UCL CIVIL, ENVIRONNNH AL AND GEOMATIC ENNEERING

From Point Cloud to Building
Information Model

Capturing and Processing Survey Dataards
Automation for High Quality 3D Models to Aic
BIM Process

Charles Patrick Hugo Thomson

2016

Thesis submitted for the
Philosophy Doctorate (PhD)

Supervisors

Dr. Jan Boehm & Dr. Claire Ellul

UCL ENGINEERING &
Change the world




Preface

Declaration

6l , Charles Patrick Hugo Thomson confirm that tI
thesis is my own. Where information has been derived from other sources,

| confirm that this has been indicated in the th

Signed:
Charles Thomson
Date:

28/04/2016

Page | 2



Preface

Abstract

Building Information Modelling has, more than any previous initiative,
established itself as the process by which operational change can occur,
driven by a desire to eradicate the inefficiencies in time and value and
requiring a change of approach to the w hole lifecycle of construction from
design through construction to operation and eventual demolition. BIM
should provide a common digital platform which allows different
stakeholders to supply and retrieve information thereby reducing waste
through enhance ddecision making. Through the provision of measurement
and representative digital geometry for construction and management

purposes , surveying is very much a part of BIM.

Given that all professions that are involved with construction have to
consider the way in which they handle data to fit with the BIM process, it

stands to reason that Geomatic or Land Surveyors play a key part . This is
further encouraged by the fact that 3D laser scanning has been adopted

as the primary measurement technique for geometr y capture for BIM . Also
it is supported by a laser scanning work stream from the UK Government

backed BIM Task Group.

Against this backdrop, the research in this thesis investigates the 3D
modelling aspects of BIM |, from initial geometry capture in the rea | world ,
to the generation and storage of the virtual world model , While keeping
the workflow and outputs compatible with the BIM process. The focus will

be made on a key part of the workflow for capturing as -built conditions:
the geometry creation from po int clouds. This area is considered a
bottleneck in the BIM process for existing assets not helped by their often

poor or non -existent documentation. Automated modelling is seen as
desirable commercially with the goal of reducing time, and therefore cost,

and making laser scanning a more viable proposition for a range of tasks

in the lifecycle.
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A collection of acronyms that appear in the text.

AEC.............. Architecture, Engineering & Construction
ASTM............. American Society for Testing and Materials
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BRep ............. Boundary Representation

CAD....cccveeee Computer Aided Design

CAM .............. Computer Aided Manufacture

CDE.....ccocee.... Common Data Environment

CIM ..o Computer -Integrated Manufacture

CityGML ......... City Geography Markup Language

COBie ............ Construction Operations Building Information Exchange
CPD...cccvrvens Continuing Professional Development

CSG..covvvvvinns Constructive Solid Geometry

CSIRO ........... Commonwealth Scient ific and Industrial Research Org anisation
DBMS ............ Database Management System

gbXML ........... Green Building XML

GIS s Geographic Information System

GNSS ............ Global Navigation Satellite Systems

GSA....ccoeee. General Services Administration (USA)

HBIM ............. Historic Building Information Model ling

Al ... Industry Association for Interoperability

ICE............. Institution of Civil Engineers

ICP . Iterative Closest Point

IFC .o Industry Foundation Classes

IMM(S) .......... Indoor Mobile Mapping  (System ) [not to be confused with i -MMS]
i-MMS............. An indoor mobile mapping system from Viametris
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IMU . Inertial Measurement Unit

IPD o Integrated Project Delivery

ISO .o International Standards Organisation

LGO ..o Leica Geo Office

LIDAR ............ Light Detection and Ranging

MEP ... Mechanical, Electrical & Plumbing
MDA.....ccovene Model - Driven Architecture

MLS ...coeeee Mobile Laser Scanning

MW ..o Manhattan World

NBS ...ccoeeee National Building Specification

OBB............... Oriented Bounding Box

PAS......ccco. Publically Accessible Standard

PCA...cccoeeee Principle Component Analysis

PCL.............. Point Cloud Library

PDMS............. Plant Design Management System
RAM............... Random Access Memory

RANSAC ......... Random Sample Consensus

RGB......c.c..... Red, Green, Blue

RIBA .............. Royal Institute of British Architects

RICS .............. Royal Institution of Chartered Surveyors
RMS............. Root Mean Square

ROS.............. Robotics Operating System

SLAM ... Simultaneous Localisation and Mapping

StB .. Scan to BIM

STEP...ccccoe. Standar d for the Exchange of Product model data
TIMMS ............ Trimble Indoor Mobile Mapping System

TLS i Terrestrial Laser Scanning

XBIM .............. Extensible Building Information Modelling Toolkit
ZEB1.............. An indoor mobile mapping system developed by CSIRO
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1 INTRODUCTION

The term built environment  describes the land developed by humans to
create an area to support various activities. It is most starkly realised in
cities where a conglomeration of structures and managed environment
existto serve alarge  concentrated population. As more countries develop
and the world population increases, the greater the built environment will
grow to support the  situation. With this growth comes cost, both in terms

of capital and environmental factors. Managing these is important, for

value and efficiency in the former and sustainability in the latter.

The built environment is intrinsically man -made and therefor e requires a
human process to be created. For as long as creating and changing the

built environment has been practised by professionals the process has
generally followed the pattern of design, construction, and operation or
usage. As with many industries computerisation brought change, most
obviously shown by the rise of Computer Aided Design (CAD) systems.
However these systems just digitised the existing workflow of drafting

plans with pen and ink without looking at how the new technologies could
improv e upon it (Laakso and Kiviniemi, 2012) . Information management
presents a solution to this by structuring data in such a way that makes it
accessible for a wide variety of users to allow for better decision making
With respect to the built environment the information to be managed is
primarily about assets or structures that form part of it. As these assets

have a long lifetime from conception through building and into operation

so must the information, while staying current and accurate so that its

utility is not diminished with time.

Today a growing worldwide consensus from governments and the
construction professions have identified Building Information Modelling

(BIM) as a way t 0 achieve efficiency from the construction industry by
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providing an improved way of working. However change in the industry

has often been seen as desirable in the past to cut out waste in the process

and yet each new initiative has been endorsed but never fully
implemented.
Building Information Modelling i s tpwoeessfiof designing, constructing

or operating a building or infrastructure asset using electronic object -

oriented information o (PAS 1192 -2:2013) . More than any previous

initiative, BIM has established itself as the process by which operational
change can occur, driven by Governmental encouragement and a desire to
eradicate the inefficiencies in time and value . BIM requires a change of

approach by introducing the consideration of the whole lifecycle of
construction from desi gn through construction to ope ration and eventual
demolition as it  should provide a common digital platform which  allows
different stakeholders  to supply and retrieve information thereby reducing

waste through enhanced decision making.

Surveying is very much a part of this change through the provision of
measurement and representative digital geometry for construction and
management purposes. How that change manifests itself for the surveyor

is the subject of this thesis as well as what can be done to improve upon
the status quo to ensure efficient workflows in the future where
collaborative object -oriented models are required when BIM is the status

quo.

1.1 Motivation

BIM implicitly is a process based on information transactions and requires
collaborative workflows to be determined that are efficiently optimised to
provide fit for purpose digital data for the main modelling scenarios of the

built environment. These scenarios can be categorised as:

1 New i This process creates information from design through
construction. It will also record the as - built state of the building
and form the basis for upkeep and maintenance throughout its

design life.
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I Existing i Information required for projects that involve an
already existent asset must consider the nature and quality of the
information that is held and can be further subdivided as below:

o Current T assets that are completely documented digitally

in 2D or 3D CAD throughout with data known to be up -to-
date.
0 Legacy i assets that were completed before the use of

digital CAD file documentation at commissioning but have
hardcopy documentation or those with digital CAD files
that are not considered to provide a current representation
of an asset.

0 Historic T assets that have no regular documentation but
could be modelled from wider understanding of typical

period construction.

As can be seen by the above breakdown, the greater permutations in
available information about built assets are in the existing case. Related to

this is the fact that in the UK at lea st half of all construction by cost is on
existing assets, totalling circa £55 billion per annum (Cabinet Office,
2011) . These two details of a varying information landscape and large
amount of construction activity make existing assets and the retrofit of

them an important area of study. Tied to the need to achieve
environmental targets set internationally and construction being a large

contri butor of CO , emissions both in its processes and final products,
retrofit is only going to become more relevant. This is underlined by the
estimate of the UK Green Building Council that of the 26 million homes and
about 1.8 million non  -domestic buildings  that make up the UK building
stock, the majority will still exist in 2050 (UK Green Building Council,
2013) . Therefore this im plies that a large collection of buildings will need
making more environmentally efficient if the Governmentistor  each its
sustainability targets of a 50% reduction in greenhouse gas emissions in

the built environment by 2025 (HM Government, 2013)

Another salient driver forBI'M is the UK governmentdés target

procure all construction projects using "fully collaborative 3D BIM (with all
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project and asset information, documentation and d ata being electronic)
as a minimum by 2016 " (Cabinet Office, 2011) ; a level of development

also ref erred to as L evel 2 BIM . Given this all pr ofessions involved with
construction are considering the way in which they handle data to fit with

the BIM process, therefore it stands to reason that Geomatic or Land
Surveyors are a part of this. This is further encouraged by the fact that 3D

laser scann ing has been adopted as the primary measurement technique

for geometry capture for BIM (BIM Industry Working Group, 2011, pp. 53,

56 & 58) and supported by a laser scanning work stream from the UK

Government backed BIM Task Group.

Against this backdrop, th e research in this thesis investigates the 3D
modelling aspects of BIM from initial geometry capture in the real world to

the generation and storage of the virtual world model while keeping the
workflow and outputs compatible with the BIM process. The generation of

this model for new build projects is fairly straightforward; usually from

designs by construction professionals such as architects and engineers.

The challenge lies i n capturing and storing as  -built conditions for many
different purposes and where documentation at various levels of quality

exists . With the UK Government advocating and mandating this process

and with BIM being an idea that is still evolving, there is a real opportunity

to shape industry thinking through research in this area.

This domain in itself is a broad area and too large in scope for a single

thesis . Therefore the focus will be made on a key part of the workflow for
capturing as -built conditions: t he geometry creation from point clouds.
This area is considered a bottleneck in the BIM process for existing assets

(Rajala and Penttila, 2006; Ta ng et al.,, 2010)  not helped by their often
poor or non -existent documentation. Automated modelling is seen as
desirable commercially with the goal of reducing time, and therefore cost,

and making laser scanning a more viable proposition for a range of t asks
in the lifecycle (Day, 2012a; Eastman et al., 2011, p. 379) . However the
complexity of the indoor environment (Adan and Huber, 2011; Attar et al.,
2010; Furukawa et al., 2009) tied with little progress in modelling

automation over 25 years of research (Nagel et al., 2009) highlights the
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practicalities that need to be taken into account when investigating this

topic.

1.2 Research Objective s

The nature of the deliverable for measured building surveys has been

largely unchanged for many years producing 2D plans and sections in CAD.

BIM has fundamentally changed this with its emphasis on rich object -based
parametric models and Governmental doc uments encouraging laser
scanning as the capture technology of choice as will be seen in  the more

detailed investigation of BIM in Chapter 3.

As aresultofthis , the research in this thesis aims to understand the effects

of this change in requirements on surveying going forward. This research

is also interested  in understanding what  technological aids would help this

work be more efficient due tothe increaseinc apture and modelling thata

BIM process requires . The interior of buildings is the focus of this thesis as

it represents a complex, varying environment that has had less research

effort applied than for exteriors. The indoor environment is the place where

t he greatest part of a buil dingés function h a

important for accurate documentation in a BIM process.

In the UK, the requirements for survey data for
consider how the required accuracy of the model affects the capture and
reconstruction as reviewed in section 2.5. To do this some assessment

criteria are needed that would allow the quantification of reconstructed
geometry. This will also allow the result of automation algorithms to be
assessed in the same way as manually derived output and, it is hoped, the
overall findings can be used to feed into the Governmental Survey4BIM

guidelines that are under consideration currently.

In order to investigate this, a series of questions have been f ormulated to

guide the research ; stated here from their definition later in section 2.6:

1. Does BIM create new challenges for surveyors ?
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2. Do automated methods for capture and geometric modelling of
space - bounding parametric elements provide efficiencies over the
current state of the art workflow ?

3. What are the achievable survey data collection requirements for
the operations stage of the BIM lifecycle and how can these be
quantified to see whether the BIM geometry fits the accuracy

reg uirements?

The research of the above is of most use directly to surveyors who will
have to generate 3D representations of existing buildings frequently as
BIM usage becomes the status quo . More widely it is applicable to
modellers who have access to point cloud data and need a simple
representation for either simulation for visualisation or for environmental

testing such as airflow or user interaction studies.

1.3 Methodology

With the research objectives defined previously by the development of

three research  questions, this section looks to outline the research

approach taken to investigate and answer these guestions through this
thesis.

The first research question asks about the challenges of BIM on surveyors.
This requires an understanding of what BIM means, how it developed and

what technology is required to establish the challenges posed in context.

With this knowledge, a study of the survey process required to create a

suitable product for a BIM process can be carried out. To research this and
lead to answ ering the first question, the literature around BIM will be
investigated and synthesised to understand its development and that of its

enabling technologies. For the research of the survey process, specific
training in the process is required to provide an insight into the state of

the art to collect point cloud data and manually create a BIM -appropriate
3D model from it. This is to be studied through the creat ion of case studies
that can demonstrate how this workflow affects the nature of the work

compared with the traditional approach.
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The second research question targets improvements that could be made

to the process through automation. In order to research t his, the
knowledge gained from  the case studies about the current process can be
used as a reference , with methods from the literature review applied to

research their effectiveness in aiding the survey process.

In terms of capture this automation emphasi s points towards the use of
Indoor Mobile Mapping Systems (IMMS). As these instruments are cutting

edge, first a validation test is required to assess their data capture ability

in terms of time and accuracy against static laser scanning . Then an

investiga tion can be performed of the derived 3D model data that is

produced to see how the manual modelling process is affected against the
same product produced from static scan data . For modelling, the research
of automation can be carried out in a similar way t 0 capture, i.e. a

comparison of automation to the existing method used in the case studies

and their results. Although some commercial software exists for
automating modelling, they still require significant human intervention. An
assessment of these softw are packages allows their performance and
shortcomings to be understood, to give insight into the performance from

a newly -developed fully automated algorithm developed for this thesis.

