrastructure
asset management.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Clarifying concepts
Clarifying the aims for each process stage
Defining required data
Standardisation of data models and nomenclature
Integration of systems
Integration of data
Creation of proper communication channel
Recognizing the sectors needing solutions the most
Systematic development of life-cycle management
Education

Clarifying concepts and aims and clearly defining the required data was seen as the
first crucial requirement by interviewees. Clear definitions and goals facilitate the understanding of the required processual changes and communication between different
parties. Standardisation might also unite the asset managers within different nationalities and ensure that everybody is aware of the best practices.
Interviewees noted that defined data models and standards should be taken into practice by systems and data storages which are currently in use. The integration between
different systems should be facilitated to avoid information silos. Open and linkable
systems would allow specialists from different fields to access the data within another
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section ruling out the need to generate the same data twice. To achieve this, co-operation between software companies and asset managers is fundamental.
As communication is required not only within infrastructure management but including everyone needing the data they provide, a proper communication channel is necessary to keep everyone updated about the latest issues. Interviewees also highlighted
that the communication channel must be easy to access and use so that the information
sharing will work as planned. Preferably communication should be made so easy that
the user does not need to learn to use new communication tools. Instead, existing tools
would be exploited.
More long-term plans for achieving the most of semantic 3D models are recognizing
the fields which are most struggling with their current practices, systematically develop life-cycle management in infrastructure management organizations and education of people working in the field of infrastructure. In this way the new working process is implemented and taken in use permanently which is the only way to gain full
benefits of semantic 3D models.
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7 Discussion
The aims of this thesis was to discover the rationale for introducing semantic 3D modelling into asset management, explore the technical solutions and practices provided
for semantic 3D modelling and outline the benefits of introducing semantic 3D modelling into asset management. In this chapter the answers to these questions are introduced as results review. Then the development of 3D infrastructure asset management
system is discussed by reflecting the results of the thesis. Last, the future research
needs are illustrated.

7.1 Results Review
The rationale for creating semantic 3D model based infrastructure asset management
system was studied in chapter 4. The results were based on the literature review and
existing use cases. Traditional advantages with semantic 3D models have been seen in
describing layered structures such as underground assets as 3D shows clearly the location and direction of parallel assets in which 2D struggles. [65]
There are also more profound benefits from 3D based modelling approach. Hixon
(2012) states that the basis of the advantages of semantic 3D based modelling is that
it can be accessed, analysed and understood by variety of professionals. Thus, one of
the main advantages of semantic 3D models is seen in increased collaboration between
project members. [69] [70]
To fully exploit created semantic 3D models, the re-use possibilities must be considered in practice. Re-use will lessen repeated work but only if the semantic 3D model
is seen as de facto visualization method in all stages of the project. [56] [5] In other
words, as infrastructure planning and construction phase are already adopting the use
of a semantic 3D model, asset management should follow to prevent repeated work,
facilitate working methods and improve efficiency. This would enable life-cycle management of built infrastructure, enable integration of scheduling and pricing systems
to ensure more overall understanding and enhance asset management planning as it
could be considered already in the early stage of the infrastructure project. [63] [66]
In practice, the need for more efficient working methods comes from limited resources. For example, governments and municipalities are struggling with aging infrastructure with limited capital, and a need for more efficient infrastructure management
practices has been recognized. Semantic 3D models and BIM are considered as an
answer to this problem. With right use of them the benefits of semantic 3D models and
BIM can be achieved: infrastructure management can become more coherent, more
productive and more cost-effective as all the information is stored in an integrated
manner, miscommunication, design errors and risks are mitigated whereas decision
making is improved.
All in all, the advantage of semantic 3D modelling and BIM is in vast savings in costs
as resources as projects are more visible and data used in a sustainable way. As the
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operations and maintenance phase of infrastructure assets persists longer than any
other project phase, the advantages gained here have cumulative effects. [5]
However, there is a lack of practical use cases in infrastructure asset management.
Existing use cases are still under construction (for example London Crossrail project)
and, thus, cannot provide full review of advantages gained in asset management. On
the other hand, there are multiple use cases existing in building facility management.
As it resembles asset management as stated in the previous chapters, the building facility management use cases can be reflected to the asset management.
All projects described in chapter 4.3 highlighted the advantages of introducing integrated semantic 3D models into facility management. The improved understanding of
the state of facility, more efficient response to maintenance work and quick access to
related data files illustrate the fast benefits gained from such system. The only major
drawback has been seen in the need of constant information update. If someone forgets
to fill in the changes, the system can no longer be trusted. [38] [43] [75]
As the need for more efficient working methods exist and semantic 3D models have
been suggested as the solution for infrastructure asset management, the practices for
creating such systems must be reviewed. In this thesis, the practices were researched
by reviewing existing platforms, software and applications for creating semantic 3D
models in chapter 5.
Perfectly suited semantic 3D model based system for asset management does not yet
exist. However, there are some platforms which also take into account asset management, such as commercial product Autodesk Infraworks 360 and open source Mapgets.
Even these systems will require development to fulfil the needs of asset management
as they still lack some basic functions, such as advanced search and reporting.
Even if a perfect system for semantic 3D asset management existed, it requires more
than introducing the system to asset managers. The model should be created by using
the data produced in planning and construction phase to avoid repeating work already
done in previous phases. Planning and construction phase should also be aware of the
needs of asset managers to be able to provide the data asset managers need. This will
not be possible for existing infrastructure which should be considered separately when
creating the semantic 3D model for infrastructure asset management. [73]
The interviews conducted for this thesis included the same principles which were recognized also in the literature research. The biggest challenges seen with getting all the
benefits from semantic 3D models in asset management were in introducing the lifecycle management, i.e. integrating the different phases of infrastructure construction
process. Creating an integrated semantic 3D model for everyone’s needs will require
standardizing, clarifying the concepts and finding a common communication channel
where everyone can easily express their opinions.
As integrating such a huge process will take time, seeing the results from such change
will take even longer. Changes in regulative, normative and cultural-cognitive level
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are required for successful semantic 3D model implementation. [73] Therefore, as concluded in the interviews, small steps towards the greater goal should be taken to facilitate the introduction of entirely new working methods for infrastructure management.
More research and more case studies are needed to show the direct benefits of the
semantic 3D modelling. Additionally, clear definitions and data models are required
to guarantee the data transfer between different parties.

