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Sammanfattning

Denna rapport ar producerad av projektet Datakvalitet och dataansvar inom
samhdllsbyggandet inom Smart Built Environments forskningsplattform.
Projektet har ett huvudfokus pa geodatakvalitet och dataansvar inom
samhallsbyggnadsprocessen i Sverige och ar uppdelat i fem arbetspaket.
Rapporten ar en del av projektets tva forsta arbetspaket: Projektinitiering och
scenarier och Riktlinjer fér beskrivning av kvalitetskrav. Projektet utférs av
forskare fran KTH och Lunds universitet

Rapportens forsta del ar en litteraturstudie omfattande standarder,
datamodeller och metoder for kvalitetsbeddmning som anvands idag samt
tidigare studier inom detta falt. Litteraturstudien har gjorts for att beskriva
utgangspunkten for projektet.

Rapportens andra del ger en introduktion till tva fallstudier som kommer att
utféras som en del av det tredje arbetspaketet under aren 2018 och 2019. De
tva fallstudierna kommer att behandla byggnadsinformationsmodeller (BIM)
som del av 3D-stadsmodeller och digitala markmodeller. Arbetet som ska
genomforas i fallstudierna skisseras, och de férvantade resultaten diskuteras.
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Summary

This report is developed by one of the research teams working wihtin the
research platform (swe: Forskningsplattformen) of Smart Built Environment.
The research team consists of researchers from KTH and Lund University,
working together on the project entitled “Data Quality and Data Responsibility
within the Built Environment” (swe: Datakvalitet och dataansvar inom
samhidllshyggandet).

The project has a main focus on geodata and on quality and responsibility in
the use of geodata for the built envinronment processes in Sweden. The project
is divided into five work packages, where this report is output from the first
two work packages of the project entitled: Project initiation and scenarios
(swe: Projektinitiering och scenarier) and Guidelines for description of quality
requirements (swe: Riktlinjer fér beskrivning av kvalitetskrav).

The first part of the report is a literature review of standards, data models and
quality evaluation procedures used today as well as of previous studies in the
domain. The review is carried out to outline the starting point for the project.

The second part of the report provides an introduction to two case studies
which will be carried out as part of the third work package during 2018 and
2019. The two case studies will deal with building information models (BIM)
as part of 3D city models and with digital terrain models respectively. Work to
be carried out is outlined, and expected results of the two case studies are
discussed.
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1 Introduction

1.1 Smart Built Environment - a strategic innovation
programme

The built environment sector is Sweden’s largest single sector and impacts our
entire society, but it is currently a fragmented sector with a large number of
stakeholders and processes. The aims of the Smart Built Environment
programme are to take a holistic approach to the opportunities that
digitalisation can bring, and to catalyze the dissemination of new opportunities
and business models across the sector.

The Research Platform (swe: Forskningsplattform) which is part of the Smart
Built Environment programme is assigned funding for a number of activities
related to research and research education. One of the activities is
establishment of two new research teams working on two different projects
aimed at exploring risks, opportunities and required changes (swe: risker,
madjligheter och fordndringskrav) related to effectiveness and productivity,
responsibilities in the value chain, development of tools for BIM and GIS, and
reduction of the environmental impact in a life cycle perspective.

One of the research teams consists of researchers from KTH and Lund
University, working together on the project entitled “Data Quality and Data
Responsibility within the Built Environment” (swe: Datakvalitet och
dataansvar inom samhdllsbyggandet), and this report is produced as output
from the first two work packages of said project.

1.2 The project: Data Quality and Data Responsibility
within the Built Environment

One of the triggers of the Smart Built Environment program is that data should
be shared between the planning, design, construction and management phases
in the built environment processes as an unbroken flow of information. In
order to make this vision a reality, we must study data quality and data
responsibility.

Better management of data and more information on data quality will reduce
the risk of errors in the planning and building processes, thereby contributing
primarily to shortening planning and construction time as well as reducing the
overall construction costs, and then, as a consequence thereof, contribute to
the reduction of the environmental impact of the built environment sector.
With an increased focus on data quality throughout the life cycle, a better basis

1
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is also provided for subsequent development of new opportunities and
business models within the built environment.

The project called “Data Quality and Data Responsibility within the Built
Environment” is established to perform research which will contribute to an
investigation of these issues considering risks and providing recommendations
for opportunities and required changes to structures and technical processes
which will be necessary, given a future unbroken digital information flow in
the built environment sector.

The project has a main focus on geodata and on quality and responsibility
issues in the integration of geodata with data from Building Information
Modelling (BIM). The project is initially established as a two-year project with
possible extension from two to four years, and the work is broken down into
the following five work packages:

1: Project initiation and scenarios (swe: Projektinitiering och scenarier)

2: Guidelines for description of quality requirements (swe: Riktlinjer f6r
beskrivning av kvalitetskrav)

3: Propagation of uncertainties in the object life cycle (swe: Fortplantning av
osdkerheter i objektens livscykel)

4: Collaboration within the Research Platform (swe: Samverkan inom
Forskningsplattformen)

5: Version management and traceability of geodata and BIM-data (swe:
Versionshantering och spdrbarhet av geodata och BIM-data)

At the of writing (March 2018) work package number 1 is completed, work
package number 2, 3, and 4 are ongoing, and work package number 5 will be
carried out if the project is extended to four years.

This report is a delivery of work package number 1 and 2. The report also
provides the basis for the case studies to be carried out as part of work
package number 3 which will be reported separately.

1.3 Aim and objectives

The primary objective of the project is to provide recommendations for quality
evaluation and reporting of geodata as well as quality assurance of digital
processes involving geodata. The project is based on the standards and
methods currently used for ensuring quality in geodata and BIM in Sweden
(mainly) and internationally. The question is how these methods need to be
extended to enable the exchange of quality-assured data within the processes
for the built environment. As part of the last work package the project also
aims at studying responsibility issues in relation to data quality. More
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explicitly, the project aims at studying the technical issues of data
responsibility such as version management, traceability, and data security.

This report is based on the work carried out in the first two work packages of
the project. The aim of the report is to provide an introduction to, and
description of, data quality aspects in the integration of geodata and BIM-data.

More specifically the aims are:

1) To provide an overview of current quality standards and quality
evaluation procedures in the geodata and the BIM-data fields.

2) Describe common methods for collection of geodata used in the built
environment sector.

3) Describe previous studies in integration of geodata and BIM-data.

4) Describe the temporal representation and usage of geodata and BIM-data
in a life cycle perspective.

5) Outline two case studies that will be performed as the next step in the
project. The first case study focuses on modelling of the quality aspects for
life cycle building data in a 3D city model, and the second case study
focuses on the quality aspects for digital terrain models.

1.4 Scope of the report

The first part of the report is composed as a literature review of current
standards and data models as well as of previous studies in the domain. Even
though the review is carried out to outline the starting point for this particular
project, we hope that the first part of the report (Chapter 2) may also be
interesting for our colleagues working in practise with geodata and BIM-data
and with the challenges in perfoming a smooth integration of these. The report
therefore also includes a list of abbreviations, and some of the terminology in
Chapter 2 is described in more detail than what would otherwise be required
for the research project.

1.4.1 Limitations of the report

[t must be noted that the results of the case studies presented in Chapter 3 and
4 are not included in this report. The report defines the plan for how the case
studies should be conducted, but the final methodology and result of the case
studies will be part of later documents produced as output from work package
number 3.
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1.5 Disposition of the report

The report is divided into two main parts:

o The first part consists of the introduction and the literature review in
Chapter 1 and 2.

o The second part consists of descriptions of the two case studies to be
carried out as the next step in the project. This is Chapter 3 and 4 of the
report, where the case studies on building models and digital terrain
models respectively are described

Finally, the report wraps up with concluding remarks in Chapter 5. The report
also includes a list of abbreviations in the beginning as well as a list of
references in the end.
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2 Literature review

In this chapter we provide a literature review as a background to the two case
studies. Figure 2.1 contains a general outline of the case studies as a motivation
of the content in the literature review. In the central part of the figure we have
the 3D city models (and especially the 3D building geodata in these models)
and the digital terrain models (DTMs). The projects aim to enhance the sharing
of this information in the built environment process and also to integrate it
with the BIM-data. To enable this sharing and integration of information we
have to know the quality of the data. Therefore we describe the geodata
collection methods with focus on collecting building data and DTMs. We also
describe the possibility to derive the building geodata from BIM-models.
Irrespective if we collect building geodata from geodetic surveying methods or
from BIM-models we should apply quality standards for geodata as a mean to
label the collected/derived geodata with a quality label.

As stated above, the aim of the first case study is to study quality aspects for
life cycle building data in a 3D city model. Hence we need methods to store the
time dimension of the city model as well as methods to handle it as life cycle
data (section 2.5). Finally, to study the quality aspects we need specific
methods for data quality evaluation which is provided in the end of this
chapter (section 2.6). To share the data between phases in the built
environment process require handling of versioning, unique object identifiers,
etc.; a description of this is included in the section for time representation and
life cycle data. Finally, to evaluate if the collected/derived geodata is fit for an
application it is not enough with a quality label of the data, we also need data
quality evaluation methods.

for geodata methods

s 1

ot 2.6: Data qualit
representation 2.1.1: 3D city models ‘ : ; !

2.3: Geodata collection ‘

2.2: Quality standards ‘

and life cycle evaluation
data 2.1.3: DTM 2.7: Data quality
assurance
2.4: Integration of

geodataand BIM-data

from BIM-data

2.4.3: Deriving geodata
2.1.2: BIM models =

Figure 2.1. Overview of the literature review in chapter 2.
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2.1 3D Data

In this section we describe the three types of 3D data used in the case studies,
the 3D City Models (mainly 3D building geodata), the building information
modelling (BIM)-data and the digital terrain models (DTMs).

2.1.1 3D City Models and 3D building geodata

2.11.1 Overview

3D city models provide a digital representation of the urban environment. The
models are used for an increasing number of applications. In a recent review of
3D city models Biljecki et al. (2015) list 29 use cases. Most of these use cases
are wholly or partly based on visualization such as navigation, emergency
planning and response and visibility analysis; but there are also non-visual use
cases as e.g. energy demand estimation, noise analysis and estimation of solar
radiation. To support the diverse use cases most municipalities in Sweden
have created a 3D city model of at least the central part of the city. And besides
the models created by authorities there is a growing number of commercial
models and models based on crowd sourced data (Goetz, 2013).

In this project we are mainly interested in the building geodata which place a
prominent role in the city models. There is an extensive use of 3D building
geodata and city models in built environment processes both in academic
studies and in production. In urban planning, 3D building geodata provide a
means for project communication and better acceptance of development
projects through visualization; see e.g. the Smart Built Environment report by
Nellerup et al. 2017. 3D city models have also been proposed to be used for 3D
cadaster. A key issue here is to which extent the 3D model contains the feature
types used for the definition of the 3D rights and restrictions. For example,
Stoter et al. (2013) investigated the applicability of the ISO 19152 standard
Land Administration Domain Model (LADM) for 3D cadaster in the Netherlands.
An alternative would be to define the 3D cadaster in the more detailed BIM
models which has been proposed and evaluated by Andrée et al. (2017) within
the Smart Built Environment program.

3D building geodata could be derived from BIM-models (section 2.4.2) or by
using geodetic surveying methods (section 2.3). A common methodology for
the latter case is to utilize building footprint data (from e.g. a detailed
municipality map) with surface data collected from airborne laser scanning or
photogrammetry; see e.g. Ledoux and Meijers (2011) for a methodology of this
procedure that guarantees topological consistent building objects.

6
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2.1.1.2 Standards

CityGML

The most commonly used international standard for 3D city models is the
Open Geospatial Consortium specification CityGML (Groger et al.,, 2012; Groger
and Plimer, 2012; Kolbe, 2009). A main focus of CityGML is to represent the
semantic aspects of the features in a city. To support this, CityGML contains a
comprehensive information model, divided into several sub-models of
buildings, tunnels and bridges, city furniture (e.g. lamp poles), vegetation, etc.
Furthermore, CityGML supports multiresolution modeling. The coarsest level,
LODO, is merely a digital surface model, while the most detailed level, LOD4,
contains detailed representations of both outdoor and indoor features (Figure
2.2). Its multi-resolution modeling capabilities enable CityGML to be used for
multiple representation databases where representations of the same features
in varying levels of detail are stored.

p Xo

L oo LOD/ LOD2 LOL NCSOA

Figure 2.2. lllustrations of the LOD-levels of building objects in CityGML. From
Biljecki et al. (2016a)

CityGML is based on GML3 to model its geometries (but with the restriction
that only planar surfaces are allowed). This implies that CityGML uses
boundary representation (B-rep, see Abdul-Rahman and Pilouk, 2007) to
model the geometries which are a type of 3D vector representation.

The INSPIRE theme Building is based on the building feature definition in
CityGML with some modification and extension to make the theme adhere to
the INSPIRE base classes.

Svensk Geoprocess Byggnad

Svensk Geoprocess is a collaboration between the municipalities in Sweden,
the Swedish Association of Local Authorities and Regions (SKL) and
Lantmateriet, the Swedish mapping, cadastral and land registration authority.
Svensk Geoprocess has developed data specifications for nine geographical
themes together with survey guidelines. The themes are: orthoimagery,
elevation, control point, address, building, land use/land cover, water,
road/railroad and constructions, and the data specifications should be used by
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municipalities, Lantmateriet and other involved parties when exchanging their
information.

In this study we use the building model Svensk Geoprocess Byggnad ver. 3.0
(SGP-BY; Svensk geoprocess, 2018). This is a Swedish standard that is based on
City GML and the INSPIRE theme Building, but it is not a strict INSPIRE model
since it does not follow the extension rules in the INSPIRE Generic Conceptual
Model (GCM, 2014).

SGP-BY uses B-rep to store geometry on building parts as where the surfaces
are classified as roof, walls, etc. The geometry can also be stored on building
level using unclassified surfaces (in B-rep) or 3D solids.

More information about how the life cycle-data are handled in SGP-BY is given
in section 2.5.2.4.