In answering the second research question above there is a preponderan ce
of comparisons back to the static, manual modelling process in the

method. Therefore a benchmark dataset is important to create, both to

provide this common base comparison for testing and as a freely
distributable asset that others can use to test thei r work against that of
this thesis. This also aids the research of the third research question which
looks at quantification. The achievable accuracy with a manual process will

be found from the case studies and IMMS research. This can then be used

for ass essment of that achieved by the automated techniques researched

and implemented. With the benchmark data, a quality metric can be
developed to score the automated geometry based on the reconstruction

accuracy expected from a manual modelling process.

To un derpin the research methods outlined above, fundamental literature

will need to be reviewed in the areas of survey technology, 3D modelling
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and automation approaches as these are important topics in which to

understand the current research approaches and | imitations.

1.4 Scope and Thesis Structure

Due to the fact that BIM represents the digital working across the whole

of the construction industry and its many project domains this thesis has

to have a more focused scope. As stated previously this focus will be made
on a key part of the workflow for capturing as -built conditions: the

geometry creation from point clouds.

This thesis primarily is interested in BIM from a sur veywewars as

such assesses the topic through this lens. As a result, the work looks at

buildings rather than infrastructure and especially the space bounding

elements that are the fundamental major constituent of those: w alls,

ceiling and floor. These elements are important as they provide the

structural framework into which other buildin g objects are placed. BIM can

be seen from either a narrow perspective or
the digital building model and its creation issues or from a wider
perspective or O0big BIlI M6 which considers the
issues (Volk et al., 2014) . Given the focus on survey deliverables, the

former is most appropriate for this work. Therefore the work in this thesis

focuse s on the technological rather than the managerial aspects of the BIM

workflow as aresult .

Two forms have predominated for accurate non -contact 3D measurement.
These are photogrammetry and laser scanning. While both of these
techniques could be applied to buildings to generate measurement data,
photogrammetry is not considered in the scope of th is work. This is partly
due to the momentum laser scanning has obtained in the BIM field,
explained in Chapter 2, but also the nature of indoor space capture with
photogrammetry. Furukawa et al.  (2009) describe the difficu Ilties faced
with photogrammetric reconstruction of interiors including texture - poor
surfaces, visibility reasoning between rooms and scalability issues where

objects require capture at different resolutions.
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As a note of clarification for this thesis , Where the term surveyor on its
own is used it exclusively means a Geomatic or Land Surveyor. Other
professions of surveyor will have their prefix type added should they

appear e.g. building surveyor, quantity surveyor.

The diagram below ( Figure 1.1) attempts to describe the knowledge space
where the research lies. The state of the art is represented by the shaded
areas in the diagram of static capture with manual modelling. Throughout

this thesis this diagram will be used in the discussi on section of each

chapter of new work carried out to indicate where it sits within the

knowledge space to which it is contributing. This will be indicated by the
filling in of the cuboid sections. Two of the use cases for survey data in the
BIM lifecycle are assigned to the high and low accuracy levels in Figure
1.1.
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Figure 1.1 7 Knowledge Space Diagram representing on each axi s the capture
method, modelling method and expected accuracy. Filled colour cubes indicate
topics under investigation. Expected accuracy is colour coded by typical BIM

lifecycle uses: blue = operations/facilities management and green =
construction.

The fa cilities management case falls into the lower accuracy bracket as
typically the data is needed for asset management or space planning where
2.5-20cm can be acceptable, as shown in the literature of section 2.5.The
construction retrofit case requires higher accuracy for architectural design

ranging from 4mm  -3cm, with as built surveys sitting at the top end of this
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range between 1 -5cm accuracy typically required. The literature in section

2.5 provides the sou rces for these numbers.

The first step in this research is to look at the state of the art in research

in terms of geometry capture and reconstruction that would be relevant to

the surveyorbds goal of a virtual geometric r
is covered in Chapter 2. As such Chapter 2 doesthis through a background

summary of terrestrial laser scanning and then the methods that have

been suggested to optimise the capture and modelling process ending in

the summary of the landscape and the research questions that have been

thrown up by this review.

The literature review in Chapter 2 illustrates the rise of BIM in the
increasing amount of research targeted towards BIM geometry
reconstruction. Therefore it isimportantto  gain an understanding of what
BIM itself is and how it relat es to surveyors, a s regional v ariations in
interpretation  and different professional interests can affect the terms of
reference. This topic is covered in Chapter 3 as acontribution by the author

of a history of BIM and how its de velopment affects surveyors today

This is followed by  a series of case studies in Chapter 4 investigating the
workflow from point cloud data derived from laser scanning to the
manually created 3D parametric model. With the lesson s learnt from this
process about its strengths and weaknesses, two research topics are
investigated: improving data capture (Chapter 5) and improving geometry

reconstruction (Chapter 6).

The research of dat a capture improvements in Chapter 5 investigates
cutting -edge mobile systemsand  their performance  against the status quo
of static terrestrial laser scanning , both in terms of the capture process

and for the manual modeller

Chapter 6 describes the research work that focuses on improving  the
geometry creation from point clouds. This primarily  develops the work into
the automatic geometry domain and looks at both semi -automated and
fully automated procedures, including the presentation of original

contributions of an  automated geometry routine and benchmark dataset
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on which to test the quality f or assessment of the resulting model

geometry .

The thesis then concludes in Chapter 7 with a discussion of what has been

learnt from all the preceding chapters about the role of the surveyor in this

new BIM paradigm, as wells as how it sits within the current literature from
Chapter 2 and 3. Finally this thesis is rounded off with the conclusions of
the work, how it relates to the questions posed at the beginning and what

the key con tributions have been from this PhD.

1.5 Thesis Contributions

The original contributions to research made by this thesis are summarised
below from the more detailed descriptions found in the conclusions in

Chapter 8.

1. Areview of BIM, its history and how it pertains to the surveyor.

2. Industry outreach case studies to transfer the knowledge from the
BIM review to survey practitioners in the field.

3. The assessment of indoor mobile mapping systems for indoor data
capture and modelling.

4. A ben chmark dataset of point clouds and manually -derived
parametric object -based models for the common testing of
geometry automation approaches.

5. An assessment of the ability of state of the art commercial
geometry automation tools.

6. An automated geometry recons truction routine that creates
parametric models as required by BIM.

7. A quality checking metric to assess the geometry created from
automated reconstruction approaches against a benchmark model.

8. Guidance to the survey profession in relation to its future wit

based on the work of this thesis.

1.5.1 Publications

Below is a list of the publications that have been contributed ove

course of this PhD

h BIM

r the
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Journal;

1 Thomson C., Boehm J. , 2015, Automatic Geometry Generation
from Point Clouds for BIM , Remote Sensing, 7 (9), 11753 -
11775 .

Conference:

1 Boyes G., Thomson C., Ellul C. , 2015, Integrating BIM and GIS:
Exploring the use of IFC space objects and boundaries :
GISRUK 2015, Leeds, UK, 15 April 2015 - 17 April 2015. University

of Leeds.

 Thomson C., BoehmJ. , 2014, Indoor Modelling Benchmark for

3D Geometry Extraction , ISPRS Tech nical Commission V
Symposium, Riva del Garda, Italy, 23 Jun 2014 - 25 Jun 2014.
Editors: Remondino F, Menna F. ISPRS - International Archives of

the Photogrammetry, Remote Sensing and Spatial Information
Sciences. XL -5: 581 -587 . [& Presentation Talk]

1 BackesD., Thomson C., Malki -Epshtein L., BoehmJ. , 2014,
Chadwick GreenBIM: Advancing Operational Understanding
of Historical Buildings with BIM to Support Sustainable Use :
Building Simulation & Optimization Conference (BSO14), London,
UK, 23Jun 2014 - 24 Jun 2014. Editors: Malki  -Epsthein L, Spataru
C, Marjanovic L, Mumovic D. Proceedings of the 2014 Building
Simulation and Optimization Conference, 23 -24 June 2014.

University College London.

1 Thomson, C., Apostolopoulos, G., Backes, D., and Boehm, J. ,
2013, Mo bile Laser Scanning for Indoor Modelling , ISPRS
Ann. Photogramm. Remote Sens. Spatial Inf. Sci., Il -5/W2, 289 -
293. [& Poster]

Industry Guidance:

1 BIM Task Group , 2013 . Client Guide to 3D Scanning and Data
Capture . London, UK.
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2 BACKGROUND

2.1 Overview

This chapter contains the background literature for the subjects covered in

this thesis. The subject domains of Geomatics, Architecture, Engineering

and Construction (AEC) and Computer Science provide important
components to the overall state of the art knowledge requi red to both
inform and build upon with the work of this thesis. The aim of this chapter
is to distil the research literature found into a set of research questions

that fill gaps in knowledge by guiding the work of the thesis that follows.

Firstly this ch apter reviews geometry capture technology as appropriate

for building capture. The main focus of this is on laser scanning . This is the
recommended method for capture of indoor environments  (BIM Industry
Working Group, 2011; BIM Task Group, 2013a) and looks at the

developments of novel indoor mobile mapping systems (IMMS) that aim
to speed the process of point cloud acquisitions. Next is a review of
modelling representations and approaches as workflows because BIM

requires 3D geometry as opposed to the traditional 2D CAD.

Automation has been advanced as the way to solve the pressure of turning

large amounts of  point cloud data about an asset into usable 3D models

for BIM. Therefore after the modelling literature review is an assessment
of the approaches put forward to automate 3D model construction from

point clouds. This is followed by a look at the ways in wh ich the results of
the modelling can be quantified along with the capture and modelling

standards that exist in relation to this.
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2.2 Geometry Capture Technology

The main techniques for capturing 3D data about the built environment

from terrestrial platforms a re through laser scanning or total station
measurements. The latter being the predominant method for building

surveys where a predetermined set of high accuracy point measurements
are taken of features from which 2D CAD plans are produced. Terrestrial

laser scanning has been the technology of choice for the 3D capture of
complex structures that are not easily measured with the sparse but

targeted point collection from a total station since the technology was
commercialised around the year 2000. This include s architectural facades
with very detailed elements and refineries or plant rooms where the nature

of the environment to be measured makes traditional workflows inefficient.

This is particularly exemplified in the increased use of freeform architecture

by prominent architects such as Frank Gehry and Zaha Hadid (as in Figure
2.1) (Pottmann, 2008) where laser scanning presents the most viable

option for timely data capture.

Figure 2.1 7 An example of freeform architecture: Glasgow Riverside Museum by
Zaha Hadid Architects . Image is copyright © (Anne, 2011) and made available
under an  Attribution  -NonCommercial - NoDerivs 2.0 Generic license (Creative

Commons, n.d.)
Laser scanning has been the preserve of the Geomatics community since

the technology was first proved useful for measurement from an aerial

platform in the 1990s. However with the increasing technological focus in
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the BIM topic and the endorsement of its use for geometry capture by
Governments , laser scanning has found a wider audience. The adoption of
laser scanning in AEC has been aided by the ability of two of the major
modelling software packages to natively support point cloud data without
third -party plugins. Bentley Systems integrated the Pointools engine into
Microstation in 2009 before acquiring Pointools outright in 2011. Autodesk
mirrored this timeline with the integration of two point  cloud engines in
late 2009, one aimed at aerial LIDAR data used in Civil and Map 3D and

one implemented in AutoCAD that did not support large coordinate
systems. In 2011 Autodesk acquired AliceLabs and chose to implement

this as their unified  point cloud engine across their software suite branded

as ReCap Studio.

As mentioned in Section 1.1, both the US and UK Governments noted laser

scanning as the capture method of choice for building geometry (BIM
Industry Working Group, 2011, pp. 53, 56 & 58; U.S. General Services
Administration, 2009) . However little thought has been carried out into

how to integrate this in to the BIM process due to the change in the nature

of the information requirements of a BIM model and uncertainty over what

extent of building information should be provided by a Geom atic Land
Surveyor. It has been proposed that a point cloud represents an important

lowest level of detail base (stylised as LoD 0) from which more information

rich abstractions can be generated representing higher levels of detail (Li
etal.,, 2008) . Hamil (2011) indirectly supports this view through the idea

of a complete setof scans of a new build at handover providing the digital

record of changes for updating the design model rather than creating one

from scratch

il ve heard it said that "if a building
twice, once digitally during the design process and then again physically

during the construction pro cess'. Thinking about point cloud surveys, if

there are design variations during construction, is it worth 'building' a

third time? Before hand  -over the building could be surveyed to create an

‘as - built' model that can be compared with the design model, an d provide

a true digital r eco(amil®dll)t he buil ding. o
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2.2.1 Terrestrial Laser Scanning

Laser technology was developed in the 1960s and was first used for
measurementin  an airborne capacity for submarine detection in the same
decade (English Heritage, n.d.) . After the implementation of GPS and
verification trials from 1988 -1993 at Stuttgart University, laser ranging
was demonstrated to give high geometric accuracy for terrain modelling
(Ackermann, 1999) . By the mid -1990s these laser profilers had been
replaced by scanning instruments that could capture a swath of point
measurements rapidly (Vosselman, 2008) . By the end of that decade
terrestrial applications for laser scanning had become more heavily
researched and implemented, with commercial systems increasingly
available to buy (such as the Cyrax 2500), especially for surveying
refineries which would have been very complex t 0 measure using

traditional survey methods (Boo th, 2002; McGill, 2006)

As will be shown by the evolution of the term BIM in the next chapter
definitions or the consensus to make them accepted can be hard to
achieve. 3D scanning has a similar background in this regard with Bohler

and Marbs (2002) stating their view that there was no accepted definition

for 3D scanning instruments given the variation in technical operation
(Bohler and Marbs, 2002) . Instead they considered definition by the result

that these instruments produce:

i a 3D scanner i s aolegt s 8Decodrdinates of la aiven c

region of an object surface

automatically and in a systematic pattern counts,

at a high rate ( hundreds or thousands of points per second)
achieving the results (i.e. 3D coordinates) in (near) real time. 0
(Bohler and Marbs, 2002, p. 9)

Laser scanners are usually sub  -divided into three application areas; aerial,
terrestrial and close -range. Each has a different ra nge and accuracy
specification that is required for the applications in which they are used.

For the purpose of the work in this thesis the terrestrial application is of
most pertinence and so is the one that will be described here. Terrestrial

Laser Scann ing (TLS) is a ground -based remote sensing technique that
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involves sweeping a laser over a region of interest to derive a dataset of

discrete 3D point measurements output as a point cloud dataset.