7.2 Development of 3D Infrastructure Asset Management System
As there is no existing 3D practice taking into account all needs of infrastructure asset
management system, the development of such system will be relevant in the future
years. The main features of infrastructure asset management were introduced in chapter 2.1.3 and compared to current existing semantic 3D modelling systems in the chapter 5. As the conclusion the features which are the minimum requirement for semantic
3D infrastructure asset management system are stated in the Table 13.
Table 13. Main features for semantic 3D model based asset management system.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

3D model based user interface
2D view for creation of thematic maps
Table view enabling data management of multiple objects
Attribute queries
Spatial location queries
Create new objects
Modify existing objects
Update attribute data
Collecting and reporting inventory data
Collecting and reporting condition data
Linked data (data hierarchy)

Table 13 outlines the features only needed in infrastructure asset management system.
If the same system would be used by infrastructure planners and constructors, these
functions would never meet the demands. On the other hand, it describes the needs of
the asset managers which should be taken into account when planning 3D based system for infrastructure asset managers.

7.3 Future Research
To ensure that the systems will be developed in more integrated way, common standards, definitions and data models should be determined and taken into use. To force
using the de facto methods, governments, institutions and system providers should
take part in developing them. More research is definitely needed to guarantee that all
the parties are included.
Case studies and pilot projects should also be enforced to start the attitude change in
infrastructure asset management. Semantic 3D models should be created in co-operation with asset managers and plainly for asset managers to understand where are the
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minimum requirements for the needed model. When there are more examples from
semantic 3D modelling in asset management, the bigger picture, i.e. integrating all
phases of infrastructure management, would be one step further from being de facto
standard also for infrastructure asset management.
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8 Conclusions
The purpose of this thesis was to research the rationale, existing practices, benefits,
and change factors for infrastructure asset management. Figure 13 presents the idea of
the thesis which was to combine these three viewpoints to see a full picture of the
current state of semantic 3D modelling and the reasons to implement it to infrastructure asset management.

Figure 13. The aim of this thesis was to combine three aspects (rationale, practices, benefits and
change factors) to outline the possibilities and reasons for semantic 3D modelling in infrastructure
asset management. This figure presents the three aspects and the source data used behind each of
them.

Currently, asset management is typically based on the use of 2D asset management
systems which are used for viewing and editing the asset data, reporting the asset inventory and condition information and creating thematic maps to illustrate and publish
the current condition of the assets.
In other phases of infrastructure management, in planning and construction, semantic
3D based modelling has become more and more common method to facilitate the practical work. The data is transferred from planning to construction which has made the
process more efficient as repeated work is minimized and the collaboration of parties
has increased. Asset management is still an outsider, and to integrate the entire infrastructure management process, the first step would be introducing the similar methods
to asset management.
Even though there are only a few case studies of the use of semantic 3D models in
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asset management, in building facility management has already tested the use of 3D
BIM (Building Information Model) generated in planning and construction phase, for
their own purposes. They have reported more efficient everyday work and better collaboration with, for example, decision makers as 3D model is much more intuitive and
easier to understand.
Even though the need for semantic 3D model in infrastructure asset management has
been addressed, there is still a lack of appropriate software solutions for infrastructure
asset managers. Development is still required, but it would need the co-operation of
different parties, defining concepts and creating standards to ensure that the data transfer is facilitated between different parties in infrastructure asset management and also
in other fields benefitting from the knowledge of the state of the infrastructure assets.
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Appendix A
UML Diagrams of CityGML
The Separate Modules of CityGML and Their Schema Dependencies.
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62

CityGML’s top level class hierarchy.
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