2.1.2 BIM Models

2121 Overview
Building Information Models (BIM) are digital representations of buildings in
the different lifecycle phases from design through construction to operation
and maintenance. The main usage is to support the development of the design
model of the building - to define goals for the production based on the
requirements from the different stake holders, which are customers, clients,
owners and also the society with building regulations and codes.

The secondary usage is to support the production, possibly by defining a
production model describing how to reach the goal of the design model. After
that the model can be used for operation and facility management.

The models are capable to storing and exchanging information on building
element level as well as on aggregated levels for analysis and simulations. In
addition to this information like time and cost can be linked.

For design, production and facility management/operation, the exchange
between the different phases and also different actors are generating specific
handover issues. These are mainly related to the information content, but also
to non-interoperable formats of the models and exchange files, see Figure 2.3.
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Figure 2.3. Facility Lifecycle comparing Collaborative BIM-based delivery
process with traditional. Source: Eastman et al. (2011).

... %

The cost of inadequate interoperability in the processes — between the lifecycle
stages and actors - has been estimated in a NIST report in USA 2004 (NIST,
2004). In the United States alone it was up to a $15.8 billion/year loss of
capital in the architectural, engineering, construction and facility management

industries.

Open standards for BIM models and exchange are bridging some of these

handover issues.

2122

BIM Standards

There are several international BIM-data standards used widely when
designing and modelling with BIM data to satisfy different building services
and requirements.
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e ISO/TS 12911:2012, Framework for building information modelling (BIM)
guidance

This basic standard establishes a framework for providing specifications for
the commissioning of BIM, which can be used for the information manager and
for BIM guidance provided by application providers. It is applicable to any
asset type, including most infrastructure and public works, equipment and
material. Any range of modelling of buildings and building-related facilities is
also applicable, from a portfolio of assets at a single site or multiple sites, to
assets at a single small building and at any constituent system, subsystem,
component or element.

e [SO16757-1:2015, Data structures for electronic product catalogues for
building services -- Part 1: Concepts, architecture and model

e [SO16757-2:2016, Data structures for electronic product catalogues for
building services - Part 2: Geometry

The ISO 16757 series is a multi-part standard and the purpose is the provision
of data structures for electronic product catalogues to transmit building
services product data automatically into models of building services software
applications. It includes two parts: Part 1 specifies the basic concepts, and a
framework for the specification of the Content Parts by describing the
elements which are to be provided by these Parts; Part 2 describes the
modelling of building services product geometry optimally.

e 1SO 29481-1:2016 (first edition ISO 29481-1:2010), Building information
models -- Information delivery manual -- Part 1: Methodology and format

e 1SO 29481-2:2012, Building information models -- Information delivery
manual -- Part 2: Interaction framework

The ISO 29481 series provides a basis for reliable, accurate, repeatable and
high-quality information exchange/sharing for users, including two parts:

- Part 1: Methodology and format, is intended to facilitate
interoperability between software applications used during all stages
of the life cycle of construction works;

- Part 2: Interaction framework, is intended to promote digital
collaboration between actors in the building construction process.

2.1.2.3 Industry Foundation Classes (IFC)

According to Laakso and Kiviniemi (2012), IFC is an open, formal,
international, consortium standard currently involved in a hybrid
standardization process designed to enable indirect horizontal compatibility
between architecture, engineering and construction (AEC) and facility
management (FM) software applications.

10
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e IS0 16739:2013, Industry Foundation Classes (IFC) for data sharing in the
construction and facility management industries (swe: SS-EN ISO 16739:2016
Industry Foundation Classes (IFC) for datautbyte i byggande och férvaltning)

The standard specifies a conceptual data schema and an exchange file format
for BIM data, and represents an open international standard for BIM data that
is exchanged and shared among software applications used by the various
participants in a building construction or facility management project.

[FC is primarily using constructive solid geometry (CSG) based on primitive
solids (cylinders, rectangles, etc.) but could also include B-rep models.

The standard is specified by BuildingSMART, see e.g. BuildingSMART (2018)
for an overview.

2.1.2.4 CoClass

CoClass is a new Swedish digital construction classification system for all built
environment, with classes ranging from airports and residential areas down to
the smallest screw and nuts (CoClass, 2016). It is adapted to BIM, and contains
descriptions of objects, properties and activities throughout the life cycle for
both buildings and facilities. The theoretical ground can be found in ISO
12006-2:2015. The principle of reference designation is based entirely on SS-
EN 81346-1(CoClass, 2016).

e SS-ISO 12006-2:2015, Strukturering av information om byggnadsverk - Del 2:
Ramverk for klassificering (av information) (ISO 12006-2:2015, IDT )

SS are Swedish Standards developed by the Swedish Standard Institute. This
standard (in English “Structure of information on buildings - part 2,
framework for classification (of information)”) applies to the complete life
cycle of construction works, including briefing, design, documentation,
construction, operation and maintenance, and demolition. It applies to both
building and civil engineering works, including associated engineering services
and landscaping.

2.1.3 Digital terrain models
2.131 Overview

Since the 1990s, Digital terrain models (DTM) has played an indispensable role
in all geosciences and engineering, such like: urban planning and construction,
military engineering, spatial analysis, civil infrastructure planning and design,
terrain analysis, 3D modelling, computer games and so on (Thompson et al.,
2001; Li etal., 2005; Moore et al.,, 1991; Florinsky, 2016).
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DTM represents the topographic surface as a set of values measured or
computed at grid nodes (Florinsky, 2016). A DTM could include characteristics
other than elevation, such like land value, ownership, soil type, depth to
bedrock, land use, etc. (Doyle, 1978). Geographical elements and natural
features could also be included in a DTM such as rivers, ridges, lines, and break
lines (Li, 1990). DTM data could contain the four groups of (topographic and
non-topographic) information (Li et al., 2005):

- Landforms;

- Terrain features;

- Natural resources and environments;
- Socioeconomic data.

While digital elevation models (DEM) is as a subset of the DTM (Moore et al,
1991) and the most fundamental component of a DTM (Li et al., 2005)

DTM data can be collected from remote sensing and ground-based surveying,
such like (Podobnikar, 2009; Florinsky, 2016; Sun and Vu, 2016; Sun et al,,
2013):

e Conventional ground-based topographic surveys (leveling and total
station), the most traditional techniques to produce high-resolution DTMs
of relatively small agricultural, forested, and urban areas;

e Real time kinematic global navigation satellite system (RTK-GNSS) surveys,
most common use to combine with photogrammetry or laser scanning as
ground control points for relatively small non-forested areas;

e Stereo photogrammetry, a classical method to derive high-resolution DEMs
(up to several millimeters) in a wide range of scales. Unmanned aerial
vehicles (UAVs), as a low-cost alternative to manned aerial
photogrammetry, have been widely utilized for derivation of high- and
very high-resolution DTMs;

e Laser scanning: terrestrial laser scanning (TLS), airborne laser scanning
(ALS) and mobile laser scanning (MLS), commonly applied to create high-
resolution, large-scale, 3D geological models.

e Synthetic aperture radar (SAR) techniques, normally use to generate global
low- or medium-resolution DEMs;

For more details, see Section 2.3.

2.1.3.2 Standards

e SIS-TS 21144:2016, Engineering survey for construction works -
specification for Production and Control of digital terrain models (swe:
Byggmatning - Specifikationer vid framstallning och kontroll av digitala
markmodeller)

12
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Swedish Standards Institute (SIS) published this technical specification, which
includes instructions and requirements relating to the production and control
of digital terrain models produced by collection of terrain data using methods
such as photogrammetric measurement, geodetic measurement or
measurement using satellite technology (GNSS), digitization of existing map
material, and airborne, vehicle-borne or ground stationary laser scanning.
However, this document only deals with triangle models (TIN). The document
specifies quality requirements when making terrain models. According to
different areas of use, there are 10 general classifications of terrain models,
and corresponding accuracies with maximum mean deviation in height.

2.2 Quality standards for geodata
There are three types of standards (see e.g. Paasch and Rydén, 2016):

e formal standards (established by a recognized standardization body like
ISO, CEN, and SIS);

e informal standards (industry without cooperation with formal
standardization bodies) like OGC;

e de facto standards (not preceded by any formal agreement or legal basis
but with such a dominant position on the market that other manufacturers
adapt their products to these).

In this section we focus on the formal standards defined by ISO (International
Organization for Standardization); these standards are created by consensus
and approved by international technical groups working within the ISO
framework.

221 ISO quality standards

The standards for geodata are found in the ISO 19100-series. These standards
are also adopted by the European Committee for Standardization and
therefore they automatically become Swedish standards. Below we shortly
describe the geodata quality standards of interest for our case studies as well
as some more general standards, such as metadata standards, that also are of
interest for geodata quality

e [SO19111:2007, Geographic information - Spatial referencing by
coordinates (swe: Geografisk information - Modell for att beskriva
rumsliga koordinatbaserade referenssystem)

This document defines the conceptual schema for the description of spatial
referencing by coordinates, optionally extended to spatio-temporal
referencing. It is established practice to define a three-dimensional position by
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combining the horizontal coordinates of a point with a height or depth from a
different coordinate reference system.

e SS-ENISO 19115-1:2014, Geographic information - Metadata -Part 1:
Fundamentals (swe: Geografisk information - metadata - Del 1: Grunder)

This International Standard defines: mandatory and conditional metadata
sections, metadata entities, and metadata elements; the minimum set of
metadata required to serve the full range of metadata applications (data
discovery, determining data fitness for use, data access, data transfer, and use
of digital data); optional metadata elements; a method for extending metadata
to fit specialized needs. It also provides information about the identification,
the extent, the quality, the spatial and temporal schema, spatial reference, and
distribution of digital geographic data. This International Standard is not only
applicable to different digital geographic features, properties and datasets, but
also can be extended into many other forms of geographic data such as maps,
charts, and textual documents as well as non-geographic data.

e SS-ENISO 19131:2008, Geographic information - Data product
specifications (swe: Geografisk information - Specifikation av
dataméangder)

Based on the concepts of other ISO 19100 International Standards, this
international standard describes requirements for the specification of
geographic data products and provides help in the creation of data product
specifications, so that they are easily understood and fit for their intended
purpose. The standard specifies a schedule for information that specifies tasks
such as application schedule, time and space reference systems, data quality,
collection and maintenance.

e SS-ENISO 19157:2013, Geographic information - Data quality (swe:
Geografisk information - Datakvalitet)

This International Standard provides guidance on how to describe, evaluate
and report data quality in practice. It is applicable to both data producers
(providing quality information to describe and assess how well a dataset
conforms to its product specification) and data users (attempting to determine
whether or not specific geographic data is of sufficient quality for their
particular application). The standard contains a schema of classes used in the
metadata schedule (SS-EN ISO 19115-1), the data product specifications
schedule (SS-EN ISO 19131) and in application schedules.

e SIS-ISO/TS 19158:2012, Geographic information - Quality assurance of
data supply (swe: Geografisk information - Kvalitetssakring av
datafdrsorjning)
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This Technical Specification provides a quality assurance framework to
geographic information for the producer and customer in their production
relationship. It is based on the data quality principles and quality evaluation
procedures of geographic information identified in ISO 19157 and the general
data quality management principles defined in ISO 9000- regarding scope,
timetable and cost and can be used both for procurement of geodata collection
and geodata collection in collaboration between one or more suppliers. For
more details see section 2.7.

e SIS-TR 28:2009, Geographic information - Identifiers for geodata (swe:
Geografisk information- Identifierare for geodata)

This technical report recommends methods for encoding, generation,
registration and other management of common, permanent identifiers for
geodata within national and European geodata infrastructure. The identifiers
can be used to refer to data providers' data presentation in data quantities,
available to multiple actors like by data exchange between them. Other types of
identifiers are explained in their context but without making any
recommendations.

2.2.2 HMK quality standards

The Swedish handbook series HMK (swe: Handbok i mét- och kartfragor)
provides national implementation guidelines for some of the ISO 19100-
standards. During 2017 large parts of the HMK-series were updated. HMK-
Geodatakvalitet (2017) is based mainly on the following standards:

SS-EN ISO 19115-1:2014, Geographic information - Metadata -Part 1:
Fundamentals;

SS-EN IS0 19131:2008, Geographic information - Data product
specifications;

SS-EN IS0 19157:2013, Geographic information - Data quality;
SIS-ISO/TS 19158:2012, Geographic information - Quality assurance of
data supply.

The latest version described geodata quality with six quality themes including
completeness, logical consistency, position uncertainty, thematic uncertainty,
temporal uncertainty, usability and their corresponding quality parameters.
Each quality parameter is then linked to one or more quality measurements to
explicitly "measure” the data quality (see details in Table 2.1). Data quality
parameters are interesting both before the data collection (e.g. as part of an
agreement) as well as for accounting (actual) quality afterwards. The quality
parameters should be evaluated during the whole life cycle of a construction
project. This is further discussed in section 2.6.1.
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Table 2.1: Quality theme and primary geodata quality parameters. (HMK -
Geodatakvalitet, 2017, p. 16-17)

Completeness

Logical
consistency

Position
Uncertainty

Thematic
uncertainty

Temporal
uncertainty

Usability

Data content
compliance with data
product specification;
lack or persuasiveness
of objects, attributes or
relationships.

Compliance with
logical rules for data
structure,  attributes
and relationships (for
example, coherent
networks and closed
spaces).

Uncertainty in position
and coordinate.

Uncertainty about
quantitative attributes
and whether
qualitative attributes
and classifications are
correct.

Uncertainty for
temporal (timing)
attributes and

temporal relationships
between objects.

Data density suitability
for  specific appli-
cations, which controls
the assessment.
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Shortage (too few)
Redundancy (too many)

Conceptual consistency (valid
combinations of values that match the
information model)

Dossier Consistency (valid value, i.e.
allowed values)

Format consistency (correct format)
Topological consistency (following
specified topological rules).

Absolute positional uncertainty (relative to
the reference system)

Local position uncertainty (relative to
nearby objects)

Position uncertainty at raster data

Classification uncertainty (accuracy of
object type)

Thematic uncertainty, qualitative attributes
(non-measurable)

Thematic uncertainty, quantitative
attributes (measurable).

Time uncertainty (uncertainty in timing)
Temporal consistency (correctness in order
of time)

Temporal validity (validity of time period,
such as date of writing in specified form).