2211 Measurement Principles

Terrestrial Laser Scanners  (TLS) are set up on a tripod and either have a
fixed field of view or revolve around a fixed point using a mirror to deflect

the laser while measuring angles horizontally and/or vertically and
distances (i.e. polar measurement) that are then converted into Cartesia n
coordinates (XYZ). The distance or ranging component is normally based

on one of two principles: Pulsed or Phase based.

Both principles involve measuring the time of flight but the difference is

that the pulsed method measures it directly whereas the pha se comparison
method is an indirect measure , as illustrated in Figure 2.2 and described
below .

Pulsed scanners measure how long it takes a pulse of laser light from
emission to be reflected off the surface being scanned and received. By
knowing the speed of light and halving the time taken , a distance can be
calculated. Phase based scanners use a modulated beam and measure the

shift in phase between the outgoing and received waves; a difference that

can be computed very accurately. How ever the range of phase based
scanners is more limited than those using a pulsed signal, due to their

need for a well -defined signal to be detected in the return (Bohler and
Marbs, 2002)

Pulsed Phase
Scanner Surface Scanner Surface
- b3 >3
Emitted
< < < < ek Reflected
& Received

Figure 2.2 - Pulse and phase based distance measurement principles.

As a result there is a trade  -off to be made depending on the application.
Pulsed scanners can have long ranges (over 1km) as they send a short
pulse of high energy then ha ve to wait for the return for each point before

continuing. Phase scanners usually h ave shorter operating ranges (around
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100m) as they are constantly sending out and receiving waves, calculating

the phase offset as it goes. To do so over much longer distances would
require greater  constant energy that could reduce laser safety. By using
multiple different  frequency waveforms , more measurements can be taken

in a quicker time  as cycle ambiguity is reduced (Beraldin et al., 2010, p.
7).

2.2.1.2 Characteristics

Severa | elements have a bearing on the performance of laser scanning
instruments, with the 2003 paper O6élnvestigat
being a much referenced work (e.g. (Lichti and Jamtsho, 2006; Mechelke

etal., 2007; Zogg, 2008) ) onthis subject due to its early testing of a range

of commercially available scanners (Bohler et al., 2003) . This paper

describes the following six properties that have an influence:

1 Angular accuracy 1 affected by the deflecting device (mirror,
prism). Any errors in the device will cause errors perpendicular to
the propagation direction.

1 Range accuracy 1 depends on the technology used (phase, pulsed,
triangulation). Systematic scale errors can be identified simply but
systematic range e rrors vary depending on the surface.

1 Resolution 71 defined by the angular increment and spot size of the
scanner.

1 Edge effects i where the beam is split at the edge of an object
causing confusion in where the point should be placed. Often this
leads to th e point being placed in between the two surfaces, near
and far. This effect is often referred to as a mixed or split pixel.

This effect can be seen to cause issues in the automated recovery
of geometry in section 6.5.2 .

1 Surface Ref lectivity 1 laser scanners rely on the reflected signal so
a higher reflectivity produces a stronger return signal. It can cause
systematic errors in range larger than the standard deviation of a
single measurement.

1 Environmental Conditions T including te mperature, atmosphere

and interfering radiation.
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An important issue with laser scanning accuracy determination is that ,
unlike with a total station, you cannot rely on a single point measurement,

which would be hard to replicate, but focus instead on objec ts with known
properties across the scan volume, such as reference spheres, making use

of derived elements or models that are easier to quantify.

2.2.2 Point Clouds

Figure 2.3 - A pointcloud coloured by RGB values acquired by static terrestrial
laser scanning of the Berners Hotel by the author

The data product that is output from a terrestrial laser scanner is a cloud

of 3D XYZ coordinates usually with an intensity value and sometimes with
red, green and blue  values if the scanner has the option to capture colour
This is the case in  Figure 2.3 which shows the level of visual realism in the
representation that can be achie ved from this data. However it is just a
set of many measurement points that represents the geometry of an
environmentwell but  is not intelligent in that it holds no information about

what its point represent, hence the desire for derived models.

As point clouds have been intrinsically linked  to the instrument from which
it came, proprietary formats have proliferated from each laser scanning
manufacturer. Therefore standardisation has not fully occurred, however
there is hope that the E57 standard proposed in the United States will fulfil

this role as more of the scanner manufacturers allow export to this
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standard (E57.04 3D Imaging System File Format Committee, 2010; U.S.
General Services Administration, 2009, p. 16)

With the rise of low  -cost sensors producing point clouds leveraged by the
robotics community, e.g. for 3D perception, an open source collaborative
venture spun off from the Robotics Operating System (ROS) project has
developed the Point Cloud Library (PCL). This is a full C++ library of point

cloud processing algorithms that can be freely implemented in projects to
speed up the process of code development in 3D projects and handle point

clouds efficiently  (Rusu and Cousins, 2011)

2.2.3 Registration

With tradi tional static scanning, measurements can only be taken of the
environment that is visible from the scan position (i.e. line of sight).
Therefore occlusions occur where objects in the environment block the

view from the scanner. To minimise this multiple se tups are used to ensure
a required level of coverage. To allow these multiple scans to be brought
together into their correct position relative to each other a registration is

performed. The following sections outline the approaches used to do this.

2.2.3.1 Basic Registration
The traditional approach to registration requires two steps per point cloud:

an estimation of the registration parameters and the application of the

transformation, usually in the form of a 3D rigid body (3 translations, 3
rotations, scale fix ed) (Lichti and Skaloud, 2010) . This estimation can be
achieved throu gh a number of methods as outlined below eithe r used in

isolation or combined: target based, sensor based or data driven
approaches (Pfeifer and Béhm, 2008) . If the scanner is correctly | evelled
and its position known, e.g. s urveyed in with a total station, then only one
rotation around the vertical axis needs to be solved (Kappa rotation) . The
downside of obtaining the scan posit ions or targets with a total station is

the amount of survey equipment required which slows the process down

as will be seen in Chapter 4.
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2.2.3.2 Target Based Registration
The most common method to tie scans together is with targets; eith er
patterned (such as black and white checkerboards or with a retro -reflective

dot), geometric objects (such as spheres of known dimensions), or a
combination ( Figure 2.4). This provides a set of common observed points

from which estimates of the registration parameters can be resolved. This
method is considered to give the highest accuracy as long as the rules of

survey network design are followed (Pfeifer and Bohm, 2008) . However it
is time consuming to plan and place the targets as well as survey them in,

which has led to interest in more automated registration techniques that

do not need markers.

Instead of detecting artificial targets placed in the scene, f eaturescanb e
detected in the point cloud to provide another source of targets that can
be used, usually taking the form of basic geometry including lines and

planes. These are especially useful as a supplement if placement of targets

in the scene was difficult leadin g to limited matching based on these alone.

Figure 2.4 - Paper Checkerboard (Left) and Reference Sphere with magnetic
base (Right)

The targets or features can either be picked in three ways:
1 Manually whereby the user picks common points across all scans

1 Semi-automatically whereby the user defines the search area for

the detection algorithm
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1 Fully automatic whereby the user has no interaction and the

algorithm performs the search of the whole point cloud

With the targets and/or features detected across all scans a registration
can be performed. This involves a least -squares fit of the detected
elements across scans and tries to achieve the lowest residuals possible

between the matched elements.

To simpli fy the registration process, instead of estimating the
transformation parameters, correct coordinates can be provided from an

external survey performed with a total station. By picking up the targets

and the scan positions in this way effectively registers the scans by
propagating the coordinates of the survey into the scans. This
georeferencing of the scans allows for the point clouds to be instantly
positioned within an existing survey coordinate framework where local or

global coordinates are used across a wider site.

2.2.3.3 Sensor Based Registration

This approach to registration uses information from sensors to give either

an initial global or relative position for registration. Although not of use

indoors, a GNSS receiver is an example of the form of sensor th at can be
used to gain a position (Schuhmacher and Béhm, 2005) . Other sensors
that are more usable indoors include an IMU for rough relative position
between scans, altimeter for height change and compass for the Kappa

rotation around the Z axis

2.2.3.4 Data Driven Registration ( Cloud -to-Cloud )

This form of registering point data is generally performed by the iterative

closest point (ICP) algorithm (Besl and McKay, 1992) which has become
the dominant approach (Pfeifer and Bohm , 2008) . It works by iteratively
translating and rotating with six degrees of freedom a free dataset to a

fixed one until the transformation converges within a required tolerance.

The advantage of this form of registration is the target -less nature
mea ning that the process is fully automated. However the scans need to
be reasonably positioned for the process to converge correctly and quickly

(Mitra et al., 2004) , hence the previous methods are often used to gain
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the rough initial alignment. To improve the registration by reducing
ambiguity in the matching phase the initial conditions can be improved by

the user providing  matching tie points . This is done by provi  ding at least 3
common points between pairs of scans or through taking the results of a
registration by targets as outlined in the previous section. Then the ICP

can be performed as a fine or local registration step.

2.2.4 Improving Geometry Capture Efficiency

As technology advances opportunities arise to reduce process costs either
through time savings, reduced user input, lower instrument costs or a
combination of all the above. The c omputer science technique from
robotics Simultaneous Localisation and Mapping (SLAM) is a process to
provide location and build a map of an environment with kinematic
scanning first proposed in  (Smith and Chee seman, 1986) . It works by
taking one epoch of data of the environment and matching it to the
previous epoch of data. As the measurements of the environment can be

traced back to the sensor position(s), the location of the instrument

relative to its prev  ious location can be calculated. The environment can be
unknown or known and guided with an existing geometric model of the

space (Nichter et al., 2007) and presents a solution to the problem of
indoor positioning where common locating techniques such as with GNSS

are not viable. It also aids the registration of data by virtue of an on the

fly data driven registration being an intrinsic part of th e location solution.
This fact tied to the availability of relatively cheap laser range profile rs for
robotics have fed into the emergence of a new branch of capture devices

called indoor mobile mapping systems (IMMS) .

2.2.5 Indoor Mobile Mapping

Following the success of vehicle -based mobile mapping systems to rapidly
acquire linear external assets by combining sensors there has been a
recent trend towards developing solutions for the internal case to reduce

time of capture associated with normal static setups. Two form factors

have prevailed so far: trolley based and hand held. Trolley based systems
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provide a stable platform and avoid placing the burden of carrying the
weight of sensors on to the operator. Hand held systems offer more
flexibility as theoreticall ~ y anywhere the operator can walk can be accessed
for capture . This means areas that are impossible to scan with trolley
systems or difficult with static methods, such as stairwells, can be captured

relatively easily.

One of the earliest systems was from t he Applanix division of Trimble called
the Trimble Indoor Mobile Mapping System (TIMMS). TIMMS is a trolley

based system fusing an Inertial Measurement Unit (IMU), GNSS receiver,

laser line scanners and 360  ° spherical camera (Trimble, 2013) . The major
downside of this system is the need to initialise itself via the GNSS antenna
meaning that a clear sky view is needed to start use; a prerequisite that

is not always present on interior surveys. The other significant trolley

based systemisthe i-MMS from Viametris (  Figure 2.5) which incorporates
three laser line scanners and spherical camera (Viame tris, 2013) . Instead
of relying on GNSS and IMU's the i-MMS makes use of the robotics

technique SLAM to perform the positioning adapted from the algorithm

outlined in  (Garcia - Favrot and Parent, 2009)

Figure 2.5 - i-MMS (left) and ZEB1 (right)
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At the time of the majority of the work in this thesis the SLAM wa s only
implemented in 2D restricting the system to measurement in areas with

no height change. In 2015 this system was updated to include an IMU to
measure changes in orientation therefore making it more robust to height

changes (e.g. ramps, rough floors). Another way to provide true 3D
positioning iswitha  SLAM solution that recovers all six degrees of freedom

(three translations, three rotations) often referred to as 6DOF (Nuchter et
al., 2007) . Vosselman (2014) simulated a system similar insetup tothei -
MMS with a 6DOF SLAM finding an RMS of less than 3cm, albeit as a
theoretical study. = The advantage of this pure software solution over an
IMU is in the cost, which for a good IMU can be thousands of pounds. A
weakness of SLAM alone is its reliance on the non -linear geometry of the
environment.  This means that a featureless corridor for ex ample is likely

to cause the SLAM solution to fail as there is not enough variation in the

environment to calculate the change in position of the sensor (Bosse et al.,
2012) .
Two of the more significant hand held systems are the ZEB1 developed by

CSIRO ( Figure 2.5) and a portable mapping system from p3dsystems
(Bosse et al., 2012; p3dsystems, 2013) . Both take the form of a hand held
post with lin e scanner and IMU attached however there are differences in
their size . The ZEBL1 is the lighter device using a scanner from robotics and

small IMU whereas the p3d systems product uses a full size terrestrial laser

scanner in the Z+F Imager 5006 locked in h elical mode and mounted onto
a stabilised harness to distribute the 20kg weight. Ryding et al. (2015)
have performed recent research that highlights the si gnificant capture

speed increase of the ZEB1 system in particular over static methods in a
natural e nvironment context, i.e. a wood, where the mobility of the user

with the system aids the capture process in that environment.

With this move towards more ra pid capture of the interiors of buildings, it
starts to move the paradigm of rapid sensing and creation of ubiquitous
point clouds closer to existence. Even though static scanning of interiors

for building models is relatively new it may soon be superseded for some
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applications by thi s growing market of instruments, where significant time

savings can be achieved.

Once the point clouds have been captured and processed they can then be
used as a template for modelling geometry, as will be seen in the next

section.

2.3 3D Geometry Modelling

Combiningt raditional surveying with 3D scanning currently does not result

in a product that is optimal for the process of BIM due to the historical use

of non -parametric CAD software to create 2D survey drawings . Therefore
a process shift is required in workflows and modelling procedures of the
stakeholders who do this work to align themselves with the new

information rich  object -oriented 3D deliverables of BIM

2.3.1 Digital Geometry
The development of Computer Aided Design (CAD) systems in the 1960s

created a new area of representing geometry digitally for the purposes of
design and simulation. Much research has been produced from industry
and academia to allow geometry to be stored and manipulated on screen
and in pr int, with the resulting geometry engines still underlying many

software tools as core technology (Ibrahim and Krawczyk, 2003)

2D has been the primar y deliverable in the construction industry as this

was historically the deliverable in the era of hand -drawn plans. So with the
arrival of digital CAD systems this process became digitised without the
process changing, due to the comfort of designers and t he high cost of
packages that could handle 3D objects. However advanced manufacturing

saw the potential for simulation, error reduction and factory automation

leaving the construction industry adopting drawing editors that augmented

the existing work proce  ss atthe time (Eastman et al., 2011, p. 37)

3D modelling r eally began in earnest in the early 1970s with the
development by three separate groups of a 3D representation called Solid
Modelling (G. R equicha and Voelcker, 1983) . Solid modelling is a type of

volumetric 3D representation where parts have thickness or mass and
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therefore implicity have a closed boundary as opposed to surface
modelling where the 3D form is composed of separate thin face s that are
not necessarily closed . Two competing types of solid model emerged from

this: Boundary Representation (B -Rep) and Constructive Solid Geometry
(CSQG).

CSG B-Rep

() [ @M
L
O

Figure 2.6 - CSG and B -rep example representations for a combined shape; after
(G. Requicha and Voelcker, 1983)

The former represented shapes wit h a closed, oriented set of bounded
surfaces with the latter using a set of functions that define primitive
polyhedra (sphere, cube, cone, etc.) as illustrated in ~ Figure 2.6. Both can
make use of Boolean operations to combine geometry to make new
shapes. The crucial difference between the two methods is that CSG stores

an algebraic formula to define the shape whereas B -rep effectively stores
the result of that definition as operations and object arguments e.g.

extrusion of a profile (Eastman et al., 2011, p. 35)

Eventually it was seen that com bining the two methods was worthwhile
given the above difference with editing performed on the CSG tree and
display and interaction performed on the B -Rep. Therefore today all
parametric modellers and building models include both representations

(Eastman et al., 2011, p. 36)
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A beneficial addition to solid modellin g is the use of parametrics.
Parametric modelling is the idea of shapes holding constraints about their
existence allowing an increase in modelling speed. An example being a 3D
parametric model of a window in which the mullions are parameterised or
constra ined to be a defined distance apatrt. If the operator wants to change

this they need only change the parameter constraint or rule rather than

re -model the whole window. The real power comes with global parameters,

so how objects are related to other objects determine their representation

to some degree.

With the arrival of object -based parametric models, outlined in Section
3.2.3 , semantic information could also be added to the geometry as well

as the parametrics  with a defined data structure . Semantic information
includes anything that is not directly related to the geometry of the object.

So for a wall it could be material, thermal performance, paint used or a
range of defined attributes that add to the informat ion model of the asset

for a stage of its lifecycle.

2.3.2 3D Survey Data

Manual modelling has been the status quo as the majority of work done

has been for design of assets that do not exist. From a survey point of view

manual modelling has persisted as measur ement decisions in the field at
capture time dictated what building elements were through manual coding

of total station points. Therefore it was a case of joining a few coded points

in CAD. Where scanning was used, often the point cloud would be meshed

with polygons to create a surface model description ; a process that is
largely automatic . A review of such automated approaches to meshing
point clouds is provided by Remondino (2003 ). Meshes can accurately
model surfaces from point clouds and surface topology is found as part of

the process but, like the point clouds they are derived from, they contain

little extra information about the objects whose geometry they represent.

As scanning has started to predominate capture and dense mesh
representations were not optimal , automated feature extraction for
modelling has been seen as desirable commercially . This was due to the

Page | 47



Chapter 2 | Background

need to reduce time and therefore cost and make scanning a mo re viable

proposition for a range of tasks in the lifecycle, such as daily construction

change detection (Day, 2012a; Eastman et al.,, 2011, p. 379) . This is
discussed in more detail in section 2.4.

As has been said previously in section 2.2, laser scanning in Geomatics
has been primarily used for capturing complex architecture , and this

includes facades and historic buildings. As a result this has been the main

topic of investigation of BIM from the heritage side with work such as HBIM

(Murphy et al., 2013) looking at the parametric construction of historically
important architectural elements and Hichri et al. (2013) who more
generally reviews automated modelling techniques but concludes by
coming back to heritage and the unsuitability of many of the automation
techniques presented for complex scenes. Augmented Reality (AR) is
another area of interest, where the focus is on implementation and taking

smart mobile technology to the site to allow efficient dissemination of the
data that a virtual model contains (Azuma et al., 2001) . This is strongly
linked to O6physical &6 AEC research nwiheere the
active construction site. The topic of modelling  from point clouds  will be

covered in more detail in the next section.

2.3.3 Manual Geometry Modelling of Buildings

Generally digital modelling is carried out to provide a representation or
simulation of an e ntity that may not existinreality  (Mortenson, 1997, pp.
21 3) . However Geomatics seeks to model entities as they exist in reality.
Currently the process is very much a manual one and recognised by many

as beingtime -consuming, tedious, subjective and requiring skill (Larsen et
al., 2011; Rajala and Pentti &, 2006; Tang et al., 2010) . The manual
process for documenting buildings from point clouds, as  with creating 2D
CAD plans , requires the operator to use the cloud as a guide in design
software to effectively trace around the geometry , requiring a high
knowledge input to interpret the scene as well as add the rich semantic

information that really makes BIM a valuable process.
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The shorthand name given to the survey process of capture to model is

Scan to BIM. This probably originated from a piece of software released in
2010 from US company IMAGINIT Technologies that went by the same
name and provided tools in Autodesk Revit to aid geometry creation from

point clouds semi -automatically  (Respini -Irwin, 2010) . However the
phrase is now widely used without reference to this software to describe

the process of parametric model creation from point cloud da ta, for
example in (Day, 2012a; Spar Poin  tGroup, 2013) . Technically Scan to BIM
as a phrase is wrongly formed as the end result is not BIM as described in

Chapter 3, i.e. the process, but a 3D parametric model that aids the

process at its current level of development.

Even though from a BIM perspective creating parametric 3D building
models from point cloud data appears new, it actually extends back to the

early days of commercialised terrestrial laser scanning systems and
creating parameterised surface representations from segmented point
clouds (Runne et al., 2001) and goes back further than this in the aerial

domain for external parametric reconstruction.

The manual proce ss of taking terrestrial scan data and using it for 3D
modelling is documentedina few pieces of research concentrating on the
external building envelope and onthe capture of theinternalsofa building ,

which are outlined below

Arayici (2008) showed the difficulty in using point clouds for modelling
before the major  software vendors provided native support for this data

type. The process presented makes use of the metrology software
PolyWorks to mesh the point cloud and optimise it for the extract ion of
cross sections through the mesh as 3D CAD lines. These were then
imported into Microstation Triforma (a parametric object -oriented
modelling software now merged into Bentley Microstation) to allow the

manual modelling of the building objects which could t hen be exported as
an IFC file. As cross sections are used, many are needed to accurately

model the different elements in detail.
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A similar workflow of linking data with a modelling environment was
employed with a system from the close -range photogrammetry domain
called Hazmap; originally created to facilitate the capture and parametric
modelling of complex nuclear plants. Hazmap consisted of a panoramic
imaging system using calibrated cameras at tached to a robotic total
station. This would capture 60 images per setup and use a full bundle
adjustment together with total station measurements for scale to localise

the sensor setup positions (Chapman et al., 1994) . After capture, the
system made use of a plant design and management system (PDMS)
interface that allowed the user to take measurements in the panoramic
imagery and export them via a macro to the PDMS where the plant

geomet ry could be modelled using a library of parametric elements.

One of the earliest pieces of research with a workflow that would be
recognised today as Scan to BIM is by Rajala and Penttila  (2006) . As
Section 3.2.4 shows, Finland has been involved in building modelling for a

long time and therefore it is no surprise that the process should have been
tested there at an early stage. Rajalaand Penttila (2006) provided an early
study of the workflo ~ w for creating 3D parametric CAD for retrofit projects
by documenting the commercial process at the time. On an eight floor

building it took 440 man hours to completely scan it resulting in 50GB of

data. The generic nature of much of the building allowed t he modelling to
be fairly easy, with the exception of a much more involved complex
basement. The model was distributed as an IFC but complex geometry

(i.e. stairs) was found to be exported from their CAD software as
unsupported Oproxy gr aashobjecs.06 Onmeaof theekey t han
findings that come from this work is the need for clear measurement
outcomes at the beginning with a negotiation of what is practicable versus

the work requirements. Therefore consideration is needed over what
tolerance is accep table both in surveying and modelling as assuming
orthogonality is rarely true in retrofit but may be desirable to simplify the

modelling process.  This is considered later in section 2.5 when reviewing

measurement and modelling standards.
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The last study is more recent but on a smaller scale. Attar et al. (2010)

used laser scanning as the basis from which to create a 3D parametric

mod el in Revit. As this research comes | ar
research department the paper needs to be seen in the wider scope of
emphasising AutodeskoOos sof aidvibdoess mcatha bi | it y.
challenges found by  Rajala and Penttila , suchas managing large data sets

captured and in the conclusions hints at the inefficiency of the process to

use point clouds for modelling.

As mentioned earlier the orthogonal constraints pre sent in much BIM
design software limits the modelling that can be achieved without a lot of

operator input. Depending on the need for the model this is not necessarily

bad as for many cases a geometric representation does not need to have
too tight a toler ance as shown in section 2.5 by Runne etal. (2001) and

depends on wha tthe survey requirements are

2.4 Automated Point Cloud Modelling Approaches

The ideas and approaches taken to aiding the problem of geometry
construction have two strands: the creation of imagined geometry for

virtual worlds and the reconstruction of geometry as it exists in the real
world from measured data . Both commercial and a cademic spheres of
research ha ve investigat ed the automated reconstruction of geometry
from point clouds, especially as interior modelling has risen in prominence

with the shift to BIM requiring rich parametric models.

2.4.1 Commercial Approaches

There are a few comme rcial pieces of software that could be described as
semi-automated that can be applied to building reconstruction . Table 2-1
below summarises their main features , of which the two most promising

are more fully described next .

The fir stis by ClearEdge3D who provides solutions for plant and MEP object
detection alongside a building -focused package called Edgewise Building.
This classifies the point cloud into surfaces that share coplanar points, with

the operator picking floor and ceil ing planes to constrain the search for
walls as in Figure 2.7 (ClearEdge3D, 2015) . The software then
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automatically searches for walls

geometry can be bought into Revit via a plugin to construct the parametric

from this set of surfaces.

Once found, this

object -based geometry. In its wall detection, Edgewise uses the scan

locations to aid geometric reasoning; a constraint it forces by only allowing
file - per - scan point clouds for processing.
Table 2-1 7 A comparison of prominent commercial automated geometry
creation  software . Leica software summary from referenced datasheet,
Arithmetica, Imagin IT and ClearEdge 3D from software usage.
Leica
Cloudworx fqr ImaginIT CIearEdqe 3D Arithmetrica
Revit (Leica Scan -to - Edgewise Pointfuse
Geosystems, BIM Building
2014)
. Semi - Semi -
Automation . Automated Automated Automated
(user input) Autpmated pipe walls and walls surfaces
fitting only )
pipes
Reqw_res Yes_ (but CAD Yes Yes NoO
Revit? versions exist)
Object - Yes Yes Yes No
based For pipes but As uses As elements Produces 3D
p arametric really only acts Revit family detected in polygons/
geometry as point cloud elements for Edgewise are surfaces that
produced? viewer for fitted generated into can be used as
Cyclone data as geometry . Revit geometry a guide for
a guide for inan RVT file further
modelling . export step. modelling .
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Figure 2.7 - EdgeWise planar surface detection and user defined floor and
ceiling constraints (light blue).

The other main solution is Scan to BIM f rom IMAGINIT Technologies , which
is perhaps the most successful solution in terms of deliverable. This is a
plugin to Revit and therefore relies on much of the functionality of Revit to

handle most tasks (including loading the point cloud and geometry library)

and essentially just adds some detection and fitting algori thms along with
a few other tools for scan handling. The main function is wall fitting
whereby the user picks 3 points to define the wall plane from which a

region growing algorithm detects the extents (Figure 2.8). The user then
sets a tolerance and selects which parametric wall type element in the

Revit model should be used. There is also the option of fitting a mass wall

which is a useful way of modelling a wall face that is not perfectly plumb

and orthogonal. The downside to this p lugin is that it only handles
definition by one surface meaning that one side of a wall has to be relied

upon to model the entire volume, unless one fitted a mass wall from each

surface and did a Boolean function to merge the two solids appropriately.

Auto desk itself did trial its own Revit module for automated building
element creation from scan data through its Labs website but this was

based on the pre -AliceLabs point cloud engine and it remains to be seen

how this will be repurposed into their new ReCap product or later editions

of Reuvit.
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Figure 2.8 i Scan to BIM 2014 settings window for wall generation in Revit.

2.4.2 Academic Approaches

The focus of academic research has mainly been on algorithms to speed
the modellin g of geometry from point clouds. It could be considered that
this research started with city modelling in the mid -1990s where the goal
was to automate the reconstruction of urban 3D models from aerial
photogrammetry. Difficulties in image interpre tation led to the increasing
use of point clouds from  aerial LIDAR (Light Detection and Ranging),
meaning interpretation became restricted to explicit geometric information

(Haala and Kada, 2010) . With the reconstruction of buildings from aerial
data came the related interest in facade reconstruction from terrestrial

data to add detail not captured from the air , increasingly  captured from

mobile mapping van systems (Barber et al., 2008)

Research into the reconstruction of building interiors has mainly be borne
out of applying vision techniques from robotics for scene understanding.

This is all related to automating the understanding of the environment

which is an important prerequisite for providing robots with autonomy

(Besl and Jain, 1985) . Also once an object has been detected for what it
is, it is then possible to intuit semantic information based on geometric

shape priors. This is the case in object localisation which is an important

topic with relation to arm robots that interact with the real world with

concepts such as using a CAD m  odel of the object to improve detection

being used (Maruyama et al., 2008; Tang et al., 2010) . As will be seen the
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reconstruction of bui  Idings from point clouds is an active area of research,

but one where the emphasis has generally been on creating visually
realistic, rather than geometrically accurate models (Xiong et al., 2013)
This division of research between geometry detection and understanding

is usually manifested as work on segmentation for the former and object

detection for the latter that the n lead on to model construction. With more
advanced automation workflows these areas are combined into a multi -

stage method for geometry reconstruction.