If other quality parameters do not express
a particular data quality property good
enough, usefulness can be applied. It is free
of format.
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2.3 Geodetic geodata collection methods

Based on different technologies of geodata collection, the geodetic methods for
data collection can be classified as follows:

i.  Ground-based methods: including levelling and total station;
ii.  Satellite-based methods: such as RTK-GNSS surveys;
iii.  Airborne-based methods: for example photogrammetry, UAV, SAR and
laser scanning.

In this section we describe the most common direct methods for geodata
collection of buildings and infrastructure. In section 2.3.1 we describe the
national Swedish guidelines for the data collection and in sections 2.3.2-2.3.4
an overview of the data collection methods is provided with focus on how the
methods are used for collecting building data and digital terrain model.

231 Total station, levelling, and RTK-GNSS
23.1.1 Total station

The total station is an instrument, widely used in surveying, building
construction, civil and environmental engineering applications, which consists
of a theodolite and an electronic distance measurement device (EDM)
(Siaudinyte and Grattan, 2016). Total stations (TS) can read and record
horizontal and vertical angles together with slope distances (Kavanagh and
Glenn Bird, 1996). TS can be used to determine coordinates of objects in both
2D and 3D. Establishment of a TS requires a number of control points with
known coordinates. Horemuz and Jansson (2016) used analytical and the trial-
and-error method and found that the optimum location of a TS is in the center
of gravity of all control points. They also pointed out that the uncertainty in
orientation, and the reliability of observations, only depends on the number
and distribution of the control points.

The HMK (HMK - Stommatning, 2017), SIS/TS 21143 (Engineering survey for
construction works - Surveying and mapping on edifice and infrastructure,
2016) classifies TS observations into four classes based on different
applications:

- T1: control surveying for industrial application and motion control, and
control measurement of construction works with particularly high
requirements;

- T2: utilities for infrastructure projects e.g. detail and control
measurement of track construction, bridge and tunnel structures and
construction works;

- T3: other control surveying for expulsion and measurement within the
detailed planning areas;
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- T4: other detail measurement.

TS used for control surveying must be of at least quality class T3 which
provides position uncertainties at the level of a few mm with distances
between the TS and the object to be surveyed less than 400 meter.

2312 Levelling

Levelling is the determination of the elevation of a point or difference in
elevation between points referenced to a datum (Choon, 2014). In surveying,
the reference datum employed is often related to mean sea level (MSL).
Levelling is conducted with a leveling instrument (level) and two vertically
posted leveling rods. Digital levels are used in connection with invar staffs that
carry a binary code (Torge and Miiller, 2012). Levelling is mainly used for
monitoring of changes in the position of objects in direction of the axis Z -
elevation, respectively decline of the point (BliStan and Kovanic, 2012).

Levelling can provide elevations with an uncertainty less than one mm when
using the most precise methods. More common are uncertainties at the level of
a few mm (HMK - Stommatning, 2017). Levelling can be used for verification
and control of the height component in 3D data sets collected using
photogrammetry or laser scanning for instance for city models or terrain
models.

2.3.1.3 RTK-GNSS

GNSS refers to the collection of the world's global satellite based positioning
systems including the USA's GPS, Russia's GLONASS, China's Beidou (also
called COMPASS), and the European Galileo satellite system (Jin et al,, 2014).
There are also regional systems and augmentation systems used in regions,
such like Japan’s QZSS, India’s IRNSS, the American WAAS, the European
EGNOS, MSAS, GAGAN, and the Russian SDCM (Langley et al., 2017). GNSS
positioning provides geocentric coordinates in 3D in terms of a global
reference frame (Crook, 2014).

Real Time Kinematic (RTK) positioning is a technique used for high accuracy
carrier phase based positioning with GNSS, and can achieve cm-level accuracy
in real time (Horemuz and Jensen, 2016). In RTK positioning, a GNSS reference
station transmits carrier-phase and pseudorange data over a radio link to a
roving station. Both single and dual-frequency GNSS receivers can be used,
with the dual-frequency systems typically affording faster ambiguity
resolution and higher positioning accuracies over longer distances (Langley et
al,, 2017). For operational purposes, a network of reference stations is often
used, so-called Network RTK (Raquet and Lachapelle, 1999, and Ouassou et al.,
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2015). An example of an operational network RTK-service is the Swedish
SWEPOS system. The uncertainty with RTK-GNSS is at the level of a few cm.
Precise positioning with GNSS can provide position uncertainties at the mm-
level, but such observation methods require longer observation times
(Hoffmann-Wellenhof et al, 2008). To verify the accuracy of laser scanning
points, RTK-GNSS is usually applied to measure the reference ground truth
data (Hyyppa et al., 2005).

Stal et al. (2011) determined an accuracy assessment of a DTM with manually
measured points using RTK GNSS and total station. The results of control
datasets demonstrated that there was no significant difference between the
LiDAR DTM and measurements by GPS RTK and total station.

Compared with TS, the RTK-GNSS method is more effective and simpler, and
thus has become a first-choice-tool in surveying practice (Horemuz and
Andersson, 2011). Horemuz and Jensen (2016) pointed out two weakness of
TS compared with RTK-GNSS: a. at least two available control points are
needed; b. limited measuring range caused by the requirement of direct
visibility. However, total station measurement is the most reliable and
accurate, so it is usually combined with RTK-GNSS in order to acquire and
update geodata quickly and easily (Horemuz and Jensen, 2016; Pajgk et al.,
2011).

Commercial GNSS correction services, like SWEPOS, have allowed combined
GNSS/total station instrumentation to provide both the freedom of GNSS with
the advantages of a total station at the site scale (Barber et al., 2008).

The uncertainty of positioning with combined GNSS/total station can provide
positions with an uncertainty at the mm level in all three dimensions
(Alizadeh-Khameneh et al., 2017).

2.3.2 Photogrammetry

Photogrammetry is the technique most commonly used for mapping and
surveying of large areas, permitting to reconstruct three-dimensional
information and to study its 3D evolution over time (Bitelli et al., 2004).
Photogrammetry has long been used as a tool for collecting three-dimensional
(3D) information of cultural heritage objects as well as texture information
(Yastikli, 2007), especially for the automatic generation of terrain models and
orthophotos (Bitelli et al., 2004). Photogrammetry is usually used in such fields
as: topographic mapping, architecture, engineering, manufacturing, quality
control, police investigation, and geology (Baltsavias, 1999).

Unmanned aerial vehicle (UAV) is an aircraft without a human pilot aboard
(Wikipedia). A UAV system is a capable source of imaging data for a large
variety of applications (Nex and Remondino, 2014). UAV photogrammetry is
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increasingly used, and can be understood as a new photogrammetric
measurement tool, combining aerial and terrestrial photogrammetry instead of
high-cost classical manned aerial photogrammetry (Eisenbeiss, 2009). UAV can
be used in variety of applications, including agriculture, forestry, archaeology
and architecture, environment, emergency management, and traffic
monitoring (Colomina and Molina, 2014; Gongalves and Henriques, 2015).

With respect to DTM, DEM and DSM generation, Barry and Coakley (2013)
used RTK-GNSS as check points to compare with XYZ data derived from UAV
photogrammetry. Moreover, Uysal et al. (2015) presented that UAV
photogrammetry data for generating DEM could achieve a vertical accuracy of
6.6 cm, almost similar to RTK GPS data.

Photogrammetry is also used as data collection method for models of buildings
and 3D city models (HMK - Fotogrammetrisk detaljmatning, 2015).

2.3.3 Laser scanning

Laser scanning (LS) or Light Detection and Ranging (LiDAR) systems consist of
a transmitter/receiver of laser beam and a scanning device (Jaboyedoff et al.,
2012), resulting in a point cloud with X, Y, Z coordinates for each sample point.
Laser systems can be used for the acquisition of large amounts of 3D
information of the terrain at an extremely fast recording rate (Jaboyedoff et al.,
2012). They also provide users with a 3D sampled representation—a point
cloud—of an object or surface and such point clouds are used in a diverse
range of applications including metrology, as-built surveys, reverse
engineering, airborne topographic surveying, cultural heritage recording and
volume estimation (Lichti and Jamtsho, 2006). General 3D laser scanning is
widely used in a different variety of applications, such like surveying and
mapping, industrial plant management, transportation asset management,
facilities management, building information modeling, crime scene
investigations, coastal erosion, rock falls, landslides, and seismic
displacements, cultural heritage and geologic instigations (Mahmoudabadi et
al, 2016).

There are three similar technologies in LS for data acquisition but with
different platforms: terrestrial laser scanning (TLS), mobile laser scanning
(MLS), and airborne laser scanning (ALS) - for details, see below. The latest
UAVs can also combine scanners with amateur or SRL digital cameras and
GNSS/INS systems, necessary to navigate the platforms, predict the acquisition
points and possibly perform direct geo-referencing. UAV images are also often
used in combination with terrestrial surveying in order to close possible 3D
modeling gaps and create orthoimages (Nex and Remondino, 2014).
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2331 Terrestrial laser scanning

TLS systems are composed by a laser rangefinder incorporated into a ground-
based platform. It helps in local scale investigation and is used in, for instance
3D point cloud analysis and generation of high resolution DEM (HR-DEMs)
(Scaioni et al,, 2014). Mill et al. (2014) presented data collecting methodology
which combined geometric levelling and TLS to determine accurate
magnitudes and spatial distribution of frost heave of roads. The results showed
that TLS could be used to monitor the road, verify the quality and stability of
the road pavement, and determine frost heave sensitive areas of the existing
road embankment in the pre-reconstruction stage. However, in this case study,
there were two limitations with TLS: temperature, and rubble or debris.
According to HMK standard level (HMK - Terrestrial Laser Scanning, 2015), the
relative position uncertainty in TLS is often at the "millimeter level", which
means that the point density can be greater than 10,000 dots / m2 (equivalent
to a point distance less than 10 mm).

2.3.3.2 Mobile laser scanning

MLS, laser scanning on moving ground based platforms, has proven to be very
efficient in acquiring very dense point clouds (over 800 points per square
meter) along road corridors (Pu et al.,, 2011). Mobile LiDAR term is widely
used for laser scanners that are deployed on any mobile platform, such as vans,
trains, boats, snow mobile sledges or even 4 x 4 all-terrain vehicles (Puente et
al,, 2013). Data collected with mobile laser scanning in so called mobile
mapping systems can be used for modelling of for instance objects along roads
(road signs, trees etc.), and in particular for building facades and creation of
detailed 3D city models often in combination with airborne laser scanning or
photogrammetry. An example is the 3D city model of Stockholm in Sweden
(Uggla, 2015).

MLS can be combined with the National Elevation Model, which gives a high
degree of detail and at the same time a wide corridor that can also cover areas
with unbroken fields. HMK - Fordonsburen laserskanning (2017) is suitable
for projects where the target is a detailed terrain model or detailed modeling
of objects above ground, such as the design and modeling of infrastructure in
roads and railways in the existing route. Standardized uncertainty in height of
the detailed design of road and railroad construction work should not exceed
0.10 - 0.05 m on open flat hard surfaces based on different levels.

2.3.33 Airborne laser scanning

ALS is LS from an airborne platform, commonly used in large-scale terrain
mapping. ALS also enables geodesists to map thousands of square kilometers
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of terrain, including areas covered in dense vegetation or shallow water (up to
several meters deep), and to create ‘bare earth’ geodetic images (images of the
surface of the earth in which the three-dimensional coordinates of all points
are known relative to a well-defined geodetic reference frame, such as the
international terrestrial reference frame - ITRF, at the time of the mapping)
(Carter et al,, 2015). Axelsson (1999) presented classification algorithms based
on the Minimum Description Length criterion to filter for in determining DEM,
DSM, classification of buildings for 3D City Models and the detection of
electrical power lines. In HMK (HMK - Airborne Laser scanning, 2017), point
density, position uncertainty and maximum scanning angle are used as
parameters to present three standard levels where the position uncertainties
vary from a few cm to some decimeter in all three dimensions.

During the last two decade, ALS has obtained great progress and been
implemented successfully to produce quicker and cheaper DTM (Briigelmann,
2000; Vogtle and Steinle, 2000; Hyyppa et al., 2005). In the Swedish LESSLOSS-
project, DTM was produced by ALS and have been incorporated in the Swedish
landslide hazard mapping method, and the accuracy in the x-, y-, and z-
measurements was better than 10 cm (Fallsvik, 2007). The laser scan digital
model (LS DTM) with a very detailed picture of the topography can be used to
replace elevation data from national topographic maps, as well as to detect and
analyze objects for hazard mapping (Fallsvik, 2007). Lantmateriet, the Swedish
mapping, cadastral and land registration authority, are currently involved in
creating a national DEM (with a mean error of height better than 0.5 m for a 2
m grid) using ALS for the entire country. Hyyppa et al. (2005) used ALS as data
collection to derive DTM (with an accuracy of 5 cm) and DSM, and visualize
and extract road environment information.

2.4 Integration of geodata and BIM-data

In recent years, there has been a trend of integration of BIM-data and geodata
(for overviews, see Ma and Ren, 2017 and Song et al., 2017). Only using one
technology, BIM or GIS, cannot meet and satisfy the need in the whole life cycle
of construction (Isikdag and Zlatanova, 2009a). The interest in BIM-GIS
integration has increased sharply because of their similarities; using spatial
data, constructing building or infrastructure models, and visualizing in
different level of details. However, the integration is not simple due to the
dissimilarities between BIM and GIS, for example spatial scale, level of
granularity, geometry representation methods, storage and access methods as
well as semantic mismatches between their data models (Amirebrahimi et al.,
2015; Isikdag and Zlatanova, 2009a; Karimi and Akinci, 2010; El-Mekawy and
Ostman, 2010; Irizarry et al,, 2013; Deng et al,, 2016).
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In this section we start by discussing on which level the integration of BIM and
GIS should be done. Then follows a section that provides examples of
applications in integration of geodata and BIM-data (section 2.4.2). This
section set the framework why we are interested in this integration. The next
section (2.4.3) is devoted to techniques of deriving geodata from BIM-data. The
final section treats another important aspect of the integration, the spatial
coordinate systems (2.4.4).