2421 Segmentation of Point Clouds

In terms of the reconstruction of building elements the focus has been on
computational geometry algorithms to extract the 3D representation of

buildin g elements through segmentation. Segmentation of range
measurement data is a long established method (initially from computer

vision for image processing) for classifying data wi th the same
characteristics together. An overview is given by Hooveretal. (1996) who
brought to gether the different approaches to this topic that were being
pursued at the time and presented a method for evaluating these
segmentation algorithms. The main research challenges of segmentation

are described by Sareenetal. (2011) as developing an algorithm tha t can
handle a broad range of geometries and selecting a reliable measure of

points that belong to the same cluster.

Along with th ese the nature of the point cloud data itself should be
considered. The way static laser scanners capture data around a fixed point
leads to large variations in point density based on distance , especially
where scans are registered thus combining their capture patterns. This

effect is known as anisotropy, which can affect the outcome of
reconstruction methods (Boulch et al., 2014) . Noise in the point cloud can
also cause issues with approaches that use surface normals, as the
normals themselves may vary too much to be useful, especially for planar

regions (Vosselman et al.,, 2004) . In their paper, Sareen et al. (2011)
propose making use of the colour information that is often present with

point clouds to improve performance and guide region growing. They found
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that this additional information allowed overlapping similar planes, like

poster boards on walls, to be succes sfully detected as separate entities.

Buildings, unlike the natural environment, often consist of geometric
primitives  with a preponderance of planar surfaces . Therefore planes are
the shapes that are usually detected with segmentation to build up the

geom etric shape. Segmentation has also been used for the detection of

more geometrically complex furniture objects in buildings either for

removal to clean the data or to construct a shape database of objects
(Mattausch et al., 2014)

Nurunnabi et al. (2012) state thatt he three most popular forms of plane
detection are least squares, Principle Component Analysis (PCA) and
Random Sample Consensus (RANSAC) and in their paper provide a good
summary of the th ree concepts . Both least squares and PCA are fairly
intolerant to outliers, whereas RANSAC can still be effective with a majority

of outliers present  and is conceptually simple which leads to its popularity
(Schnabel et al.,, 2007) . Along with the above there are complementary
methods for detection which include surface normal approaches (Barnea
and Filin, 2013) , plane sweeping (Budroni and Boehm, 2010) and region
growing (Adan and Huber, 2011)

RANSAC, originally developed by Fischler and Bolles (1981) , randomly
samples the data for a minimal set that describes the shape model being

sought (e.g. 3 points for a plane) it then tests this sample shape definition

against all of the remaining data and scored with inliers that fit the model
and outliers that do not . After a determined number of trials the shape
with the most inliers is extracted , often this fit is recomputed with least

squares . The main issue with RANSAC is the computational load if no
optimisations are applied, especially with reducing the search space of the

random sampling, which on large amounts of data can be time -consuming
otherwise (Schnabel et al., 2007) . This has led to many extensions to the
original RANSAC method , such as a more robust scoring method in
MLESAC (Torr and Zisserman, 2000) . Schnabel etal. (2007) proposed an
extension to RANSAC for use in point cloud shape detection which took

account of the deviation of the point s normal s in relation to the candi  date
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shapeds s ur f aTheyalsoocconstraih the.random sampling search
area by a radius defined by density and shape size to increase the
likelihood of getting points that describe the same surface , and in scoring

consider the largest connected regi on as a criterion

In their work,  Nurunnabi etal . (2012) develop a variation of PCA and test
it against the other methods listed above with a point cloud from mobile
mapping data. Their custom PCA so lution is faster than RANSAC but
performs roughly equally in terms of detection with a more complex

algorithm and is still less tolerant to outliers.

Rusu et al. (2009) use planar segmentation to extract the fitted furniture
ofakitchen (e.g.cupboards) using RMSAC (RandomM -estimator Sampling
Consensus) which is an alternative extension to RANSAC that scores the

inliers by squared distance. Also this work, | ike Schnabe | et al. (2007) ,
adds a surface normal constraint for optimisation . The autho rs found that
about 85% of their scene had normals whose principle direction was along

the Cartesian X, Y or Z axis. Their segmentation is performed on a sub -set
of the point cloud and is interested in horizontal planes where the normal

is parallel to Z an d vertical planes where it is perpendicular. The planar

areas found are broken into smaller parts with region growing that uses

the Euclidean distance and changes in curvature between points as
parameters for inlier addition. Machine learning is then used to classify the

shapes as objects using Conditional Random Fields.

Other work in building segmentation research investigates the
reconstruction of facades and pipework from terrestrial point clouds and
cities from aerial LIDAR data (Bosché et al., 2014; Vosselman et al., 2004)

Pu & Vosselman (20 06) made use of surface region growing segmentation

for categorising points from building facades into regions with planar

surface growing with a view to city modelling. They then implemented

feature constraints or recognition rules (such as size, posit ion, direction)
and assumed all building elements to be planar; a simple constraint that

is broadly true for fagcades. The authors explain some of the problems with
segmenting point clouds from scan data including irrelevant data being

segmented as well as  the occurrence of over, under or mis -segmentation
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from a bad result. An important point that is made by the authors is the
hierarchy of features that exist in terms of which order they need to be
detected in order to aid the detection of other elements. Th is then defines
some basic building element rules for detection, for example walls require

an intersection with the ground and windows require a wall opening.

2.4.2.2 Exterior Building Geometry from Point Clouds

Parametric modelling is often used as a paradigm implemented for
invented or stylised representations of the externals of buildings using
technigues such as procedural modelling and grammars, i.e. algorithms

and rules to generate the model (Mdller et al., 2006) . This rule -based
approach to automating the mode lling process can fit well to parametric
models that are intrinsically rule driven and rely on the complex yet well -
defined structure often found in the built environment ; Kelly an d McCabe
(2006) presents this approach. Grammars are advocated for building
geometry creation due to: each production rule bein g an alternative
decomposition in the hierarchy of components, recursive rules
representing an arbitrary number of items and being modular can more

easily handle large specifications (Boulch etal., 2013) . That said generally
grammar rules have to be manually established and that in itself can be

laborious and require expert understanding, leading to inverse procedural
modelling where t he grammars are learnt from the data (Becker et al.,
2015) . Grammars for indoor modelling are fairly new (Becker etal., 2015)

and some of the approaches are covered in the next section.

A use of segmentation to aid a reconstruction workflow for parametric
geometry creation is presented by Boulaassal et al. (2010) . The
segmentation is performed by detecting a set of planar clusters using
RANSAC, removing the inlier patches as it goes. From these planar
patches, edge points are extracted by assuming the vertices on the longest

sides of a Delaunay triangulation r epresent edge points. From this
bounding boxes can be generated from these points to have more sp ecific
parametric geometry added in Autodesk Maya. This geometry is taken

from a library of parametric elements where the user can adjust the
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parameters in a manual refinement step through a customised user

interface in Maya created by them .

The approach es from the literature above focused on simple facades, often

just for one face of a building . However the construction of a whole building

is more complex as it is composed of many surfaces which can be
measured but which need to be represented as volumet ric solids for BIM .
To simplify the problem, Manhattan World (MW) assumptions present a

way of doing this. These assumptions are that the predominant geometry

is orthogonally aligned to the three Cartesian axes.

Vanegas et al. (2012) make use of these assumptions in their
reconstruction of building mass models in a two -step reconstruction
process. Firstly a classification step is performed by surface description.
The authors state that a MW can be reduced to four local shape types
which vary by rotation and direction to define their orientation. These four

types are prescribed as wall, edge, corner, and edge corner (i.e. a convex
corner). These elements are organis ed into clusters from which a volume
is extracted. This mass volume is produced by casting rays from a set of
bounding boxes and if the ray intersects an even number of faces then a
mass volume is constructed. However MW by its nature is not able to
detect non-orthogonal geometry which can often be present in buildings

and Vanegas et al. apply it for external construction only

To make a 3D model useful for other professions , intelligence in the form

of semantics and parametric geometry are needed, often in an
interoperable format. Wangetal. (2015) chose to targetthe green building
XML (gbXML) format which is a schema geared towards storing geometry

and environmental performance data for analysis about the efficiency of
assets . In their work the authors extract the exterior walls and roof of a

building using planar region growing from a point cloud decimated to
0.05m point spacing. Both local normal and curvature deviations were
used to controlthe  region growing. A 2D concave h  ull is used to obtain the
boundary of the extracted planes. Then a set of classification rules are

applied to label the components, e.g. a vertical surface is a wall, a non -

vertical surface above and adjacent to an exterior wall is a roof plane. As
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this wo rk was looking towards energy simulation the model needed to be
watertight , therefore any gaps were removed by expanding the surfaces
until they intersect at a common boundary. These labelled surfaces were

then attributed and structured for representation in a gbXML file. Although
correctly categorised, when compared to manual measurements the
automated geometry for the walls varied across their case studies from
1.45 m?2 to over 20m 2 error. These figures are provided as combined error
figures for all wall c  omponents, so the case study scenes with larger total
wall areas produced larger absolute errors, making it difficult to intuit

whet her a gross error in detection or something more systematic is at

fault .

2.4.2.3 Interior Building Geometry from Point Clouds

With t he work in the previous sections (Boulaassal et al., 2010; Pu and
Vosselman, 2006; Vanegas et al., 2012) the main focus has been on
automatically reconstructing the exterior of buildings. However it is the

interior that i s the focus of this thesis  and by only looking at externals no
consideration has to be made on matching surface patches that represent

t wo sides of an el ement for Ot hintesidesncans s 6
be more challenging as  the complexity of the environment and amount of

data for coverage of an area become greater.

As with external geometry Manhatten World (MW) assumptions can also
be applied internally , however the rigidity of definition that it imposes may

lead to inaccuracies with buildings ra rely conforming to this in reality
(Boulch et al.,, 2014) . Budroni and Boehm  (2010) make use of this for
interior reconstruction in their fully automated  algorithm which uses plane
sweeping and half -space modelling. Plane sweeping is a segmentation
technigue that defines a sweeping plane and therefore the normal for the
direction of testing . The plane is then swept in discretised steps , with a
threshold number of points close to the plane set  after which a plane is
deemed to have been found in the data. One of the advantages of this
segmentation method is that it reduces the search space for candidate
planes. The assumptions made are that the floor and ceiling are both

parallel and horizontal with walls being orthogonal and the ground  being
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below the ceiling.  Forthiswork Budroniand Boehm (2010) perform alinear
sweep in Z for the floor and ceiling planes and a rotational sweep on the
remaining data to find the domina nt orthogonal vertical (wall) plane
directions, after which a linear sweep can be carried out. A ground plan is
computed by decomposing the plan into cells and a 3D CAD surface model

generated.

Work that provides a semi -automated modelling process for int erior
reconstruction is by Jung et al. (2014) and followed up by  Hong et al.
(2015) . Jung et al. (2014) uses RANSAC for segmentation of wall planes

in the point cloud. The points found as inliers have an optimised boundary
calculated around each one. This set of 3D boundary line work is then

brought into Autodesk Revit Architecture 2012 as a guide for manu al
modelling of the parametric geometry. Hongetal. (2015) also proposed a
semi -automated framework which created 3D line work , but in this case |,
of the extents of the room space rather than of individual walls. The floor

and ceiling are detected with RANSAC with boundaries calculated. A 2D

floor boundary is modelled that represents a 2D cross section of the room

with orthogonal constraints which is used with the floor and ceiling to

create a 3D wireframe of the building. As with Jung et al. (2014) the 3D
CAD line work is brought into Revit for manual modelling using the
generated wireframe as a guide. The modelling from the wireframe in two

case studies gave an RMS  error of just over 5 cm when compared with

total station measurements

As mentioned in section 2.3.1 solid volumetric representations are now
common in modelling software for storage but as laser scanners can only

measure visible  surfaces , surface based reconstructions have been
common as previously described . To produce volumetric geometry an

approach based on voxels (3D pixels) has been advanced.

An example of using voxels in the reconstruction of the indoor environment

is by Furukawa etal. (2009) . The input data is from photogrammetry and
a point cloud is generated making the reconstruction process relevant

which also relies on MW constraints . In this work, an axis  -aligned voxel

grid is defined over the point data with the resolution controlled by the
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user. The voxels are labelled in a binary form to either interior or exterior.

From this a minimum -volume solution is found to more accurately
represent occluded corners in the data . This approach produces just
voxelised ge ometry of an indoor scene, so that geometry does not
represent a wall feature differently to the floor for example. This would be

the type of intelligence that would need to be extracted to take this forward

for BIM geometry creation. In later work,  Xiao a nd Furukawa (2012) use
multiple stacked 2D cross sections of a point cloud from which the
boundary lines are detected . From the se boundaries a small extruded CSG
section is created and stacked on the previous ones. These are then
merged with a CSG Union command to create a homogeneous 3D CSG
model of the walls. In their case study the interior wall thicknesses were

user defined wi th a global parameter of 0.5m.

The work initially presented in a conference paper by Adan and Huber
(2011) and shown in more detail as part of a longer workflow ina  journal
paper by Xiong et al. (2013) provides the most promising automated
reconstruction results  with the techniques described here , albeit of 3D CAD
surfaces rather than of parametric solids. This r esearch brings together
segmentation and voxelisati on to try and recover BIM geometry for

internal spaces.

In the 2011 work by Adan and Huber , a plane sweeping approach to
segmentation was used with the celling and floor detected through the

modal heights from a histogram of z values. While the projection of x and
y coordinates onto a horizontal plane provides a 2D histogram to extract

wall surfaces. The surfaces are then represented by a set of occupied

voxels bounded by a rectangle. An occlusion labelling step is implemented

in a similar way to  Furukawa etal. (2009) for each scan position which is
then integrated across the scans to build a global set of occluded areas as
well as empty voids which likely represent openings . Adan and Huber make
the important point that although the voxel space is efficient for initially
processing very large datasets, it is memory intensive, with the authors

reporting that they came close to the memory limit of their system  with

5cm voxels.
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The full workflo w from Xiong et al. (2013) involves context -based
modelling to limit the space for possibilities and ensure consistency
between multiple objects and made use of a different segmentation
approach to that of the 2011 work . The presented algorithm uniformly
decimates the point cloud, detects large planar patches through region
growing, classification of the planes with context -based learning a nd a
cleaning stage to intersect patches for boundaries and remove clutter.