24.1 Level of integration of GIS and BIM

Liu et al. (2017) conducted a desktop study of the achievements of the
integration of BIM and GIS. In the study, the integration is classified into three
categories: data level, process level and application level. A comparison of the
effectiveness, extensibility, effort and flexibility of the different integration
solutions is then performed.

At the data level, the integration of BIM and GIS can either be done by creating
new standards or models, or by converting data and extend existing standards.
A common method here is to convert IFC data to CityGML or to an extended
CityGML model if more semantic information from IFC is added. The main
focus is often on the geometry conversion, which can be complex (cf. Donkers
et al, 2016; see section 2.4.3). The coordinate transformation could also be an
issue as this type of information often is lacking in IFC. The conversion can be
implemented as an ETL process and here commercial software such as FME,
[FCExplorer, ArcGIS and Oracle Spatial can be used.

The integration at the process level can be done using semantic web
technologies such as reference ontologies. A reference ontology can contain the
concepts of both IFC and CityGML and is able to store their differences, and by
that it can be part of the development of a seamless integration system.
Ontologies are flexible, but a drawback is that it is costly to develop ontologies
and that they often only are suitable within a specific domain. Another way of
integration at the process level is by using services. Here the OGC Web Feature
Server (WFS) and the transactional WFS for BIM have been used to serve
features from IFC and CityGML. This method is effective for both semantic and
geometric conversion and the information loss is low, but this solution is static
and involves system development (Liu et al,, 2017).

Finally, there is integration at the application level. Here no data is changed
and there are no ontologies or services. The implementation is developed to
serve a specific purpose. Calculations or analyses are done separately in BIM
and GIS but the information needed is shared between the two systems.

The comparison of the effectiveness (less information loss), extensibility (high
degree of openness), effort (time, labor and money cost) and flexibility
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(possibility of result from study to be used in another) show that different
methods are suitable for different purposes, but the semi-automatic
conversion, translation and extension of existing standards could be a good
compromise; but to succeed in the BIM and GIS integration, the key factors are
openness and collaboration (Liu et al,, 2017).

2.4.2 Applications of integration of geodata and BIM-data

2421 Integration in infrastructure planning and management

Kim et al. (2015) implemented the semantic web data schema to retrieve and
integrate BIM (a highway data model) and GIS data. The integration system
consisted of earthwork and road pavement infrastructure. After retrieved BIM
and GIS files by semantic web files, the results showed a seamless data
integration without creating a laborious data schema process to perform cut
and fill operation balancing analysis. This study was implemented with a
prototype system, which was a limitation in practical projects, especially in life
cycle infrastructure and construction.

Liu and Issa (2012) proposed a method which integrated the 3D BIM data and
2D GIS data for 3D visualization. The results showed a clearer view of the
underground pipe systems accurately with the depth, location, size or even the
materials of the pipes. Park et al. (2014) developed an integrated system for
project cost estimation of a national road, including construction costs, land
acquisition costs, and operation and maintenance (0&M) costs.

2422 Integration in facility, damage and energy management

For facility management (FM), Mignard and Nicolle (2014) developed a
semantic extension to the BIM called UIM (Urban Information Modeling) to
solve the heterogeneity problem between BIM and GIS and to manage urban
facilities (including buildings and urban proxy elements) in an interoperable
way. Using semantic graphs, this extension defined spatial, temporal and multi-
representation concepts to build an extensible ontology. Kang and Hong
(2015) proposed a BIM/GIS-based information Extract, Transform, and Load
(BG-ETL) architecture for the effective integration of data from heterogeneous
systems of BIM, GIS, and FM, as well as developed a prototype that
implemented FM use cases.

Hijazi et al. (2010) presented a web based 3D GIS solution that facilitated the
use of BIM for geo-analysis (BIM4GeoA) in order to allow integration of the 3D
building designs within 3D city models for facility analysis. This proposed
solution made it possible to provide direct visualization using a geospatial
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browser and present a new concept to store, process, analyze and visualize 3D
building models within a 3D geospatial context including utility networks.

For response to fire and flood hazards, Isikdag et al. (2008) established a
proof-of-concept for demonstrating the transfer of BIM models into a
geospatial environment aimed at an automation of the data management for
the systems that support the site selection and fire response management.
Tashakkori et al. (2015) proposed a new Indoor Emergency Spatial Model
(IESM) based on IFC which contained advanced semantics and geometries of
building elements and spaces inside buildings, as well as integrated with the
outdoor spatial information to form a complete 3D indoor/outdoor GIS.
Amirebrahimi et al. (2015) proposed a method for combining BIM and GIS at
the data level to serve the information needs for a micro level assessment and
3D visualisation of potential building damage from flooding.

Regarding energy management, Karan et al. (2015) developed an integrated
GIS and BIM (as a life cycle inventory) model to combine the energy
consumption in buildings and transportation together, in order to identify the
current trends in energy use associated with people behavior and
infrastructure.

2.4.2.3 Integration in buildings and city models

More than half of the integration of BIM and GIS studies focus on the life cycle
building projects, including planning, designing, construction, operation and
maintenance (Fosu et al., 2015; Ma and Ren, 2017).

Yu and Teo (2014) generated different CityGML LOD models from BIM/IFC
models, including the relationship between the coordinate systems, fields,
geometries, and attributes for building development, management, and
applications.

Irizarry et al. (2013) presented a new approach for integrating GIS and BIM at
the application level that provided an effective way to identify optimal
solutions for selecting and locating tower cranes. In their research, GIS was
used to develop a crane location model and BIM was employed to develop
building models which enabled managers to visualize the results of the GIS
model in a 3D virtual world.

For indoor geovisual analytics, Deng et al. (2016) presented a framework for a
3D noise map integrating BIM models and 3D GIS models in order to combine
traffic noise evaluation in both outdoor environments and indoor
environments in a single platform. Wu and Zhang (2016) demonstrated the
integration of GIS and BIM for indoor geovisual analytics to optimize indoor
emergency evacuation.

Regarding construction projects, Irizarry, et al. (2013) proposed
improvements to the current practice by taking advantage of integrating BIM

25



SMART BUILT

and GIS into a unique system keeping track of the supply chain status and
providing warning signals to ensure the delivery of materials. However, in this
paper, one limitation was that resource tracking and locating of material data
required manual work.

Xun et al. (2014) proposed a concept of City Information Modeling (CIM), using
BIM-technology to build different parts of a city into information models, and
then using GIS-technology to locate them. El-Mekawy (2013) developed
semantic transformation methods to integrate [FC and CityGML in in his thesis
at KTH. In El-Mekawy et al. (2012) they develop a meta-based unified building
model (UBM), based on both IFC and CityGML, for finding relationships
especially for classes that only partially overlap in the two models. By using
this model it is possible to perform semantic mapping in both directions. Also
Deng et al. (2016) develop a methodology for bidirectional mapping, in their
case using an own developed ontology as mediator.

Karan et al. (2015) proposed an integrated model by semantic web technology
to ensure semantic interoperability between existing BIM and GIS tools. The
proposed approach was composed of three main steps: ontology construction
based on the so called EXPRESS schema, semantic integration through
interoperable data formats and standards, and query of heterogeneous
information sources. Niu et al. (2015) developed a BIM-GIS integrated web-
based visualization system of building energy data to facilitate collaborative
work between the two processes of urban-level energy planning and building-
level energy design by adopting a holistic energy design approach. This system
enabled designers to inspect and compare building design with the urban
development schema, and meanwhile urban planners could gather building
simulation data for further improvement of the energy performance of the
buildings.

2.4.3 Deriving 3D geodata from BIM-data

There is a growing interest to generate 3D geodata for building objects, in e.g. a
city model, from BIM-models both in the academic literature and in practical
use cases. There are three main reasons for deriving 3D geodata from BIM
data:

1) The data should fit into a 3D geodata information model such as
CityGML or Svensk Geoprocess — Byggnad.

2) To improve the visual aspects of the data by decreasing the visual
complexity of the data.

3) To remove unneccary data to improve the computational performance
of data (important in e.g. distribution and real-time visualisation of
data).
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This section is mainly devoted to the first reason for the conversion, but we
will come back with a discussion of the second reason in section 2.6.3. The
third reason is from a practical perspective very important. Implicitly, this
reason is important for many of the techniques reviewed in this section, but we
have not gone into a deeper analysis of this aspect here (e.g. by discussing the
ratio a data set can be reduced to by applying simplification methods).

In many applications we are interested in geodata with a low level of detalil, e.g.
for visualization purposes we need building data in LOD1 or 2. These building
data can be derived both from BIM-models (2.4.2.1) and from geodata of
higher LODs (2.4.2.2)

The derivation of geodata from BIM-data includes both a geometric aspect and
a semantic aspect. In this text we have chosen to have a separate section
devoted to semantic aspects, even though it is hard to separate the semantic
aspect from the geometric.

2431 Converting BIM-data to geodata building objects

There have been several studies in methods for converting BIM-data (often in
form of IFC-data) to geodata (mainly CityGML). There is, however, no perfect
solution found and there are also several problems in this conversion which
make such a solution unlikely to be developed. Donkers et al. (2016) point out,
among others, that different semantic information are attached to the
geometric primitives in IFC and CityGML as well as that the use different
geometric representations (CSG and B-Rep). In addition to that one other
problem is that IFC allows many ways to modelling, which implies that it is
hard to find a solution that can cope with all IFC models.

One study was done by Benner et al. (2005) who described the general
techniques going from IFC to a model similar to CityGML. Isikdag and
Zlatanova (2009b) provided a framework of how IFC objects (IfcWall,
IfcWindow, etc.) can be used to generate CityGML objects in different LODs.
Laat and Berlo (2011) described the development of a CityGML extension -
GeoBIM (presented in an XML Schema Definition (XSD) and as a UML class
diagram) to get semantic IFC data into a GIS context. However, they also point
out that this is a difficult process where perfect practical implementations
cannot be realized. A main reason for this is that IFC are flexible in terms of
how different object types are related to each other; this is more regulated in
CityGML where there are strict rules of e.g. how windows are connected to
rooms (see also El-Mekawy et al., 2012).

Donkers et al. (2016) develop an automatic conversion from IFC to CityGML
LOD3 based on three steps: (1) the filtering and mappings of the semantics, (2)
the 3D geometric transformations to extract the exterior envelope of a
building, and (3) the refinements that ensure that the output is a valid CityGML
file. The last step is important, the conversion must always lead to valid
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models; a methodology to check the validity of CityGML models has been
developed by Alam et al. (2014). This validation is tricky since it is difficult to
assess which 3D geometries are valid; this problem occurs both for solids and
B-rep 3D data. For example, Ledoux (2013) points out that there is no single
accepted definition of what constitute a 3D solid in the geodata domain; a fact
that implies interoperability problems since different implementations uses
different views on what constitute valid solids.

GeoBIM is a joint research project in the Netherlands aiming at developing an
interface to reuse BIM data in the GIS domain and vice versa and to create
guidelines on the modelling process to facilitate the transformation between
CityGML and IFC (Arroyo Ohori et al., 2017). In the GeoBIM project they
developed a prototype based on IfcOpenShell and CGAL (Computational
Geometry Algorithms Library). Some of the main issues from the Intermediate
results from tests are that many geometric or topological incorrect objects
exist in the IFC data, these needs to be corrected before the transformation. It
is often difficult to georeference the BIM data as such information is lacking in
the models (cf. 2.4.4), and the available features of CGAL are not always enough
to represent all complex features in IFC. As a next step, the project will create
data modelling recommendations to BIM users and to standardisation bodies
(Arroyo Ohori et al.,, 2017).

There are some implementations for converting BIM-models to 3D geodata
buildings. One example is an extension to the open source BIMserver
(BIMserver, 2009), IfcExplorer CityGML Export (IfcExplorer, 2007) and Safe
FME scripts (Safe, 2016). Other studies using the FME framework are
presented by Floros et al. (2017) and Olsson (2018), where the latter is used in
our case study (see chapter 3).

2.4.3.2 Simplification of building data from higher to lower LOD

There has been several studies of simplifying (geodata) building objects from
higher LODs to lower, e.g. from LOD3 to LOD1-2. Theimann and Sester (2004)
segmented a building in boundary representation into several parts where the
parts are stored in a CSG (constructive solid geometry) representation. In later
work, Theimann and Sester (2006) developed a method to optimize the size of
the parts by adapting templates using the least squares method. Also Mao and
Harrie (2016) simplify LOD3 buildings to LOD1-2 representations using a CSG
representation as a preprocess to efficient incremental distribution of building
models. Mayer (2005) and Forberg (2007) created a scale-space technique
partly based on the morphological operators opening and closing to simplify
the 3D building model. A half space model is used by Kada (2006) to detect the
main outline of a building. The half-space-based segmentation method is then
extended in Kada (2007) to include the roof structures, utilizing pre-defined
roof types. Lu et al. (2011) suggested using a transition polygon to represent
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3D buildings, but this method can only support flat roof structures. Fan and
Meng (2012) generated 3D building exterior representation by combining the
roof and ground plan. Their method is based on: (i) the ground plan being
generated from the 3D building object and simplified; (ii) the roof polygons
being merged and typified depending on their spatial relationships; and (iii)
the building exterior shell being constructed by increasing the ground plan in
height and intersecting with the roof structure. This approach is efficient for
many simple structured buildings but will fail if there is one non-vertical wall
structure. There have also been studies, for example by Baig and Abdul-
Rahman (2013), on creating generalization routines to convert buildings from
the different levels of detail in CityGML.

244 Georeferencing of BIM-models

The geometries in BIM are defined in a 3D Cartesian coordinate system (x,),z)
without a clear relationship to the physical Earth. In order to integrate the
information with geodata or construct the design in the terrain, the design has
to be given coordinates in a geographic reference system. This procedure is
known as georeferencing.

In IFC, the 3D Cartesian coordinate system is referred to as engineering
system, and the essence of the geographic information included in the standard
is that the origin of the engineering system has known coordinates in a
geographic reference system and the system has a known orientation relative
to north. The coordinates in the engineering system can be georeferenced in a
few different ways, where the easiest is to consider the horizontal (x,y)-plane
as coordinates in a map projection (E,N). The z-coordinates are considered as
height in a vertical datum. This method is suggested by BuildingSMART
(Liebich, 2015) and the deformation and scale distortion introduced by its use
depends on the chosen map projection.