Their region growing approach used local normals  thresholded to within
2cm and 45° of the seed. With the planar patches found they are classified

into wall, floor, ceiling and clut ter. This classification is performed with a
machine learning framework that takes into account contextual
information such as parallel ism or orthogonality between patche s. The
learning algorithm is trained on labelled data. Coplanar and adjacent
patches o fthe same class are merged. With the patches classified, detailed

surface modelling is carried out using the method described earlier from

Adan and Huber (2011) . The final reconstructed 3D CAD of the walls was
robust to high levels of occlusion but unfortunately the accuracy of the ir
reconstruction  of the walls is not given. | t is provided for the openings
detected whose absolute error was 5.39cm. Overall their process in both
papers reconstructed just over 1/3 of wall and opening boundaries within

2.5cm of their ground truth but op enings failed to be detected where doors
were closed. However this work was purely used in reconstructing 3D
boundaries and not 3D parametric geometry which would be the next step

in making the work applicable for BIM.

As detailed in the previous section on exterior modelling , procedural r ules
can be represented by grammars to control the reconstruction logic of
building geometry. The use of this technique for indoor reconstruction is

relatively new , especially when done to represent pre -existing geometry
This is due to e arly indoor grammar use coming from virtual environment
research, for example Marson and Musse (2010) who use high level
knowledge to automatically g enerate room layouts for virtual houses given

some room constraints. More recent work has applied grammars to
reconstruction from point cloud measurement data. Boulch et al. (2013)

proposed a method to interpret the semantic information of a 3D model
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with grammars , i.e. what object s the building geometry represented. They
tested this approach on both CAD models and simulated interior and real

exterior point  clouds. However to apply their method to point cloud data

first required a segmentation of the scene into planar clusters with their

grammar approach then providing the object recognition and detection
Overall Boulch et al. (2013) see grammars as simple rules that only
become complex when combined. They see that taking account of natural
structure in the data is imperative in using grammars with real data, as

occlusions of repetitive elements could be more easily recovered.

Becker et al. (2015) presented a hybrid solution whereby an existing
external model of a building is used with point cloud data of the interior to

guide the grammar for the internal layout. In this case the rules are that

the alignment of corridors run with the main axis of t he building and are
connected with the observed point cloud data used to intuit room
configurations. As the authors point out this means that this approach is

limited to horizontal, continuous floors with long hallway systems.

Given the knowledge required to create relevant grammars, Khoshelham

and Diaz -Vilarino (2014) work p resents a way of learning them from a
point cloud scene. Each building storey is found by plane sweeping and

then cuboids are placed and merged until they reach a wall to represent

the room spaces of each floor. This means that the final model is a differe nt
representation to other approaches being an enclosed volume of the rooms

on a floor rather than a model of the building objects (e.g. walls) which

are volumetric voids in this case.

This different approach  to build the space volume of each room where ea ch
surface is a bounding surface canbe createdwiths pace partitioning. Oesau
et al. (2014) partition the point cloud by taking horizontal cross sections

from which lines are fitted. A 2D cell decomposition is performed which is

then stacked to partition the 3D space. The surfaces are extracted by

labelling the cells as empty or filled space and the set of faces between

adjacent labelled cells are constructed for the final model as a surface

mesh.
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A similar approach is presented by Mura et al. (2014) who identify that
their work could be used as part of an interactive modelling solution, as

like the previous work it does not result in parametric geometry of building

objects. Their method ext  racts wall candidates with region growing which

are simplified to an oriented bounding box (OBB). The patch normal and a

minimum size limit are used to remove candidates that are unlikely to
represent walls. 2D line segments are obtained by projecting the wall
candidates into 2D on a horizontal plane, as with Oesauetal. (2014) .From
this a 2D cell complex is made from the line intersection and weighted

accor ding to their likelihood of being walls. Finally 3D polyhedra are
constructed per room by fitting the extracted planes for each room to their

inliers and in turn  intersecting these with the floor and ceiling to create a

labelled boundary representation.

The most recent and promising of the work reviewed here is by Ochmann
etal. (2015) which brings some of the space partitioning  approach above
together with a parametric geometry repre sentation. The first step in their
workflow is to segment the point cloud by room. Initially a coarse
segmentation is performed with the assumption that each room has at

least one scan position within it , therefore all points from scans with high
overlap g et classified together as one room . This is improved by looking at
the neighbouring points with the belief that the majority of the
surroundings of a point are likely to be correctly labelled. In so doing points
that have been measured through openings int o adjoiningrooms  can likely

be correctly reassigned.

Wall plane candidates are found with RANSAC that is constrained with a

vertical angular deviation of +1° and minimum accepted area of 1.5m 2.
These candidates are projected onto a horizontal plane. The key difference

in this work is the use of centrelines of the detected walls as it allows the

room separating walls to be reconstructed. The centrelines of the walls are
generated by finding close parallel lines ( parallelto *1°). These centrelines
are then intersected to create a planar graph which can be labelled by

room. The edges of the graph that separate different labels (i.e. rooms)

are kept. By using the wall surfaces associated with the ce ntrelines the
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wall footprints can be inflated and extruded to the correct height of the

room.

Only a visual comparison is reported to have been carried out with a
manually generated model of one of their test data sets. Location and walll
thickness are repo  rted as good in comparison but with some parts missing

due to rooms not having a dedicated scan inside them. The processing

time appears reasonable with the longest run taking around 8 minutes on

22 million points. However t his was a point cloud from 67 sc ans which

shows the effect of the subsampling reduction that was used, stated asto
2cm spacing.

24.2.4 Research Reviews

With the interdisciplinary nature of the subject a few review papers exist
that aim to summarise the research landscape of utilising point clo uds for
BIM geometry of which four are described here that span the work of this

thesis : Tang et al. (2010) , Hichri et al.  (2013) , Volk et al. (2014) and
PLtr tucean20l&)t. Thelprocess of BIM geometry generation that
th ese papers review to different degrees is illustrated in Figure 2.9

Availability of pre- . Building Stages from
existing model BIM Creation Process RIBA Plan of Work 2013

Strategic Definition
Preparation & Brief
New Building Not Available As Planned BIM from p
Concept Design

Updated Designs

Developed Design
Technical Design

Handover

Updating pre-existing
BIM

Available

Existing Building

Operation
Inc. retrofits

Not Available As Built BIM Creation

Figure 2.9 - BIM model creation process for the RIBA lifecycle stage s (RIBA,
2013) ; diagram after Volk et al. (2014).

The earliest one is by Tang et al. (2010) which reviews the  various

technigues available in academic work that could be applied to automatic
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reconstruction of as built BIM from laser scanning . The paper is an
establishing work referenced by two of the three other review papers
described here and  reviews the state of the art of manual and automating
techniques . Manual in this case is used to mean that human intervention

exists in the modelling, so the state of the art described is more user

guided semi -automation in the form of fitting primitives and cross section

extraction and extrusion. The authors describe the attraction of
automation but state that challenges exist to this , including clutte r,
occlusions and representing complex freeform geometry . Hichri et al.

(2013) does briefly cover fully manual modelling stating that the status
quo of software Ais not sufficient to build

of buildingso.

Where a design model ex ists, Tang et al. (2010) suggest that this can
provide useful a pri  ori guidance information, but this is non -existent for
the majority of existing buildings which adds to the difficulty of the

problem. The distinction between automation , when a design model exists
and when ittocais amalhtlle review papers chose n here, butis

most clearly addressed by PLtr tuce a(01l® twhadplits their review

using this . They see the scenario where a design model exists as providing

good knowledge of shape priors for non -generic object recognition. In

automating the modelling without a prior model, PLtritucea@l®t al

di vide approaches into fAglobal optGlobalsati ono

optimisation involves reasoning the optimal geometric interpretation of the

scene often with the  geometric relationships being implicitly found. This

can be both complex in terms of algorithm design as well as

computationally expensive. Local heuristics on the other hand treat parts

of the scene independently with prior knowledge of relationships used as

rejection criteria for error checking (PLtrtucean e.tOveaall the 2015)
authors observe that the fAmajority of works <co
pl anar surfaces al ong wi t h their relations
approaches as planar features have a high frequency of occurrence in

buildings and reduce the complexity of the task (PLtrtucean et al .,
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Tang et al. (2010) divide the ir review into the main parts an automated

approach would need to cover : knowledge representation (how ge ometry

should be stored) , geometric modelling (how to detect object geometry

from point clouds) , object recognition (how to determine what the

geometry is) , relationship modell ing (defining spatial relationships) and

performance evaluation. In performance evaluation the authors produce

an important contribution in a series of factors with which to interrogate
the test data of the environment, algorithm design and performance. A
summary of these factors is presented in Table 2-2. The paper assumes
certain approaches will be needed so specific factors such as learning
capabilities may be less relevant depending on the designed solution.

Table 2-2 - Interrogation factors proposed by Ta ng et al. (2010) for assessing
automation algorithms and test data.

Algorithm Design Algorithm Performance Test Environment

Extensibility to new
environments
Learning Capabilities
Confidence -level and

uncertainty

1 Degree of 1 Geometric modelling 1 Types of object
automation accuracy present
Input and output 1 Recognition/labelling Level of sensor
assumptions & data accuracy noise
types I Relationship modelling Level of occlusion
Computational accuracy Level of clutter
complexity 1 Level of detail Presence o f moving

objects

Presence of
specular surfaces
Presence of dark

(low -reflectance)

modelling surfaces.
Sparseness of data
Hichri et al. (2013) build their review along similar themes, but with an

eye towards reconstruction of heritage buildings. Their paper categorises

as built BIM reconstruction approaches into four groups:

1. Heuristic approaches that use a segmented scene and prior
knowledge about that scene to create certain rules about the

geometry that may be present e.g. windows are always in walls.
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2. Context approac hes uses the relationship between components to
gain understanding of a scene. A point surrounded by wall points
above floor level but below ceiling level is probably a wall point.

3. Prior knowledge approaches use an already existing model for
fitting or mat  ching to the point cloud.

4. Ontological approaches use a priori knowledge of the environment
and objects from a data source to create a knowledge -based

detection and recognition.

Hichriet al. (2013) summarises this landscape by concluding similarly to
Tangetal. (2010) and Nageletal. (2009) by saying thatthese approaches
are satisfactory for simple planar geometry but for varied shapes ma ny of
these approaches would have to increase in complexity meaning that they

would risk becoming bespoke to the scene being interpreted for
reconstruction. Therefore they conclude that relations and attributes need

to be collected as early as possible in the process at collection and

segmentation.

A comprehensive review of BIM literature as it relates to existing buildings

is provided by Volk et al. (2014) . This review differs from the other reviews

papers here by focusing on existing buildin
buildings is rather neglectedd and they st a
devoted to BIM for existing buildings, especially without pre -existing BIM

and discussing related resedgMVokétalcddB) |.enges,
Howevert heirreview isbroaderoverallasit  begins with a definition of BIM

and the different ways in which the term is used and data capture and

processing for automation is a smaller part of the review work ; atopic that

is covered in Chapter 3 of this thesis. In relation to this the authors make

an important point about the scope with which one can view BIM. They

state BIMcanbeseenf r om ei ther a narrow perspective o
focuses on the digital building model and its creation issues or from a wider

perspective or O0big BIlI M6 which considers the
issues. This scope definition is useful and as st ated in this thesiso

former is the most appropriate lens for the work contained within.
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As part of their conclusions Tang et al. (2010) also produce seven
technology gaps that they feel research should be targeted upon based on

their review. They are reproduced here as follows:

=

modeling of more complex structures tha n simple planes;

2. handling realistic environments with clutter and occlusion;

3. representing models using volumetric primitives rather than
surface representations;

4. developing methods that are easily extensible to new
environments;

5. creating reference testbeds that span the use cases for as - built
BIMS;

6. representing non -ideal geometries that occur in real facilities;

7. and developing quantitative performance measures for tracking

the progress of the field.

(Tang et al., 2010)

Existing work that has shown promising results towards automating the
reconstruction p rocess of geometry include (Jung et al., 2014; Ochmann

et al., 2015; Xiong et al., 2013) , however all but Ochmann et al. do not
result in a parametric object -based model as used in BIM but in a 3D CAD
model that needs to be remodelled manually . This point is made by Volk

etal. (2014) who says that the oOtransformat.i

volumetric, semantically rich entities
(2010) noting that surface -based approaches exist but volumetric
geometry is used by most BIM software. Also e xisting algorithms often

focus on specialist situations to the detriment of full automated building

modelling working in a variety of scenarios , therefore more flexible rules
have been suggested to cope with this (Tang et al.,, 2010) . Nagel et al.
(2009) summarises the complexity of the research area by saying th at the

full automatic reconstruction of building models has been a topic of
research for many groups over the last 25 years with little success to date.
They suggest the problem is with the high reconstruction demands which

are distilled to four issues whi ch correlate strongly to those given by Tang

etal. (2010) and presented here in Table 2-2. These criteria are important
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considerations that should be taken into account when looking towards the

automati c creation of building geometry.

2.5 Measurement and Modelling Standards

With respect to tolerances, Runne et al.

accuracies between building components for different m

in the lifecycle, recreated in

is important to consider as well.

(2001)

includes a table of relative

These accuracies are supported by Sch

odel applications

Table 2-3 and also points out that resolution

erer

(2002) who provides a fuller table of the typical accuracies and clients for
Table 2-4. Both tables show

architectural survey data, reproduced here in

the overall trend of a decreasing need for geometric accuracy towards

mor e building management applications.