Another approach is to consider the geometries in the engineering system as
polar coordinates consisting of horizontal distance and azimuth. Coordinates
on the reference ellipsoid are calculated by solving the direct problem using
the known coordinates of the origin of the engineering system together with
the azimuth and horizontal distance. If the height of the origin of the
engineering system is not zero, a local ellipsoid adjusted to the project height is
used as an intermediate step (Uggla et al., 2018). This method produces very
low scale distortion for linear objects passing through the origin of the
engineering system.
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2.5 Temporal modeling and life cycle data

In the era of paper maps geodata were quite static. With the introduction of
digital methods it became increasingly common that geographic datasets
include the time dimension, often denoted temporal modeling. In section 2.5.1
we review current status of temporal modelling of geodata.

The term life cycle can be used in different ways in terms of data handling. One
common way of using it is data life cycle (or information life cycle). This refers
to the process of planning, collecting, storing, etc. data. Several geodata
organisations have specifications of this process (Figure 2.4). The data life
cycle is an important aspect of geodata and this is something that is treated in
more detail in our case study 1, see chapter 3.

[ PLAN }:D[mmREmPRocESSMAMLYZE):%RESERVE]:%;g:EEHq:>

Describe (Metadata, Decumentation)

Manage Quality

Backup & Secure

Figure 2.4. The USGS data life cycle. (USGS, 2017)

Another usage of the term life cycle is used in product management referred to
as product life cycle (PLC). Here life cycle data refers to data for supporting the
production process; that is the data should support the design, construction
and maintenance of a product. It is then important that the data is transferred
between the phases and also that data in the maintenance step should support
design of new products. This way of modelling life cycle data is increasingly
common in the BIM-domain. This implies also that it affects the geodata in
those cases we integrate BIM-data and geodata. Therefore we review in section
2.5.1 shortly how life cycle data are used in the product management and in
the BIM-domain as well as discuss of the implication of handling of geodata.

251 Temporal modelling of geodata

In temporal modelling of geodata two types of time representations are used:
transaction time and valid time. Transaction time is the time when changes
occur to the dataset (e.g. a geodata object is created, updated or removed),
while valid time reflects the time when things happens in reality (e.g. when a
building received a building permit). In some cases a dataset includes both
transaction time and valid time, which is denoted bi-temporal modelling.
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Spatio-temporal information can be in various stages e.g.: static GIS where only
a single moment in time can be represented (stage zero), temporal snapshots
that describes a state at a certain time (stage one), description of changes over
time for objects, attributes, relations (stage two; often denoted an object-life
representation) and description of continuants, things that endure through
time, and occurrents, things that happen and then are gone (stage three) (see
e.g. Worboys and Duckham, 2004). Worboys (2005) have yet another view and
describes geographic phenomenon in an event-oriented way instead of an
object-oriented way due to the fact that there is an increasing demand for
geodata in various planning and prediction making processes. Worboys
created an event-oriented model for real-world occurrences based on process
calculus, where everything is seen as events. Time is defined as a collection of
separate tick events (with unspecified duration) ordered as sets of channels
that is referenced to as a clock.

Multi-representation, information life cycle management and distributed
version control are important in many spatio-temporal contexts, for example
in disaster risk management. Wieland et al. (2017) describe a conceptual and
technical solution to store and manage heterogeneous building exposure data
in space and time implemented in a spatial database. A bi-temporal
representation of time with time stamping at the most detailed object level is
used. The multi-representation is achieved by linking datasets of different
geometric resolutions by using additional attributes, which identify the
corresponding objects in the lower levels of detail. To get a more detailed
description of the temporal variability within objects with a finer granularity,
temporal support is implemented on the spatial object level.

252 Life cycle data

2521 Product Life Cycle Management (PLM) in the
manufacturing sector

The role of PLM is to provide the right information about a product at the right
time and in the right context. It has been used for many years in the
manufacturing industry. Many of the research findings from this sector can
also be applied to other sectors, for example to the planning, building and
construction sector.

The model for PLM is dependent of the amount and variety of the products to
be produced, the fragmentation of the production steps into smaller parts, the
different skills needed and the geographic locations of the production (Terzi et
al. 2010). The fragmentation often leads to a situation where one step in the
production does not have information about the other steps. This and how the
product data is stored during the process are points that need to be taken into
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consideration in order to reduce redundancies and gaps and instead get a
continuous flow of the data. Today, PLM primarily focus on the beginning of
life (BOL) phase of the product, i.e. on the design and manufacturing. Almost no
product information is transferred to the middle of life (MOL) and end of life
(EOL) phases. These phases include distribution, use, support, recycling and
disposal and the authors see an upcoming need for PLM also in these phases.
Such closed-loop PLM would give feedback from customers to designers and
provide service, maintenance and recycle operators with up-to-date product
information independent of their geographic location.

Also Vadoudi et al. (2014) state the importance of being able to handle product
information in the later phases of the product life cycle (after it has reached the
customer) as this information is needed in order to recycle or dispose a
product in an effective way. This is a prerequisite for a sustainable product life
cycle management (SPLM), where the environmental point of view plays an
important role. The authors propose a combination of SPLM and GIS to
improve the SPLM, as territorial aspects also is important from an
environmental point of view.

Another interoperability issue in PLM is between the Product Data
Management (PDM) systems and the Enterprise Resource Planning (ERP)
systems as they have semantic differences in how a product is described,
Paviot et al. (2011). This in turn makes it difficult to create a global description
of the whole product development process. For products that have long life
cycles where the product data need to be coherent over a long time, this is
even more problematic. The authors describe how one can overcome the
above mentioned semantic interoperability issues by using the PLCS standard
(Product Life Cycle Support standard, ISO 10303:239). This is illustrated by a
case study where Engineering Bill of Material (EBOM) information about a
wheel is transferred from PDM and mapped to a Manufacturing Bill of Material
(MBOM) in EPR using the PLCS standard. The conclusion is that PLCS can be
used for this but further research and more complex tests need to be
performed.

2522 Life cycle management in the planning, building and
construction sector

The construction life cycle is often considered to be ineffective in the built
environment sector. A holistic vision to overcome these issues has been taken
by the CIB (the International Council for Research and Innovation in Building
and Construction). They call this the Integrated Design & Delivery Solutions,
IDDS (Owen, 2009). IDDS contains four key topics and the important message
is that all four topics must be examined and treated together for the vision to
come through:
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e Collaborative processes, analyse the processes for each phases throughout
the life cycle of the project to improve their effects and to find their best
transition path. This could for example enable a more effective processes
and knowledge sharing instead of information exchange.

e Integrated information and automation systems, technologies for
collaboration and automation is vital for a seamless information flow
between models and software in different phases, which in turn will make
the whole process more effective.

e Enhanced skills, new sKills will be needed, for example about advanced
information technology, knowledge about work process and how to
integrate them.

e Knowledge management, critical knowledge, information about business
processes (such as best practices and lessons learnt) should continuously
be described and communicated to the employees.

Tarandi (2015) concentrates on the integrated information topic of the IDDS.
He describes the BIM Collaboration Hub, a prototype platform for creating BIM
repositories, a repository that makes it possible to store BIM information that
is created using different software and in different phases of the construction
process in the same place. He mentions the IDDS principles described by Owen
(2013) as important functionalities for a BIM repository. The BIM
Collaboration Hub is based on the ISO PLCS standard and to this the ISO IFC
(Industry Foundation Classes) standard is mapped. Tests have been performed
to store information that can be shared by different BIM software. The
information has been broken down into information deliveries that
correspond to exchange requirements between models. All changes in the
information are stored and versioned. Actors can retrieve information
according to their access rights.

Many studies suggest that BIM information could improve the facility
management of buildings. Having a more detailed long-term plan for
maintenance, repair and rehabilitation (MR&R), would make more effective
use of resources. The approach could be proactive instead of reactive, tenants
affected by the maintenance activities could be informed in time and more
sophisticated inspections could be performed (Hallberg and Tarandi, 2011). All
this would reduce both the time and cost spent on these activities. Using open
BIM, i.e. BIM together with open standards such as IFC and PLCS, makes the
information accessible and readable by anyone and can thereby be more easily
used by facility management (FM) applications.

A general problem in life cycle management of data is that the information
models do not contain the right data for later phases in the process; the
question is whether it would be possible for actors in earlier phases to create
e.g. a BIM-model suitable also for later stages. A study from 2014 by Kiviniemi
et al. state that even though BIM has been successfully used in the design and
construction processes for many years, BIM is rarely used in facility
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management (FM) activities. They believe the reasons for this are both
technical, e.g. the difference between project-based use of BIM and life cycle
management, the BIM information from the design and construction phases
does not include all information needed in FM, and also organisational, e.g.
cultural barriers, such as current problems in work processes and lack of legal
framework.

2.5.2.3 Product Life Cycle Management (PLM) Standards

e ISO/IEC/IEEE 15288:2015, Systems and software engineering -- System life
cycle process

The document establishes a common framework of process descriptions for
describing the life cycle of man-made systems, which include different
elements: hardware, software, data, humans, processes (e.g., processes for
providing service to users), procedures (e.g., operator instructions), facilities,
materials and naturally occurring entities. It also provides processes that
support the definition, control and improvement of the system life cycle
processes used within an organization or a project.

e [SO 10303-STEP (standard for the exchange of product model data)

STEP is a neutral format for product data exchange and is the most commonly
used standard in PLM. STEP is a very broad and general standard that can be
difficult to use. It consists of implementable application protocols (APs) which
in turn consists of a list of smaller implementable parts, conformance classes
(CCs). It is difficult to know what is included in a CCs and not possible to
combine CCs from several APs. To make STEP easier to use, Sarigecili et al.
(2017) have extended STEP with functionality-based conformance classes
(FCCs) to hierarchical organize the current conformance classes (CCs) to
support different functional activities, and with small information groups in
order to create manageable sets of data constructs.

2524 Life cycle information in geodata

There is no generic standard that describes geodata, but there is a standard for
how geodata for a specific purpose should be described, Geographic
information - Data Product Specifications (ISO 19131:2008). It states among
others that geodata should have a temporal extent that is described by
temporal properties and relations.

The INSPIRE data specifications follow ISO 19131 and include attributes to
specify both transaction time and valid time (INSPIRE Data Specifications,
Generic Conceptual Model, p. 61):
o «lifeCyclelnfo,voidable» beginLifespanVersion : DateTime
Date and time at which this version of the spatial object was inserted or
changed in the spatial data set.
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o «lifeCycleInfo,voidable» endLifespanVersion : DateTime [0..1]
Date and time at which this version of the spatial object was superseded or
retired in the spatial data set.
e «voidable» validFrom: DateTime
The time when the phenomenon started to exist in the real world.
e «voidable» validTo: DateTime
The time from which the phenomenon no longer exists in the real world.
Another attribute that is important for life cycle management is also included:
o «lifeCyclelnfo, voidable» versionld: CharacterString [0..1]
The identifier of the particular version of the spatial object, with a
maximum length of 25 characters. If the specification of a spatial object
type with an external object identifier includes life cycle information, the
version identifier is used to distinguish between the different versions of a
spatial object. Within the set of all versions of a spatial object, the version
identifier is unique.

The INSPIRE specification for buildings includes additional temporal
attributes:

e «voidable» dateOfConstruction: DateOfEvent [0..1]

e «voidable» dateOfDemolition: DateOfEvent [0..1]

e «voidable» dateOfRenovation: DateOfEvent [0..1]

The data specifications for Svensk Geoprocess also follow ISO 19131. They all
include the attributes beginLifespanVersion, endLifespanVersion and versionld.
In addition to this, the specification for building (SGP-BY) includes information
about stages of the real-world building objects. This is described both on
buildings (BY_Byggnad) and building parts (BY_Byggnadsdel) with the
attributes bygglovStatus and bygglovStatusDel. The attributes have a complex
datatype, BY_BygglovStatus, that contains life cycle attributes, see Figure 2.5.
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afeatureTypes
BY_Byggnadsdel
afeatureTypes
BY_Byggnad byggnadMummerDel: Integer [0..1]
byggnadAndamalDel: BY _ByggnadAndamal [0.."]
byggnadMummer: Integer gtatusDel: BY ByggnadStatus[0..1]
byggnadAndamal: BY_ByggnadAndamal [1..7] bygglovStatusDel: BY _BygglovStatus [0..7]
byggnadMamn: SG_MNamn [0_."] {ordered} antalVaningarOwverMarkc Integer [0..1]
status. BY_ByggnadStatus antalVaningardnderMark Integer [0..1]
bygglowStatus: BY _BygglovStatus [0.."] bestarAwv| absolutHojd: BY_AbsolutHojd [0..7]
byggnadArea: Integer [0..1] —————————————= relativHojd: BY_RelativHojd [0_7]
| boArea: Integer [0..1] 1.." | boAmraDel: Integer [D..1]
byggnadkaraktar BY_Byggnadkarakar [0..1] heltUnderMark Boolean [0..1]
byggnadAnmarining: BY_ByggnadAnmarkning [0..%] byggnadkaraktarDel: BY _ByggnadKaraktar [0..1]
undantagenFranAdressatining: Boolean [0..1] takTyp: BY_TakTyp [D..7]
ofriGrund: Boolean [0..1] geometriLoDO: BY _ByggnadGeometrilLoD0 [0..7]
extemReferens ExtemnalReference [0..7] geometi3DLoD1: BY_ByggnadGeometri3DLoDA [0..1]
| coClass 5G_CoClass [0..1] ] geometridDLoD2: BY_ByggnadGeometri2DLoD2 [0..1]
geometi3DLoD3: BY_ByggnadGeometri3DLoD [0..1]
extemReferens ExtemalReference [0.."]
coClass 5G_CeClass [0..1]
ecodelicy «codelist»
edataTypes ’ BY_Bygglov AtgardTyp| BY_Bygglov StatusTyp
BY_Bygglov Status Nybyagnad AngFa@n
bygglovAtgardTyp: BY _BygglovAtgardTyp [0..1] Tillbyggnad Beviliatioy
bygglovStatusTyp: BY_BygglovStatusTyp [0..1] Ombyggnad eller andrad anvandning Startbesked
bedutsdatum: DateTime [0.1] Rivning S!Ut_be%d
atgardAr: DateTime [0..1] Befintlig byggnad Ej via bygglov

Figure 2.5. Life cycle attributes on SGP-BY (SGP-BY; Svensk geoprocess, 2018)

The stages described for a building concern above all stages in the building
permit process. The attribute bygglovAtgardType describes the actions in the
building permit process; possible values are New development, Extension,
Modernization and Demolition (from the code list BY_BygglovAtgardTyp). Each
action can have a state, Application, Permit granted, Start clearance and End
clearance. The state is noted in the attribute bygglovStatusTyp and the state
values are described in the code list BY_BygglovStatusTyp. It is also possible to
use a more general action, Existing building, together with a general state, Not
from building permit. Each action can have a decision date and time (swe:
beslutsdatum) and a date and time for when the action is completed (i.e. the
date and time for the end clearance), denoted atgardAr.

2.6 Data quality evaluation

In the context of this project, the 3D-geodata representations are provided in
two ways: (1) collected by geodetic/photogrammetric methods, and/or (2)
generated by simplification of BIM-models. Below we review some previous
studies for quality evaluations in these two domains as well as describe some
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practical methods that are currently used as well as specified by the standard
SIS-ISO/TS 19158:2012, Geographic information - Quality assurance.

2.6.1 Quality evaluation of 3D geodata models based on
geodetically collected data

Geodata quality evaluation could help minimize geodata errors. Arkady
Maydanchik (2007) defines the purpose of data quality assessment: to identify
data errors and erroneous data elements and to measure the impact of various
data-driven business processes (Sebastian-Coleman, 2012). Based on geodata
requirements, collecting geodata can use different techniques like laser
scanning, UAV or RTK-GNSS (cf. section 2.3). Most quality evaluation is carried
out at site in the field when measuring and collecting the data. But in cases
where the data is processed to generate models for instance with
photogrammetry and laser scanning, quality evaluation of the modelled or
processed data is also carried out. RTK-GNSS is for example usually applied in
GCPs (ground control points) to examine the vertical error in 3D geodata
models. According to the official standards (ISO, CEN, SIS) of geodata quality,
mentioned in section 2.1, geodata can be evaluated whether the data is
qualified or not. If qualified, then data could be used to build 3D model. If not
qualified, we need to check geodata quality parameters in detail (based on
HMK - Geodatakvalitet 2017, see table 2.1), and improve data until it is
qualified.

3D geodata models can be mainly evaluated from (Heuvelink, 1998; Lemmens,
2011; Biljecki et al.,, 2016b; Biljecki et al., 2018; Sulaiman and Gudmundsdottir,
2013):

a) Procedures: measurement operators;

b) Hardware: including measurement devices and store ways;
c) Data: geodata acquisition, reference system and resolution;
d) Users: methods of 3D model generation and processing;

e) Software: 3D model representation and visualization.

Typical and general classification of errors in geodata collected using geodetic
surveying methods are gross errors, systematic errors and random errors.
Geodata errors can occur at any stage in a project as above (Heywood et al,,
2006).

During data collection, gross errors could come from measurement operators
by making mistakes of operating equipment or recording observations
(Heywood et al,, 2006). In principle, it should be avoided. Systematic errors
could be due to measurement equipment and hardware availability for
digitizing. To avoid or reduce systematic errors, proper measurement routines

37



SMART BUILT

and procedures must be used, calibration must be carried out carefully and
measurement results must be checked afterwards (Kahmen and Faig, 1988;
Fan, 2010). Random errors would be equally positive and negative, these
could be caused by human factors, instrument errors, the physical
environment and measurement routines (Kahmen and Faig, 1988; Fan, 2010).

After data acquisition, generalization and processing of the data is carried out.
Necessary steps in the data processing may increase the errors, such as
reference system differences, conversion of data to different formats,
definition of spatial entities and representation of these entities in the
computers (Akca et al.,, 2010; Heywood et al., 2006; Akca, 2007). Resolution
may also cause errors due to different features’ characteristics.

Definitely, it is impossible to remove all the errors. However, we could reduce
the amount of errors as much as possible by careful scrutiny of the data before
analysis (Heywood et al., 2006). When geodata users start to process and
analyze the geodata, various operations may introduce further errors. It is
important to very carefully choose a best suitable way or proposed technique
during analyses and models visualization.

2.6.2 Quality evaluation of BIM-models

BIM models are made using different CAD/BIM tools like Revit and Archicad.
They all support an object-oriented design paradigm and the user can create
the building element objects using the functions in the tool for e.g. walls and
doors. One alternative is to use already defined building element types from
different kinds of product libraries like BIM objects
(https://bimobject.com/sv). In the first case the object dimensions and
position/location are manually created, and in the second case the objects are
in most cases already dimensioned and product objects only need to be
positioned.

The design model has high accuracy in the design stage, in the view of having

the intended definitions and coordinates for the production. The coordinates

are in a local engineering coordinate system, sometimes also related to a local
map projection. The accuracy in some BIM tools, when having large numbers

on the coordinates, can be a problem as decimals can be truncated.

The production model is based on the design model with the modifications to
support the contractors’ specific needs to support chosen production methods
and equipment. The production planning can include changes, as well as the
production can result in big differences compared to the plans - up to 50 mm.
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Traditionally the production model is not updated for the as-built results with
the modified coordinates and geometry. Often the design model is used as the
as-built model and as basis for operation and facility management.

The correlation with reality is done when the municipality provides
coordinates for the start of the construction and for the resulting building:

e The municipality puts markers on the site with high accuracy.

e The house is built with the current construction industry level of
tolerances.

e The municipality controls the measures of specific points.

e The model is possibly updated.

2.6.3 Quality evaluation of simplified BIM-models

The quality of a simplified BIM-model is dependent on the quality of the BIM
model and of the simplification methods. The previous sub-section described
the quality of the BIM models while this sub-section concerns the quality of the
simplification process. In the context of the case study 1 (see Chapter 3), the
interesting issue is the quality of the SGB-BY geodata model that is derived
from the BIM model (in IFC format).

The quality evaluation of simplification methods used can broadly be classified
into descriptive, functional and visual approaches. There have only been a
limited number of studies concerning quality evaluation of 3D geodata but
there are extensive studies for 2D geodata especially in the field of map
generalization (see overview in Stoter et al., 2014). Therefore we include some
examples from 2D geodata below to illustrate possible evaluation techniques.

Evaluation could have various purposes in the simplification process. It could
be used for (cf. Mackaness and Ruas, 2007, Harrie, 2003):

(1) tuning the simplification process,
(2) controlling the simplification process, and
(3) assessing the simplification process.

In the text below we concentrate on descriptive, functional and visual
measures of assessing the quality. The reason for concentrating on assessment
here is that we in this project are mainly concerned with improving methods
for quality evaluation and not primarily on detail in the simplification process
(for an overview of how quality measures can control the simplification
process, see Harrie and Weibel, 2007).
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2.6.3.1 Descriptive evaluation

Table 2.1 list a set of quality terms. Each quality term has a number of
descriptive measures. The interest of these measures, in this context, is their
capabilities to describe the effect of simplification of the BIM-models. That is,
the simplification process should e.g. provide good completeness of the data
(here completeness refers to how complete the simplified data are according
to the building information model for geodata). Another quality theme is the
logical consistency which is associated with the absence of apparent
contradiction in a data set, such as topological errors. Kramer et al. (2006)
describe how some of the quality parameters (in Table 2.1) should be utilized
to evaluate 3D city models.

Positional uncertainty is a measure of the geometrical uncertainty of an object
such as a 3D building. The uncertainty can either be absolute (measured in
relation to a geodetic reference system) or relative (measured in relation to
other objects). The most common measure in simplification is relative
uncertainty, in which the geometry of the simplified (geodata) object is
compared with its original (BIM data) geometry. This uncertainty much stems
from the conversion of CSG representation (in the BIM model) to B-rep
representation (in the geodata model).

Donkers et al. (2016) describe the quality of their CityGML that was derived
from detail BIM-models (in IFC). Especially, they show some artefacts that
could occur as well as the problem of handling openings (windows and doors)
correctly in the simplification process.

2.6.3.2 Functional evaluation

According to the European Committee for Standardisation (CEN, 1998, p.7)
quality is: “totality of characteristics of a product that bear on its ability to
satisfy stated and implied needs”. Apparently, this definition stresses the
functional aspects. A functional quality measure of simplification is appealing
since the value of a geodata model (simplified from a BIM-model) is its
potential use.

In the context of this report, the main thing is that the simplification methods
used for the BIM-models are used in the built environment process. Here many
issues arise such as how functional the models are for urban planning and for
automation of the building permit process. Also the visual aspect is interesting
from a functional perspective. For example, in Sweden both the detail plans
and the planning and building law (swe: plan- och bygglagen) regulates how a
new building is allowed to look in relation to the current neighborhood. The
question is then how the BIM-model should be simplified to support this visual
assessment of a new building. We have not found any references that explicitly
study the type of functional issues described above.
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2.6.3.3 Visual evaluation

The visual evaluation concentrates on how the simplified model looks. Most
visual evaluation is made manually and should ideally be made in accordance
with an evaluation schema. But there are also automatic methods e.g. for
estimating the visual saliency of objects and how simplification of building
objects / city models can affect the visual saliency.

From a visual aspect it is important that the simplification of the building does
not affects its visual saliency which among others influences what we detect as
landmarks (Elias, 2003; Elias et al., 2005). In Raubal and Winter (2002), facade
area, shape, color, visibility, cultural importance, intersections and boundary
were measured and weighted to generate a value for the city object saliency.
Elias (2003) determined building importance based on building use, size,
number of immediate neighbors, orientation towards road, distance from road
and height. These values were normalized to find the relative importance of
each building. However, these building saliency definitions proposed above are
based on 2D maps but they should also have bearings for 3D city models.

For street-level views, visual saliency should be calculated based on the
projection of 3D models from a low view point. For street views, Harel et al.
(2006) developed a graph-based visual saliency method that creates activation
maps based on certain feature channels and then normalizes them in a way
that highlights conspicuity and allows their combination with other maps. Mao
et al. (2015) compares three visual salience measures in the context of
simplifying city models. The method that gave best conformance with a user
study was a local method mainly based on color contrast and size of facades
from the viewpoints. This simple method generally outperformed a more
advanced global visual saliency method based on attributed relational graphs
and nested structure of earth mover’s distance (Kim et al., 2004, 2006) as used
in pattern recognition (a technique developed for city model applications in
Mao et al, 2012).

Today BIM-models are often simplified partly manually. The question is
whether this manual simplification gives geodata building objects with better
quality than automatic methods (cf. section 2.4 above). If so, manual
assessment could be an alternative for evaluating the (visual) quality. The
appropriateness of manual visual assessment has been and still is discussed in
the simplification of 2D geodata. It is common that simplified 2D maps are
visually assessed by asking experts to judge the quality of the simplification
process (Mackaness and Ruas, 2007) even though it is known that visual
assessment is subjective and is based on vague criteria (see e.g. Jodo, 1998).

In the beginning of section 2.4 it is stated that one reason for simplifying a
BIM-model to geodata is “To improve the visual aspects of the data by
decreasing the visual complexity of the data”. This could be done by removing
visual clutter (i.e. decreasing the visual complexity) in the data. A main issue
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then is to develop measures of visual clutter of 3D building data. We have not
found any studies of this for 3D geodata, but there are several studies for 2D
data that could be applicable also in this case, see e.g. Fairbairn (2006),
Rosenholtz et al. (2005, 2007), Harrie and Stigmar (2010) and Harrie et al.
(2015).

2.7 Data quality assurance according to SIS-ISO/TS
19158:2012

The standard SIS-ISO/TS 19158:2012, Geographic information - Quality
assurance of data supply, as mentioned in Section 2.2.1, provides a quality
assurance framework to geographic information for the producer and
customer in their production relationship, both internal and external. It is
based on the data quality principles and quality evaluation procedures of
geographic information identified in ISO 19157, as well as the general data
quality management principles defined in ISO 9000.

With specific supplier responsibilities and differentiation between data testing
undertaken by the supplier and the customer as quality control (QC) and data
quality assurance (QA), products are built on the concept of quality. QC data
quality evaluation is built in to the production process, monitoring and
controlling the output of individuals, sub-processes and processes. The aims of
QC are to check against customer requirements, to inform the product design
process and to provide strong indications of the likely quality of the product
which will be delivered to the customer. Therefore, the final task is to reduce
the requirement for QA avoiding further risk. According to the requirements of
[SO 19157, data outputs from each process, sub-process, teams and individuals
need to be evaluated to determine how the quality of the final product will be
affected, see Figure 2.6.

There are three quality assurance levels developed as part of the quality
assurance framework:

1) Basic quality assessment: first level, usually undertaken soon after the
introduction of a new process. The objective is to reassure the
customer rapidly that a supplier has ability to meet the overall
requirements. Once the customer has confirmed and QA has been
achieved at this level, the next immediate aim is to achieve an
operational level.

2) Operational quality assessment: second level, its objective is to
reassure the customer that the sub-processes and the individuals are
delivering the required quality in the support of other processes and
sub-processes.
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DESCRIPTION OF GEODATA QUALITY WITH FOCUS ON INTEGRATION OF BIM-DATA AND GEODATA

3) Full quality assessment: final level, after sustained for a period at
operational level, the achieved level will be agreed between supplier
and customer for all sub-processes in the production or update
process.

[t is important to maintain any level of quality assurance and monitor the
production or update processes continually for the life cycle.