Table 2-3 - Accuracy requirements for building geometry; after Runne et al.
(2001)
Appli cation Accuracy (cm)
Space planning 5-20
Building operations on fabric 1-2
Plant management 01 -2
Historic detail reconstruction 01-1
Reverse engineering <0.1
Table 2-4 - Table of typical accuracies and uses for architectural survey
geometry; after Scherer (2002).
o o Architectural
) Building Historic ) o
Recording ) o surveying, as - Facilities
analysis building ]
types ] ] built Management
documentation preservation )
documentation
Accuracy
3mm -1cm lcm-2cm 2cm -5cm 3cm -10cm
range
) o Area
) Precise model Presentation fit o
o Analytical determination,
Characteristics ) of shape for )
recording ) ) rough attribute
required architecture. -~
positions
) ) Special ) Private client , Geometrical
Typical client S Public/general )
scientific ) design or background,
need ) interest ) ) )
interest documentation private client
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Mostly for Planning, Commercial
Visualisation Detailed but
education and background for estate
requirement only for parts ] o
tourism decisions management

These accuracy requirements are similar to the survey requirements set

by the Royal Institution of Chartered Surveyors (RICS) of 2cm accuracy

for building floor plans with a drawing resolution of 10cm (Royal Institution
of Chartered Surveyors, 2010) . However, in a 3D modelling context,
drawing resolut ion now seems less relevant . This is due to the model
existing as a digital entity in its own right at variable scales rather than
having to be reproduced at a defined scale on paper. Given this, in 2014
an updated guidance note was published with accurac y divided into plan
and height with measured building surveys banded between +4 125 mm
depending on job specification (Royal Institution of Chartered Surveyors,
2014) . The accuracy band table from this RICS document is reproduced in

Appendix I T RICS Survey Detail Accuracy Bands

It should be noted that this guidance is survey data specific so its focus is

applicable to the quality of the measurements and less so to the derived

model. Other domain specific guidelin es exist in the UK such as for cultural
heritage (Barber and Mills, 2011; Bryan et al., 2009) , but for the scope of
the work presented in this thesis the RICS qguidelines have been chosen

for survey quality  over other standards , as this work focuses more on the

modelling of contemporary buildings where RICS is more oftenthe relevant
choice .
Before this updated RICS guidance, a UK survey specification

acknowledging a BIM or 3D m odelling context did not exist. Therefore,

survey companies took it upon themselves to create in -house guides for
how they handled the 3D object modelling . The earliest and most
comprehensive of these is by Plowman Craven who free ly released their

specific ation (focused around the parametric building modeller Revit ) and

documenting what they as a company will deliver in terms of the geometric
model (Plowman Craven Limited, 2012) . A precis of the actual document
is provided in  Appendix [1l 7 Plowman Craven BIM Survey Specification

Its main premise is to update the client on the way to specify requirements
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for a measured building survey of an existing asset as an object -oriented

model.

One of the immediate impressions of this document is the number of

caveats that it contains with respect to the geometry and how the model

deviates from reality. This is parti ally due to the reliance on Revit and the
orthogonal design constraints that it encourages . Therefore, representing
unusual deviations that exist in as -built documentation have to be

accounted for in this way, unless very time consuming (and therefore
expensive) bespoke modelling is performed. This experience is borne out

by literature where the tedium of modelling unique components (Rajala
and Penttila, 2006) and the unsuitability of current BIM software to
represent irregular geometry such as walls out of plumb (Larsen et al.,
2011) are recognised. However Plowman Craven, as outlined in their

specification, do make use of the availability of rich semantic detail to add

quality information about deviations from the point ¢ loud to the modelled
elements.
It has been suggested that i n the medium to long term the establishment

of the point cloud as a fundamental data model is likely to happen as
models and the data they are derived from start to exist more extensively

together in a BIM environment. Larsenetal. (2011) is an example of this
view and considers tha tthe increased integration of point clouds into BIM
software makes post processing redundant. However they envisaging that

a surveyor provides a "registered, cleaned and geo -referenced point
cloud". By post processing, Larsen et al. appear to be referring to the
modelling process and see the filtering and interpretation of data to be
obsolete with the point cloud a "mould" that other professions in the
lifecycle can make use of as necessary. The authors also point out that
with building model construction , the accuracy and density of certain
measurements are more crucial than others. For example the corners of
windows require a higher accuracy for placement and density for detail
modelling than large planar objects like walls where coarser point spacing

is more acceptable , assuming depth accuracy is sufficient for placement

(Larsen et al., 2011)
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2.5.1 Quality Checking of Geometry

As the last of the 7 research targets presented by Tang et al. (2010) , a
guantitative way of measuring the reconstruction performance of
algorithms is very useful for tracking progress in the field. All of the work S
presented in the previous sections have relied on data s ets privately
collected for the test ing of their specific approach. Ideally a benchmark

would include both point cloud data and a ground truth model of the
environment that data represents. This is difficult without the point cloud

data being synthesised f rom a 3D model, which can be fairly
unrepresentative of the real data issues. Once a benchmark is established

ways of measuring the difference between the reconstructed and

benchmark geometry would be required.

City modelling provides some approaches to th is geometry comparison.
One approach is to make use of the similarity between objects. Filippovska
et al. (2008) look at ways to quantify the distortions of generalisation on

2D building footprints. Two approaches are presented. The first is the
Hausdorff distance  which is the maximum deviation between one set of

points of the test and those that represent the reference geometry. This

measure is simple to calculate and can be easily identify gross errors as

the distance will be large. The second is a combination of an area ratio
measure between geometry and moment -invariants. The moment -
invariants allow the centroid of the shape to be calculated and compared

to represent any shift in the overall shape. Another city modelling approach

but focusing on 3D buildings is provided by Peter (2009) . This involved
picking comparison faces by type (wall, roof) and removing faces whose

normal vectors oppose. The test face is projected onto the reference and
if they intersect then an area is computed. This along with the mean

distance and mean angle between the test and reference faces are used to

calculate a final consistency value per face.

Deviation analysis is an alternative approach whic h uses the point cloud as
the reference for assessment of generated geometry. Anil et al. (2011b)
advocate this method over discrete total station measurements which by

definition are limited in coverage and may not best represent the important
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geometry errors. Among the desirable properties the authors put forward

to support deviation analysis are the full coverage and the potential for
automation. Minimum Euclidean distance from the point cloud to the

building geometry is used with a surface normal measure to give a signed

deviation. A result of using deviations is that they can provide a clear

vis ualisation of the deviation tend of a geometric surface when coloured

by size of the residual. The limitation of this method on its own is that it

does not easily allow for generalised geometric representations to exist ;
the deviation analysis is assumed t 0 be measuring to the exact same

geometry representation.

2.6 Discussion and Research Questions

By definition a model is a simplified description of a system . Therefore
decisions have to be made about what data is used to abstract a
meaningf ul model. This has been defined to some extent in general terms
by Governments acting as the client to generate a push to industry as
described in Chapter 3. However the detail is unclear especially in relation

to 3D capture of geometry as to the req uired needs and abstraction level
that is acceptable to form a model that is fit for purpose. In the long term
commercial clients have to start specifying this within a BIM process in
collaboration with surveyors . The current landscape  has led to individual
survey companies defining the requirements themselves , as with Plowman

Craven6s own survey .specification

At its core BIM is about collaborative working (PAS 1192 -2:2013) .Whatis
striking is the degree to which this has engendered interdisciplinary
research g oals especially with relation to data storage, geometry capture

and modelling, as all parties want to achieve quicker geometry
reconstruction through automation. This ideal is very close to the initial

concept of parametric design which was always intended as a way of
automating the design process through semantic information and
constraints. Long term it may be hoped that the automation of geometry

collection can feed the parametric automation of design.
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Innovations in mobile mapping are starting to provid e faster acquisition
systems for interiors allowing for efficiencies to be made in geometry
capture for certain scenarios. However due to the complexity and,
therefore the longer time required to create a more detailed model, the

main need is for a more au  tomated process to be cost effective.

Current laser scanning technology easily allows a 'capture all' mentality
thanks to improvements in capture rate and with mobile mapping this
trend will continue into the foreseeable future. This creates a new
paradigm of modelling if and when necessary while the point cloud remains

as a low level of information geometric truth from which geometry can be
federated for different scenarios. Therefore the point cloud remains as a
complex representation with good visuals an d high level of geometric detail

but non -existent level of information overall as it is just ‘dumb' points.

The literature indicates that automation to some degree may aid this but

is only really effective currently with simple geometry or environments tha

have had a bespoke solution created. The academic approaches to
automated geometry are split by the two goals of visual realism and
accurate geometry. In the majority of literature reviewed in this chapter

the former was the more pressing concern. This h as meant there is a
paucity of quality metrics about the performance of these approaches
accuracy of reconstruction. This is exacerbated by the use of privately

collected datasets which cannot be validated against.

A common process emerges from the literat ure of segmentation of
features, simplification of the representation, interpret the simple
representation and lastly build the geometry. The challenge in
segmentation is to reliably find and cluster points of common geometry
together. In the case of build ings , planes have become the popular search
geometry as they predominate in the built environment. RANSAC has
proved the popular choice to enact this due to its simplicity of
implementation and robustness to outliers, although additions have also

been appl ied to enhance its effectiveness.

Page | 76



Background | Chapter 2

The ability to construct vol ume representations is not wide spread and the
field reduces even further for volumetric object -based geometry. Volume
space approaches have been used by some research but their computing

resour ce requirements have been substantial , especially with smaller voxel
sizes as both empty and filled space is stored. Although computing ideas
and power has developed rapidly, data management for processing is still

very much a problem today . However now it is due to exceptional volume
as evidenced by the amount of literature that subsampled point cloud data

before use. Computing workload is a related issue to data volume as the
automating approaches are heavily data driven and the subsampling is
also atime saving measure by reducing the amount of points that need to

be interrogated. If this were not done it could render those techniques less

efficient than manual modelling purely in terms of time taken even if the

end result was as good. However straight su bsampling has drawbacks by
not preserving detail where needed, i.e. in complex areas, which could

affect the reconstruction overall.

Many of the  approaches reviewed have achieved surface based
reconstructions (Adan and Hu ber, 2011; Budroni and Boehm, 2010; Hong

et al., 2015; Jung et al., 2014; Xiong et al., 2013) as surfaces are the
elements measured by laser scanners; with the thickness of objects always

being implied from the  m. The most successful approaches from academia
(and one of the commercial packages) require knowledge of the scan
positions so that points can be attributed to their capture source location.

This is used to make assumptions about line of sight and mitigate
conclusions. The downside of this req uirement is that this assumes the
data is from static terrestrial laser scanning (TLS). Although an instrument

position per point could be resolved for an IMMS it adds more complexity

as the IMMS is always moving , SO the assumptions about the instrument
are not so true in this context. Therefore an approach that handles generic
unstructured point clouds would be more beneficial by sta ying agnostic to

capture type.

There also exist questions around implementation and validation of the

geometry created. Also  with 25 years of research having not achieved full
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automation then semi  -automated approaches as used by the commercial

software tools for Scan to BIM appears to be the favoured approach.

In the UK, the requirements for survey data for BIM are fragmented and
donot consider how the purpose of the model af
reconstruction. With  models becoming ubiquitous from different sources a

method of verification is needed to assess the validity of the models being

produced.
An important feature that is currently missing is the ability to give a quality
measure to the reconstructed BIM components . To formalise the

relationship between the derived geometry in the BIM and the fundamental
measurements in the point cloud derived from various sources is es sential .
A challenge highlighted in Tangetal. (2010) , Aniletal. (2011a) and Klein
etal. (2012) wi t h t he | at tTeRerrequrédaatcuracyof a 3D as -
built geometric model has yet to be defined and varies b etween
applications é 0 This will also allow the result of automation algorithms to

be assessed in the same way as manually derived output and it is hoped

the overall findings can be used to feed into the Governmental Survey4BIM

guidelines that have been un der consider ation in parallel to this work.

Overall the literature review has shown the technological advances in

capture and modelling. The development of various IMMS aims to reduce

capture time in the field of point cloud data. If savings are made here in
collection and the derived models can be produced to the same standard
then they appear a promising addition to the sur
ubiquitous point cloud capture paradigm comes the need for efficient
geometry generation of models from tha t data. Although much of the
literature states what a tedious and subjective process manual model
generation is from point clouds, few actually investigate the survey process

fully . Of the two reviewed that do document the manual process, one is

almost ad ecade old with newer workflows and instruments now available

and the other was a brief study that used existing CAD plans as much as

laser scanning for the modelling. As a result it is time for an update to

review the state of the art manual process in thi s regard.
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The literature also contained many approaches to geometry reconstruction

but they resulted in different geometry types: surface solid and object
based. Some of the literature that used BIM as a motivation did not
construct object based geometry. Also with there being little standardised
modelling requirements, a review is needed to establish what surveyors

should actually provide for BIM and clarify what it means.

Automation has been seen as an important optimisation in geometry
creation for many  purposes. However an ability to verify the success of
automated approaches is currently lacking due to both a dearth of common
datasets as well as appropriate metrics with which to perform the

comparison.

As a result of th ese findings, a set of research question s can be formed
that will look to improve the efficiency of the survey process from point
clouds to BIM geometry  with a way to quantify this , as detailed in the next
section. In seeking to answer these questions it is hoped that many of t he
7 key issues from Tang (2010) documented earlier in section 2.4.2.4 will

be aided as a result.

2.6.1 Research Questions

The overarching research question is:

How to improve the efficiency of the survey process from

point cloud collection to BIM geometry creation ?

This can be broken down into a number of su b-questions that direct the

research as below:

1. Does BIM crea te new challenges for surveyors ? (Chapter s 3 & 4)
2. Do automated methods for capture and geometric modelling of
space - bounding parametric elements provide efficiencies over the

current state of the art workflow? (Chapters 4,5 & 6)
Manifested in three strands:

a) What is the most efficient technique to automate the capture of

and geometric modelling from point cloud s?
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b) How should the detected geometry be represented and stored

in a way to fit with the interoperable paradigm of BIM?

c) Does the nature of the data affect the automation i.e. does a

sparse point cloud achieve performance and derived model

quality goals?
With respect to quality:

3. What are the achievable survey data collection requirements for
the operations stage of the BIM lifec ycle and how can these be
guantified to see whether the BIM geometry fits the accuracy

requirements? (Chapter 6)

When referred to in the text the sub questions are called research

guestions and are stated by their number.

2.7 Chapter Summary

An investigation of the current laser scanning technology found that
improvements in more automated data -driven registration techniques

were making this more efficient.

Indoor mobile mapping systems represent the cutting edge in combined
sensor pla tforms that look to provide the speed increase in capture that
the related van -based mobile mapping systems have provided for city
modelling , but their novelty means little research has been done with

them .

3D modelling has a long history of use from the e arly days of CAD for
design, but the construction of 3D geometry from measured data is more
involved with the user having to make many subjective modelling

decisions about representation along the way.

Automation has been seen as a way to reduce this load and make the

modelling process from measurements faster and more accountable.

Both commercial and academic approaches have been researched with
the former providing user  -assisted methods while the latter have
produced automated methods which on the whole d 0 not produce BIM

compatible object based geometry.
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Survey companies have had to write their own specifications to lay out
how they approach modelling for BIM from point clouds, with RICS

providing survey measurement guidelines without modelling ones.