In the two case studies which are discussed in Chapter 3 and 4 of this report,
the ISO quality assurance levels will be considered and discussed in relation to
the test data.
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DESCRIPTION OF GEODATA QUALITY WITH FOCUS ON INTEGRATION OF BIM-DATA AND GEODATA
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3 Case study I: Quality of 3D
geodata representations of
buildings

3.1 Background

The basic idea behind this case study is the sharing of building data between
phases in the planning and building process. The study is a cooperation with
two other Smart Built Environments projects: the standardization project
Smart planering fér byggande - Informationsférsérjning for planering,
fastighetsbildning och bygglov (in Swedish) and the test bed project Smarta
plan-, bygg- och férvaltningsprocesser dver hela livscykeln (in Swedish). The
projects are denoted the standardization and test bed project below. To
simplify, the standardisation project develop the information models and
define the data delivery specifications (based on current standards), the test
bed project provide a technical solution for the test and this research project
concentrates on the data quality aspects.

In this report we only provide a motivation and plan of how the case study will
be performed; the actual result will be reported as part of later work packages
in the research project. The description starts by providing the research
questions and aim (section 3.2-3.3). Section 3.4 is devoted to the methodology
including: study object and data, the methods to collect the 3D geodata from
BIM-models as well as from geodetic surveys, data storage environment and in
the last subsection the quality evaluation techniques used. The chapter ends
with section 3.5 that includes a discussion about the expected result of the case
study.

3.2 Research questions

One of the main rationalities behind the Smart Built Environment program is
to extend the sharing of digital information in the built environment process.
To illustrate the interactions and possible flow of information in this whole
process is very complex, and varies between different cases. Figure 3.1 include
a simplified model mainly from an authority (e.g. municipality) perspective.
The information is divided into two parts, general information and phase
specific information. Information is created in all phases, where some
information is needed for work or decisions in this specific phase and other
information is more general and can be shared between phases.

45



SMART BUILT

Data level — general information

——— > Building Information Model _ Evolves over time _
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The different phases use their own phase specific information models
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Service level
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Application level

GIS applications BIM applications Visualisation tools

Figure 3.1. Digital information flow in the built environment process.

This case study focuses on the general information and more specifically the
3D building geodata. Figure 3.2 provides one example of how these building
geodata are collected and used in the built environment process. As seen, the
building geodata can be collected both from the BIM models as from geodetic
surveys. But today the Swedish municipalities do not fully utilize the potential
of the BIM models as a source for geodata. Since we can foresee a future
situation, that are not many years ahead, where the BIM models are
extensively used for e.g. urban planning, building permits and 3D cadastre
there is a need to connect the BIM models to the 3D building geodata.
Furthermore, the BIM models could also act as a source of 3D building geodata
and then potentially decrease the need for geodetic surveys.

To enable sharing of 3D building data between the processes in Figure 3.2
requires that we have control of the quality of the data. For example, we need
to know the positional uncertainty of the geodetically surveyed data and how
this relates to the quality of the geodata derived from the BIM-data. This
includes both the absolute and relative positional uncertainty.

To enable sharing of information between phases life cycle data handling
(using e.g. PLCS), persistent and unique object identifiers as well as multiple
representations of geometries are important. Besides this, it can also be
difficult for actors in one phase to know what information that is available
from other phases, so more metadata might be needed. The main aim of this
project is not to address these issues (that is done in parallel in the test bed
project) but these issues set the framework also for this case study.

46



m

SMART BUILT

kY

ENVIRONMENT

<
i
<
[a)
O
L
(O]
[a)
P
<
<
i
<
Q
=
o
LL
(@)
=z
o)
=
<
14
(O]
Ll
[
=
=z
O
(%2}
=)
O]
o
L
ac
E
=
>
=
-
<
2
(o4
<
[
<
o
O
L
O]
LL
(@)
z
Q
=
=
f0¢
O
N
L
(a]

*$$920.1d JUSWUOIIAUS J[INg 9Y3 Ul BIep0ad Suip[ing ¢ 9y, "z’ 21n31

[ePdiyjo jedpiuniy

uonew.io}
Ayiadoad jeas ayy Suunp
pasn Buipjing 3y3 jo ease
pue A132wo0a3 2y} sem jey,
AT Pophus sem Jeuy)
sjie3ap Suipjing jje 3w AN

Aijeddiunpy N

( o
1]

T ¥ T ~ T Y T

2oedsya.eys ul 3seqeiep $H1d

«3J0jserepy
20edsya1eys/s)1d 2oedsyaieys/sdd| | 0edsyaieys/so1d 2oedsya1eys/sd1d 2oedsya1eys/s)1d d ys/s21d 4s/SI1d| | 2oedsya.eys/s)1d
031 241 Buddew 03 dos Suiddew 03 24] Suiddew 03 24| Swddew 01 4os Suiddew 0} 94) Suiddew 03 dos Suiddew 03 24| Suiddew
104 13s18d 10} 13s1ed 10} 13s1ed 10} 13s1ed 10} 135184 10j 135104 Joj 1asied 10} 13s1ed
A R 3 R R R R R m
+ I} I 1 |
v ojuljuswageuew Buipping ! . Bundfoid Jwiad Suipping _ uonewoy _ wonnmﬁm”ﬁ\wu._n
Apadoxd papnisuod “ A0j.aju 104 oju1 Sutpjing | Aypadoud [eas | % W__.Uw_.annﬂ:
[Z] ynm Buippng O3t 40y ojut uipjing | [Z] Buippng a1 ﬁ 4os pazepdn | 10§ oju1 Suipjing _ } 'd
[Z]  dospaiepdn ! | [Z] dospaiepdn |
I | |
(] N I Hoedsyaseys/sona i N _
2oedsya.eys/s1d | | e | _
0314d9S \_._._ A “ Suiddew 10j 13s1ed ﬁavva St uonjewoyul _ Evuvﬂm S1 uonjewwIoul |
Buiddew 1oy 135184 o o |
P3ppe st uoewsioul " : ! a.-wnv.« _ . I n.uwn“i |
\ [euonippy | #SSI0UA RODIUNIN H :5s3201d [edpiuniy |
1552001d |edpiunpy I | _
uonewioul J | ! L |
oo | " _ u 110} j
@ 2318 YUM 3|y dOS | | H “Wo!a”.% _
| [
tu“u_“.hucsuo 10} ! | [e21 10§ ojut _
piing ] ! Suipjing 4os
_._._ 3] dOS ue 33ea10 B i s “ _._._ _ m " _
|
P s 7 || _ : |
:ss320.d [edpiuniy _._._ | | s R.u__....s | i ! s u“n“m__.._n
103ejsuRIl X v pwiad d9S 03 D4l 5
Suipjing 4 ¥ uopeuuoy | Buippng 241
ﬁ d95 01241 Q N Bupiing - Apadod g
_+_ RS 103 ojui e 403 ojur ~o R
i Y Ojul Suipying 41 N fesL:10) ojul
Bukanuns jeuay =y [%] Buippng 231 Sukanins o32poan [Z] 3upw 1] Bupmng
wawaleuew Auadosd UOPNIISUOD Sumueid uoRINISUCO wawsSevew yusad Supung uogewwuoy Auadosd lesy Suwued
MBNIBAO DE

a7



SMART BUILT

3.3

Aim

The overall aim of this case study is to study the quality aspects of sharing
building geodata in the built environment process. The specific aims are to
answer the following questions:

iy

2)

3)

Does the 3D building geodata converted from BIM meet the descriptive,
functional and visual requirement in e.g. the planning and building
permission phases?

Assume that a 3D cadastre unit is defined in the BIM-model (at this
stage) and that a simplified 3D geodata model is generated of the unit
(as part of a 3D register map). Does the life cycle data support
connection between the data at the time for the creation of the cadastre
unit and the current building?

Can we utilize 3D building geodata generated from BIM-models to
decrease the need for geodetic surveys?

To fulfil the applications aim we have to solve several technical issues:

iy

2)

3)

4)

3.4

3.4.1

Evaluate the quality (absolute and relative positional uncertainty,
completeness, etc.) of the building geodata generated from BIM-
models.

Evaluate the quality (absolute and relative positional uncertainty,
completeness, etc.) of the building geodata measured by geodetic
survey.

Study quality aspects of life cycle building geodata generated by the
sources of above. That is, what will the quality be of a life cycle
description of the building that combines data from several sources
Study quality aspects of how features generated from the BIM models
(such as simplified views of 3D cadastre units) could be combined with
geodetically measured building geodata.

Methodology

Study object and data

The study object is Multihuset in Limhamn in the southern part of Malmo,
Sweden (Figure 3.3-4).
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Togal Lk UL A |

Figure 3.3. Multihuset, Limhamn, Malmo, Sweden. Constructor NCC. (see
https://www.ncc.se/lediga-lokaler/multihuset-limhamns-lage-malmo/)

Figure 3.4. Location and a vision of the area around Multihuset. From the detail
development plan, City of Malmo.

49



SMART BUILT

For this object we have access to the following data:

- BIM-models (in IFC format) from the following three phases (from the
construction company NCC):
* Around building permit stage model (20160428)
* Early production model (swe: Systemhandling) (20170510)
* Production model (swe: Bygghandlingar) (20180119)
- Geodata (from the City of Malmo)
* 3D city model (sketch-up)
* Orthophoto
* Base map
- Phase specific information (from the City of Malmo)
* Survey plan (swe: dversiktsplan)
* Detail development plan (translated to the Swedish standard SS
637040:2016 by assistance from ESRI S-Group solutions)
* Building permit documentation.

3.4.2 Converting BIM-models to SGP-BY

The conversion from the BIM-models to SGP-BY will be performed by FME
scripts. Main parts of this are created within the Smart Built Environment test
bed project and are described in Olsson (2018). The part of the script that
specifically relates to SGP-BY is based on scripts created by Lantmateriet (as
part of the SGP project), see http://www.lantmateriet.se/sv/Om-
Lantmateriet/Samverkan-med-andra/Svensk-geoprocess/testdata-och-

validering/ .

343 Geodata collections

All geodata used in this case is measured by Malmo City. The orthomap of the
study area was measured by photogrammetry technique, with an accuracy
better than 10 cm. The base map was part of Malmo City’s base map, stored in
ArcSDE database. The base map of Malmo City was collected by airborne laser
scanning combined with total station to obtain higher accuracy, i.e. better than
10 cm. The 3D city models are stored in an FME database. The coordinate
system used for all geodata is the Swedish national system SWEREF 99 with
the projection zone 13° 30’, and the height system is RH 2000.

3.4.4 Data storage environment and life cycle model

The 3D building geodata will be stored in the database environment developed
in the test bed project (based on ShareAspace by Eurostep). This database
environment implements the PLCS standard.
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3.4.5 Methodology for geodata quality evaluation

The evaluation will be performed as follows:

The BIM models (IFC formats) in three phases from NCC will be converted
into SGP-BY via FME-scripts. The quality of these models will be evaluated
in terms of positional accuracy (both relative and absolute) and
completeness. For this it is important to consider the accuracy of the BIM
model, the error propagation in the conversion process as well as the
discrepancy between the digital building (BIM model) and the physical
building. Furthermore, we have to consider the quality aspect of the
georeferencing of the BIM model which affect the absolute positional
accuracy. This quality evaluation will be performed for several LODs
(preliminary from LODO to LOD3).

The quality for the 3D geodata collected from geodetic survey will be
evaluated based on surveying techniques. Issues considered here are also
e.g. inhomogeneity in the geodetic reference system (there are
uncertainties on a couple of cm in Malmo between control points). Also for
this data several LODs have to be considered.

The quality estimations in the two steps above will be performed in
accordance with SIS-ISO/TS 19158:2012 where all steps are regarded as
sub-processes.

Work will be performed to link 3D geodata building elements (at different
LODs) both between phases and between data generated from BIM and
from geodetic survey. The result of this is life cycle data about the building
(preliminary in the PLCS standard). This part will be a joint work with the
testbed project.

Studies are performed of the quality requirements of the 3D geodata in the
different phases and also for the different LODs. This concerns descriptive
quality parameters as well as functional and visual requirements. An
example of the latter is which visual requirements are there on a geodata
model (in a specific LOD) in the building permission phase.

Evaluation will be performed based on the quality estimations of the 3D
building geodata (both converted from BIM and geodetically measured).
Does the converted and measured data have the quality required at the
different phases?

The quality of the life cycle data are studied. The main focus here is the
quality of the linkage between data in the various phases and also how to
handle the situation when the building (and its element) is changing
between the phases.

Even though we will mainly use test data from the test area in Malmo we will
also aim at generalizing the result. This will be done by estimating quality of
BIM-models and geodetic surveyed data in general.
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3.5 Expected result

In a wide aspect the expected result is knowledge about and experience of
quality aspects of sharing building data between the phases in the building and
planning process. The study will be designed using the technical issues (in
section 3.3) to answer the specific aims (3.3). This implies that that the
expected result will result in recommendations of how 3D building geodata
models (converted BIM models and geodetically measured) can support the
planning and building process (from a data quality perspective). And also some
recommendations of how converted BIM models can be used to decrease the
need for geodetic surveys.
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4 Case study Il: Digital terrain
models in planning and
construction of road and
railroad

4.1 Background

Today, digital terrain models are an important tool in the planning,
construction and maintenance of manmade structures such as roads, bridges,
buildings etc. A digital terrain model provides a three dimensional illustration
of the terrain as it was at the time of observation.

Traditionally, digital terrain models were produced or developed by
photogrammetric methods, but airborne laser scanning has taken over almost
completely as it is more cost effective and because the data collected is useful
also for other applications. Photogrammetric methods may be used as
supplement to laser scanning or as the main data collection method for terrain
models covering smaller areas which can be covered by a helicopter or
drone/UAV. Also land surveying methods such as total station and RTK GNSS
may be used as a supplement or to collect data in smaller areas.

The point cloud as generated from airborne laser scanning is filtered and
processed to generate a terrain model. Point clouds from laser scanning may
also be used to extract information about objects such as e.g. buildings, trees
etc. located on the terrain, which can be used to generate digital surface
models.

For 3D mapping, digital terrain models serve an important role as being the
terrain intersection surface (or curve) (Emgard and Zlatanova, 2007). It
separates what is above and below the surface of the Earth, and is for instance
defined as an attribute in CityGML.

Another example of the use of digital terrain models is when constructing 3D
buildings based on photogrammetric observations of the roof, where the
terrain model will define the foundation of the building on the ground (see
Figure 4.1).
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Figur 4.1. Foot print of building or buildiﬂg detail.
From Svensk Geoprocess, Byggnad (2018).