A set of research questions were posed covering the surveyors role in
BIM, how the collected measurement data could be more optimally

processed and how to quantify the quality of the resulting geometry.
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3 BUILDINGNFORMATION

MODELLING

3.1 Overview

A growing worldwide consensus from governments and the

construction

professions have identified Building Information Modelling (BIM) as a way

to achieve efficiency from the construction industry by providing an

improved way of working

throughout an

asset lifecycle (Bryde etal., 2013;

Wong et al., 2010)

. A simplification of that lifecycle is illustrated in

Figure

3.1 and shows the main fun

ctions in the process.

It is at the centre of this

cycle that the digital asset data resides in the form of a model.
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interested in the role of the surveyor and how BIM affects it, therefore it
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is that professional workflow which will be kept in mind in this chapter.
Due to this, the  technical aspects of BIM are focused upon rather than the

manag ement process as previously mentioned in the scope

BIM is an evolving term that has been interpreted differently
internationally but always focusing around a set of common core concepts.

The acronym initially related to just a central 3D parametric model that
information could be extracted from. However this has developed now into

a broader set of aims whereby the collaborative way of working is as
important as the underlying technology leading to the increasing

substitution of management for modelling.

This simple explanation hide s a lack of clarity as to what BIM means in

practice, what the different levels of BIM imply and how to reconcile the

sometimes contradictory definitions of BIM. The definitions also hide the
complexity of implementing BIM in pra ctice, and in particular in the UK
context where a defined engagement with BIM is expected by 2016 on

Government procured work (Cabinet Office, 2011) ; stylised as level 2 BIM
There is still uncertainty as to how to implement Level 2 and what the
implications are for practitioners and researchers. To understand both the

current status of BIM and its potential going forward both for research and

in practice, a history and context of BIM is required. What challenges was
BIM set up to address? What previous attempts have there been to
address these issues? What implications does the history of BIM

implementation have for surveying moving forwards?

On the surface BIM is the new idea to reshape the industry with an eye to

more efficient processes and integration of technology. However, BIM as a

concept is not that new and as shall be shown by this chapter exists
because of underlying thinking that ha s been developed and put into
practice in manufacturing before it was transferred. Also the term has
flourished and spread internationally and it is now worth posing the
fundamental question 'What is BIM?' to see if the acronym has lost its

meaning or whet her it is applicable as a unifying concept that now

transcends any original definition.
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In trying to answer the main premise of what BIM is, this chapter will

address these issues by firstly considering the history and context
(including the retrofit chal lenge) of BIM in general and how the theory has

been applied in the UK in particular, followed by a current status review of

BIM and finally looking at the current and future challenges for BIM if the

UK requirement for  increasing levels of BIM integration is to be met. It
will outline the research and practical challenges that need to be overcome

for BIM to be practically engaged with by surveyors , and make
recommendations for next steps. In so doing, this chapter addresses the

first research question in 26.1.

3.2 A History of BIM

3.2.1 The Birth of the Term

The creation of Building Information Modelling (BIM) can be attributed
differently depending on whether one wants to refer to the philosophy
behind the three words or if one wants to t alk directly of the term. To

begin, this section will address the latter case of the creation of the term.

I n 2002, Autodesk popularised the term O6Buildin
to a wide audience in a white paper to define their strategy towards the

buil ding industry for their products (Autodesk Building Industry Solutions,
2002) . This was further aided by their acquisition of the parametric
modelling software package Revit in the same year. However i t is
important to note that the creation of this phrase was not an immaculate
conception on Aut ochmedn the bagk afrthe desefopiment

of previous phrasings for research in this area. The thre e words: building
information models first appeared together in English academic literature

as keywords in (van Nederveen and Tolman, 1992) , but were not used in
the text of that paper, where product and aspect model are used instead.

This shows the term was starting to be considered and it existed as a niche

term present in architectural literature th roughout the 1990s , such as in
(Cornick, 1996, p. vii; Gross, 1994)

With the term increasingly in usage , it was aided to establishment by the

design industry analyst Jerry Laiserin, who championed the term to the
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other software vendors as well as the wider industry (Davis, 2003;
Laiserin, 2002a) . Laiserin reasoned that although a new acronym in itself
could not drive change, the BIM term provided interested users and
vendo rs a nomenclature to build a shared understanding on the subject of
integrated process and design that could facilitate change across the
industry (Laiserin, 2002b)

By the start of 2003, two of the major vendors of design software

Graphisoft and Bentley, had replaced their own marketing terms with BIM

to describe the process their tools supp orted (Khemlani, 2003) . This was

more significant in Graphisoftds case as the
the first recognisable design software in the 1980s to perform object -

oriented parametric modelling (ArchiCAD) under their Virtual Building

concept (Ibrahim and Krawczyk, 2003)

3.2.2 Defining BIM

In terms of the philosophy behind BIM, t he answer to the quest.i
is BIM?6 is an evolving one. T h gqusstiomtby s eem
answer at face value. However the emphasis here is on how BIM is defined

and what that means to the parts of the construction process that use it.

BIM is now an ambiguous term that has been defined in various ways

including fAbot holaogyevantde cahnnew wa(Rittard,f wor ki
2012) , ffa conceptual approach to building des
encompasses [ 3D] par a@®adkseiak, 2000 d e thié denirgl O

hub for all information about the fac ility from its i@BMeption
Industry Working Group, 2011) : ffa Bionic Bui (Rdssehand Concept
Elger, 2008) a n d a digital representation of physical and functional

characteristics of a single building 0 (Isikdag and Zlatanova, 2009) . Even

with this perceived variation, the majority of these and other BIM

definitions share a n ethos of the application of current digita | technologies

in a cooperative  manner , however it is important to note the variation in

the naming of the constructed asset; from building to the more generic

facility .
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An early, popular definition in the UK jointly proposed by the Royal
Institute of British Architects (RIBA), the Construction Project Information
Committee (CPIC) and BuildingSMART is:

ABuil di ng | nf or mast[thep rigitsl cedreskntaiion of physical
and functional characteristics of a facility creating a shared knowledge
resource for information about it forming a reliable basis for decisions

during its life cycle, from earliest conception to demolition. 0 (Smith,
2011)

This is an evolution of the US National BIM Standards Committee definition

and was formulated as a response to the perceived dilution of the term

and general confusion over what BIM represented (Snook, 2011) . However
there is still variability in how the acronym is formed and due to this it is
unsurprising thatits  definition can vary or seem opaque even to those who

are keen advocates of the subject.

By decomposing the acronym a meaning can be found . However even in
this simple task there is variability in interpretation. Building has been
taken as a noun, to align it to the actual object, and as a verb, for

communities who find the noun too restrictive for their industry e.g. for

infrastructure where not all construction is of buildings (Institution of Civil
Engineers, 2012) . Information is the constant of the term as this is
ultimately what all the stakeholders want to derive from the process. The
6M6 has the most variation. Modelling
has either morphed or been augmented with management as in (BIM
Industry Working Group, 2011, p. 90; Institution of Ci vil Engineers, 2012;

PAS 1192 -2:2013; Richards, 2010)

Although BIM emerged from the technological process of product data

models it has also  become linked with business process; so not just how

work is done but the way in which the organisation is stru ctured around
the work process.  Where this is the case and the organisation is the focus

rat her t han the wor k, the O6M6 in BIM
than Modelling as shown by the references mentioned in the above
paragraph. However this distincti on should be clearer as one of the main

benefits of applying an enterprise architecture framework in the form of

Page | 86

usual

i s the

y

ma i

me



Building Information Modelling | Chapter 3

modelling is the clear division between business functions and

implementation, allowing change in one to be reflected in the other

(Jardim -Goncalves et al., 2006; Lankhorst, 2009, p. 29) . The BIM Task
Group emphasises this in its definition of B
value creating collaboration through the entire life  -cycle of an asset,

underpinned by the creation, collation and exchange of shared 3D models
and intelligent, structur ed BliMMaTask Geupf ac hed
2013b) .

BuildingSMART and other software partners have added to this term

confusion by creating a further distinction of BIM called Open BIM. This is

an additional marketing term developed to brand a non - proprietary
approach to BIM with a workflow founded on open standards and
workflows  (BuildingSMART International, 2012a) . This augmentation

seems unn ecessary given the aim of BIM is for a shared knowledge
resource, something that would be much harder to achieve with

proprietary technology.

As a result of this variation, in the UK it has been argued by the Chief

Construction Adviser to the Government t hat the constituent words of the

BI'M acronym no | onger matter, with the acror
beneficial as it means fAmany t hi n@oske,t 0 man)
2012) .

In the long term, Integrated Project Delivery (IPD) has been suggested as

the natural successor  for naming the process  ratherthan BIM as it conveys
the long term vision of combining technology, process and policy (Succar,
200 9) . However it remains to be seen whether this or other terms will

evolve the mass appeal to become a more popular term of use that might

supplant the BIM name .

Given these variations described in this section the definition of BIM chosen

for this thesis is the following succinct formulation  from the UK Publically
Accessible Standards (PAS) on the BIM lifecycle and described in section
3.25: i [ tprbcegs of designing, constructing or operating a building or

infrastructure  asset using electronic object  -oriented information 0 (PAS
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1192 -2:2013) . This definition, as well as being standardised, combines the
lifecycle management process with the object oriented informati on at its

core in a clear, concise way.

Although this describes the establishment of the term, it does not provide
much detail as to what is involved for  BIM. In outlining the history of BIM
then mention must be made of the developments in Computer Aided
Design (CAD) and product modelling that form such an intrinsic part of the
lineage of BIM. Therefore the next section will explore the development of

these areas and how they formulated into what is now called BIM.

3.2.3 The Evolution to BIM

Most directly BIM owe s its object oriented information modelling
formulation to the product modelling ideas developed for manufacturing
engineering and therefore shares many of its perceived opportunities and
challenges. Product modelling was developed as a reaction to demand for
higher quality and lower cost manufactured products produced in a shorter

time against a backdrop of increasing computerisation (Krause et al.,
1993) . Product modelling is the natural evolution of some of the ideals set

out in the MIT technical reports on early CAD development around 1960.

These ideals inc luded the concepts of the geometric drawing being refined

and guided by computed constraints and simulation analysis (Coons, 1963;

Ross and Coons, 1968)

The initial concepts of product modelling were developed across the late

1980s with the rise of Computer Integrated Manufacture (CIM) and

advanced computer methods that could add significant information to

geometry workflows, such as computer simulation, to supplement the

lifecycle theory that had been in use since the 1970s (Krause et al., 1993)

Product modelling is a central part of product development in

manufacturing and serves as a repository of all data about a product to

serve various activities in the products | ifecyc
ofinfor mat i ond t h a(Baxteretials 1984 . A definition which bears

a strong similarity with the BIM definitions described earlier in this chapter.
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To service this process, development was started in 1984 by the
International Organisation for Standardisation (ISO) on a data format to

store the product model data and implicit connections (Bloor, 1991) . This
format was called the Standard for the Exchange of Product Model Data or

STEP and became a full ISO standard in 1994 as ISO 10303. One of the

key components of STEP was the use of a comp lementary data definition
language called EXPRESS to describe data and its constraints (BS 1SO
10303 -1:1994) . This allowed the storage of object -oriented data  so that
models were no longer made up of just CAD geometry but of objects that

had both geometric and semantic definitions. By the end of the 1980s

interest had grown in applying product models to buildings, however data
exchange and lack of  dedicated software were issues, with early research
building their own systems, including the Finnish RATAS which is described

later in section 3.2.4 (Ito et al., 1989)

Also in the United States in 1994, Autodesk brought together a cross
industry panel of 12 companies to review the best methods to implement
C++ classes to provide a means of integrated application development to

supplement their existing software (Eastman et al., 2011, p. 113)

This group later called itself th e Industry  Alliance for Interoperability (IAl)
and by 1997 had its focus set on product models for the Architecture,
Engineering & Construction (AEC) industry. By taking STEP as a guide, the

IAl used the EXPRESS schemata to develop an interoperable format for
information about buildings. This format was called the Industry
Foundation Class (IFC) and is still being actively developed as a recognised
standard: 1SO 16739 (BuildingSMART International, 2012b) . With this
involvement in the AEC lifecycle and perceived difficulty in the group's long

name, in 2005 the IAl renamed itself BuildingSMART to help better

promote its activities.

3.2.3.1 Industry Foundation Classes (IFC)

The IFC specification provides a data model for built asset information

re presented as either an Express or XML schema. The IFCis  object model
based th us meaning that a building element is not stored as just lines but

as an object with relations and attributes; geometry and semantics
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together. An example of a full IFC file that uses Express can be seen in
Appendix [V T IFC File with explanatory snippets from that source used

later in this section.

IFC was intended to be a high -level model that existed above software

implementations in an effort to safeguard its accessibility and longevity.

Therefore it is a useful standard where it p rovi des i a generic
implementation -independent data model along which APIs can, and have

been, designed to implement the data model in different application

environments and pr ogr guaaksorarg Kivireemig201®2)g e s 0

Currently for IFC4 the data model is composed of four layers, where each

layer can only refer to entities on the same or lower layer (Clemen and
Grund ig, 2006) as illustrated in  Figure 3.2. The Core layer declares
abstract concepts such as object, group and relationship which are
specialised by the Resource layer with entity types such as geometry and
topology. The Domain layer contains final specifications of entities that are

not allowed to reference other domains with each profession having its

own nomenclature.

Page | 90



Building Information Modelling | Chapter

3

Figure 3.2 1 IFC4 Data Schema. Layers: Core i Dark Blue, Shared T Light Blue
Rectangles, Domain - Circles, Resource - Octagons . Reproduced from
(BuildingSMART International, 2013)

An IFC file is composed of a number of structures which are described here
with an IFC file using the EXPRESS schema of one wall as an example. The
format of this example follo ws that provided by BuildihngSMART

International (2014) to define a wall

ISO-10303- 21;

HEADER;

FILE_DESCRIPTION(('ViewDef inition [CoordinationView]'),'2;1";
FILE_NAME('Project Number','”2015 - 11-24T20:40:19',('Architect’),("),
"The EXPRESS Data Manager Version 5.02.0100.07 : 28 Aug
2013','20150714_1515(x64) - Exporter 16.0.490.0 - Default UI',");
FILE_SCHEMA((IFC2X3Y));

ENDSEC;

Figure 3.3 - IFC file header from an IFC exported from Autodesk Revit

The header in  Figure 3.3 contains metadata about the file, such as the

schema used, time created and software exporter used. After the header,
the data section begins as below in Figure 3.4 with each line having a
referring number or key at the beginning . Most of these early values in the

data section establish fundamental global properties such as units as well
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