This is also the case when a BIM model of for instance a building is to be
simplified and transformed into a GIS where the vertical orientation of the
building can be based on the terrain model. The terrain model hereby becomes
an important part of the link between BIM and GIS.

The role of a terrain model as terrain intersection surface is also important in
construction work, where frequent updates, or versions, of the model can
provide information on the different layers of e.g. soil, gravel and pebble as
applied during the construction phase. This is useful to document progress,
and also afterwards where information of e.g. the thickness of the various
layers can be extracted for maintenance purposes.

This case study focuses on the use of digital terrain models in the business
areas of Trafikverket, the Swedish Transport Administration, on planning and
construction of large infrastructure projects; i.e. road and railroad. In Sweden,
Trafikverket is a driver in the development within this field, by setting
requirements in tenders towards their subcontractors.
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The objective of this project is to provide recommendations for improvements
to the geodata quality evaluation procedures used today, and by focusing on
the business areas of Trafikverket there is a higher probability that our
recommendations may impact use in practise. Furthermore, there is currently
a very high activity level within this field with large projects such as “Forbifart
Stockholm” (construction of a sequence of new highway tunnels around
Stockholm), “Ostlanken” (construction of approx. 150 km new railway in
eastern Sweden), and the Goteborg-Boras project (construction of approx. 60
km new railway in western Sweden).

[t should also be added that Trafikverkt is a national driver in the introduction
of BIM in planning and construction, and in the ongoing construction works
mentioned above, large scale BIM data are, for the first time in Sweden, being
introduced at different levels in the construction process instead of previously
used drawings distributed as pdf-files.

4.2 Aim

The focus of this case study is on the specification of quality for DTMs used by
Trafikverket for projection of large infrastructure projects.

The aim of the case study is to provide recommendations to improvements to
current standards as discussed below as well as to evaluate the propagation of
uncertainties through the life cycle of DTM data, to evaluate the risks and
consequences by such, and finally to provide recommendations to changes to
current methods which may help to reduce the risks.

421 Limitations in the work

In this case study we focus on terrain models, i.e. models that describe the
shape of the terrain. Surface models, including objects on the terrain such as
buildings, vegetation etc., as well as hydrological models, describing the flow of
water, will not be the main focus of the work, but may be considered when
relevant in the context.

Also as mentioned in the text above, the work is limited to DTMs as used by
Trafikverket in projection of large infrastructure construction projects. The use
of DTM by other organisations and for other purposes will only be considered
when it is relevant in the context.
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4.3 Methodology

4.3.1 Quality aspects of digital terrain models

The quality of a terrain model is a function of the data collection method used
including factors such as flying height, quality of the laser scanner or
equipment used, the reflectivity of the terrain surface, density of the raw point
cloud, as well as point density after filtering of the data. Also the data structure,
i.e. whether the model is composed as points and lines, as a TIN model, or a
grid, and data processing methods, such as the interpolation method or other
algorithms used, may affect the quality of the final model.

Terrain models are valid at the point in time when the data is collected. The
compliance of a terrain model with reality varies over time as both human
activities (construction work, mining etc.), geodynamical effects (land uplift,
earth quakes etc.) and climatic factors (changes in ground water level, glacier
withdrawal, sea level rise etc.) change the shape of the terrain and/or its
absolute level. For use over several years, terrain models therefore must be
updated, and versioning of the models become important. This is also
important in connection with infrastructure constructions such as roads,
bridges etc. where changes of the terrain before, during and after the
construction work requires updates of the terrain model as work progresses.

In the following sections, guidelines for specification of the quality of a DTM as
used by Trafikverket will be introduced and briefly discussed. Also the work to
be carried out and the expected results of this case study are briefly outlined
and discussed.

4.3.2 Guidelines for specification of quality of a DTM

This section provides a review of currently used specifications for the quality
of digital terrain models. The text is focused on the procedures followed and
used by Trafikverket in Sweden, and the text is based on interviews with
personnel at Trafikverket.

When digital terrain models are procured by Trafikverket the overall
specification followed is the Swedish Standard SIS-TS 21144:2016
supplemented with relevant HMK documents (see section 2.2.2), and the
Swedish Standard on geodetic surveying: SIS-TS 2143:2016. These technical
documents, which are further discussed below, are part of a bigger frame work
of documents for procurement which describes economical, juridical and other
contractual clauses.

DTMs are used by Trafikverket mainly in the planning and projection phases,
and the procurement and production of DTMs is normally carried out by the
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consulting engineering company responsible for the entire projection as an
integrated part of their work. Control and verification of the model delivered is
also normally carried out by the consultant. Trafikverket checks the delivery,
i.e. the documents and information delivered along with the model.

Data collection is most commonly done by laser scanning. Photogrammetry
from UAVs and terrestrial observations, i.e. total station or RTK GNSS, may be
used as a supplement in cases with gaps in the point cloud from laser scanning
e.g. in case of shadowing effects. For data collection in built up areas, UAVs as
data collection platform are increasingly common.

Terrestrial observations are used for field control, and the control procedures
and documentation follow specifications given in the SIS-TS 21144:2016 (see
below).

43.2.1 SIS TS 2144:2016

SIS - SISTS 21144:2016, Technical Specification for Production and Control of
digital terrain models (swe: Byggmdtning - Specifikationer vid framstdllning
och kontroll av digitala markmodeller)

This technical specification provides instructions and requirements related to
the production and control of digital terrain models produced by collection of
terrain data using methods such as photogrammetric measurements, laser
scanning, terrestrial geodetic measurements, or digitization of existing map
material. A significant part of the standard is related to the control of the
quality of the DTM, how the control measurements must be planned, carried
out, and documented. There are special sections on how to deal with
complicated terrain and objects which can be of importance when making use
of DTMs, such as dikes, and how to perform control and verification of the
quality in such cases.

All DTMs ordered by Trafikverket are to be produced, controlled and quality
marked according to the standard.

The SIS TS 21144:2016 standard makes reference to the recommendations
and guidelines made by Lantmateriet in the so called HMK series (see also
section 2.2.2).

4322 HMK guidelines

Applicable in this context are especially HMK Flygfotografering 2017 (HMK-
Flygfoto) as well as HMK Flygburen laserscanning 2017 (HMK-ForLas) which
deals with data collection for DTM from photogrammetry and airborne laser
scanning respectively, HMK Hojddata 2017 (HMK-Ho6jddata) which deals with
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the production of DTMs after data collection, and HMK Terrester detaljmatning
(HMK-TerDet) which deals with detail measurements using total station which
is relevant for the control and verification of DTMs.

HMK-Flygfoto (HMK - Flygfotografering, 2017) describes how to specify, plan,
perform, control and deliver data collected by airborne photogrammetry. The
recommendations are general and aimed at different applications i.e. not only
terrain models but also the use of photogrammetry for e.g. detail
measurements and topographic mapping.

HMK-ForLas (HMK - Flygburen laserskanning, 2017) describes how to specify,
plan, perform, control and deliver data collected using airborne laserscanning.
As for the recommendations for photogrammetric data collection, the
recommendations are general and aimed at the use of laserscanning for both
terrain models and topographic mapping/modelling.

HMK-Ho6jddata (HMK - Héjddata, 2017) describes how to specify, perform,
control and deliver 3D height products based on point clouds generated from
either photogrammetry or laserscanning. The recommendations deal with
both digital terrain models and digital surface models as well as with contour
lines generated as a bi-product.

HMK-TerDet (HMK - Terrester detaljmatning, 2017) describes how to plan,
perform, control and document geodetic measurements carried out using total
station. This recommendation is aimed at all kinds of measurements, but are in
this context relevant because total station measurements are often used for
quality control and verification of DTMs by either point wise measurements or
by measuring along profiles or lines through the model where the differences
in height determined using the total station and given by the DTM are
determined. The total station observations are carried out in accordance with
HMK-TerDet and the height differences and analyses are carried out according
to the Swedish Standard SIS TS21144:2016 as described above.

4.3.3 Recommendations for improvement to specifications

The first part of the case study is to review existing specifications for the
quality of DTMs as used by Trafikverket. Given the outline of specifications and
recommendations above, the continued work will be focused on quality control
of DTMs, the procedures for performing such, and also the documentation of
the field measurements and the calculated quality parameters will be part of
the work.

As given by the specifications of SIS TS21144:2016 the measurable quality
parameter of a DTM in this context today is the mean error, i.e. the mean
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difference between the height for a given point as provided by the DTM and by
control measurements carried out in the field.

Other statistical measures could be applied as quality measures. One example
is to supplement the mean error with the standard deviation (also called the
standard uncertainty) as recommended by ISO/IEC Guide 98-

3:2008. Uncertainty of Measurement -- Part 3: Guide to the Expression of
Uncertainty in Measurement (GUM:1995).

As part of this case study an evaluation of the principles and procedures
provided by the GUM:1995 in the application of quality assessment of DTM will
be carried out. This will be supplemented by an evaluation of the applicability
of the recommendations provided by SIS-ISO/TS 19158:2012 on Geographic
information - Quality assurance of data supply as discussed in Section 2.7 and
outlined in Figure 2.6.

4.3.3.1 Study object and data

The evaluations in the case study will be carried out based on a test data set
which will be provided by Trafikverket, mid 2018.

For the case study it is applicable with a test data set containing not only the
DTM itself, but also documents outlining the production and control of the
DTM if these differ from the SIS TS21144:2016 and the HMK recommendations
(e.g. internal guidelines and procedures developed in the relevant companies,
if such can be made available for the project). Further, all documents
describing the quality control, field measurements, calculation of the control
measures as well as other documentation from the delivery of the DTM should
be made available for the case study.

At the time of writing (April 2018) the test data has not yet been identified.
4.3.4 Propagation of uncertainties in the DTM life cycle

In this last part of the case study, propagation of uncertainties within the life
cycle of the DTM will be studied and risks will be identified and discussed.

In the entire life cycle, geodata quality is affected by many different activities
such as the data collecting, generation, data processing, modelling, monitoring,
evaluation, storing, and updating as illustrated in Figure 4.2.

Through the life cycle of a DTM examples of actions which may affect the
quality are for instance:
e simplification of a DTM (e.g. by a reduced point density or by cutting
out part of the model),

59



SMART BUILT

e densification of a DTM (e.g. with supplementary data collected for a
smaller area),

e merging of a DTM with another DTM perhaps produced under other
circumstances,

e merging of a DTM with other data types such as for instance BIM

models.

Geodata Quality

in the Entire Construction

Life Cycle

Modelling

Figure 4.2: Geodata quality in the entire construction life cycle.

In this case study, the work with evaluation of the propagation of uncertainties
will be based on the current quality evaluation as is used today and given by
the SIS TS21144:2016. But also propagation of uncertainties in the life cycle of
the model will be studied and discussed given other specifications of the
quality of the DTM as provided from the first part of the case study, e.g. the
application of standard uncertainty as a supplement to the mean error.

The second part of the case study will be based on the same test data as
discussed in Section 4.3.3.1.

4.4 Expected results

It is expected that the output of the case study on DTMs as used by
Trafikverket in the projection of large infrastructure projects will be firstly a
recommendation on revision of the specifications for quality measures used in
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evaluating the quality of a DTM, and secondly an example of the propagation of
uncertainty through the life cycle of a DTM.

Referring to the overall purpose of the Research Platform within Smart Built
Environment, risks will be considered for those cases where the quality of the
terrain model does not meet expectations, and suggestions will be provided
leading back to improvements or changes in specifications of quality
requirements.
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5 Concluding remarks

This report is the first delivery from the project Data quality and data
responsibility in the built environment which is part of the research platform of
the programme Smart Built Environment. The report is resulting from the first
work packages of the project including the project initiating and selection of
scenarios, or case studies, on which the work will be focused, as well as output
of the second work packaged on guidelines for description of quality
requirements.

The report includes an extensive literature review on description of geodata
quality aspects with a focus on 3D city models, BIM models and digital terrain
models. An important part of the literature review is a review of the standards
on quality aspects of the mentioned types of objects. This is followed by a
review of methods used for obtaining geodata either by direct geodetic
geodata collection methods or by simplification of BIM models. The temporal
representation of geodata is also reviewed followed by a review of methods
used for evaluation of the quality of geodata as obtained either by direct
geodetic methods or by simplification of BIM models.

The literature review is followed by an introduction to the two case studies to
be carried out in the coming work packages in the project. In the report, the
cases studies are motivated and the future work to be carried out is outlined.

Case study I on quality of 3D geodata representations of buildings will be
based on data from the new building “Multihuset” in Malmd, Sweden. The work
will be focused on a comparison of simplified BIM models and geodata from
various phases of the planning and construction of the building, and the results
will be used to evaluate whether the differences may be caused by data quality
issues and if so, which aspects that influence the quality and to what extent.
This knowledge then leads to recommendations of how the simplified BIM
models and geodetically measured geodata can be used in the planning and
building processes.

Case study II on digital terrain models in planning and construction of road
and railroad will be based on DTM data as procured by the Swedish Transport
Administration, Trafikverket. The actual test data has not yet been identified.
The work will be focused on a critical evaluation of the applicability and
completeness of the quality parameters used for evaluating the quality of
DTMs today, and the results will be used for providing recommendations to
revisions of the current specifications.
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5.1 Risks, opportunities and recommended changes

Geodata quality is important in the planning, building and construction of the
built environment. Poor geodata quality and the use of wrong or old data may
affect the quality of the processes in the built environment and cause delays

and increase expenses e.g. in connection with building and construction work.

The primary objective of this project is to provide recommendations for
quality evaluation and reporting of geodata as well as quality assurance of
digital processes involving geodata. The project is based on the standards and
methods currently used for ensuring quality in geodata and BIM in Sweden and
internationally. The question is how these methods need to be extended to
enable the exchange of quality-assured data within the planning and building
processes of the built environment.

The two case studies to be carried out as the next step in our project will
contribute to a better understading of the limitations in current geodata
quality standards, and will provide the opportunity to contribute with
recommendations to required changes which may lead to better effectiveness
and productivity in a life cycle perspective for geodata based modelling in the
built environment processes.
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