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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 whole 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 enhanced decision 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 geometry 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 real 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 point 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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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 

exist to serve a large 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 therefore 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 

improve 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 to 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 is the “process of designing, constructing 

or operating a building or infrastructure asset using electronic object-

oriented information” (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 design through construction to operation 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: 

 New – 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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 Existing – 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 – assets that are completely documented digitally 

in 2D or 3D CAD throughout with data known to be up-to-

date. 

o Legacy – 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. 

o Historic – 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 least 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 

contributor of CO2 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 implies that a large collection of buildings will need 

making more environmentally efficient if the Government is to reach its 

sustainability targets of a 50% reduction in greenhouse gas emissions in 

the built environment by 2025 (HM Government, 2013). 

Another salient driver for BIM is the UK government’s target to centrally 

procure all construction projects using "fully collaborative 3D BIM (with all 
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project and asset information, documentation and data being electronic) 

as a minimum by 2016" (Cabinet Office, 2011); a level of development 

also referred to as Level 2 BIM. Given this all professions 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 scanning 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, the 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 in 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: the geometry creation from point clouds. 

This area is considered a bottleneck in the BIM process for existing assets 

(Rajala and Penttilä, 2006; Tang 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 tasks 

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 Objectives 

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 documents encouraging laser 

scanning as the capture technology of choice as will be seen in the more 

detailed investigation of BIM in Chapter 3. 

As a result of this, 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 to the increase in capture and modelling that a 

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 

the greatest part of a building’s function happens and therefore is 

important for accurate documentation in a BIM process.  

In the UK, the requirements for survey data for BIM are sparse and don’t 

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 formulated 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 

requirements?  

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 questions 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 answering 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 creation 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 this, 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 emphasis 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 

investigation 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 to 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 software 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 preponderance 

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 their 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 assessment 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 underpin 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 limitations.  

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 surveyor’s view and 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: walls, 

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

structural framework into which other building objects are placed. BIM can 

be seen from either a narrow perspective or ‘little BIM’ which focuses on 

the digital building model and its creation issues or from a wider 

perspective or ‘big BIM’ which considers the functional and organisational 

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 

focuses on the technological rather than the managerial aspects of the BIM 

workflow as a result. 

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 this 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 difficulties 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 discussion 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.  

 

Figure 1.1 – Knowledge Space Diagram representing on each axis 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 facilities 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 sources 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 surveyor’s goal of a virtual geometric representation of a building and 

is covered in Chapter 2. As such Chapter 2 does this 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 is important to gain an understanding of what 

BIM itself is and how it relates to surveyors, as regional variations in 

interpretation and different professional interests can affect the terms of 

reference. This topic is covered in Chapter 3 as a contribution by the author 

of a history of BIM and how its development 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 lessons 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 data capture improvements in Chapter 5 investigates 

cutting-edge mobile systems and 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 for 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 contributions 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. A review 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 benchmark 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 reconstruction 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 with BIM 

based on the work of this thesis. 

1.5.1 Publications 

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

course of this PhD. (Backes et al., 2014; BIM Task Group, 2013a; Boyes 

et al., 2015; Thomson et al., 2013; Thomson and Boehm, 2015, 2014) 
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Journal:  

 Thomson C., Boehm J., 2015, Automatic Geometry Generation 

from Point Clouds for BIM, Remote Sensing, 7(9), 11753-

11775.  

Conference: 

 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., Boehm J., 2014, Indoor Modelling Benchmark for 

3D Geometry Extraction, ISPRS Technical 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] 

 Backes D., Thomson C., Malki-Epshtein L., Boehm J., 2014, 

Chadwick GreenBIM: Advancing Operational Understanding 

of Historical Buildings with BIM to Support Sustainable Use, 

Building Simulation & Optimization Conference (BSO14), London, 

UK, 23 Jun 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.  

 Thomson, C., Apostolopoulos, G., Backes, D., and Boehm, J., 

2013, Mobile Laser Scanning for Indoor Modelling, ISPRS 

Ann. Photogramm. Remote Sens. Spatial Inf. Sci., II-5/W2, 289-

293. [& Poster] 

Industry Guidance: 

 BIM Task Group, 2013. Client Guide to 3D Scanning and Data 

Capture. London, UK. 



Chapter 2 | Background 

 

 

Page | 32 
 

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 required 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 chapter 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 which 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 are 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 includes 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 – 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 Geomatic 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 

et al., 2008). Hamil (2011) indirectly supports this view through the idea 

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

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

from scratch: 

“I've heard it said that 'if a building is worth building it's worth building 

twice, once digitally during the design process and then again physically 

during the construction process'. 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, and provide 

a true digital record of the building.” (Hamil, 2011) 
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2.2.1 Terrestrial Laser Scanning 

Laser technology was developed in the 1960s and was first used for 

measurement in 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 to measure using 

traditional survey methods (Booth, 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 Böhler 

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

for 3D scanning instruments given the variation in technical operation 

(Böhler and Marbs, 2002). Instead they considered definition by the result 

that these instruments produce: 

“… a 3D scanner is any device that collects 3D coordinates of a given 

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.” 

(Böhler and Marbs, 2002, p. 9) 

Laser scanners are usually sub-divided into three application areas; aerial, 

terrestrial and close-range. Each has a different range 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 Scanning (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. 

2.2.1.1 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 Cartesian 

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 phase 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. However 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 (Böhler and 

Marbs, 2002). 

 

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 have to wait for the return for each point before 

continuing. Phase scanners usually have 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 

Several elements have a bearing on the performance of laser scanning 

instruments, with the 2003 paper ‘Investigating Laser Scanner Accuracy’ 

being a much referenced work (e.g. (Lichti and Jamtsho, 2006; Mechelke 

et al., 2007; Zogg, 2008)) on this subject due to its early testing of a range 

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

describes the following six properties that have an influence: 

 Angular accuracy – affected by the deflecting device (mirror, 

prism). Any errors in the device will cause errors perpendicular to 

the propagation direction. 

 Range accuracy – depends on the technology used (phase, pulsed, 

triangulation). Systematic scale errors can be identified simply but 

systematic range errors vary depending on the surface.  

 Resolution – defined by the angular increment and spot size of the 

scanner.  

 Edge effects – where the beam is split at the edge of an object 

causing confusion in where the point should be placed. Often this 

leads to the 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. 

 Surface Reflectivity – 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.  

 Environmental Conditions – including temperature, 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 objects 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 point cloud 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 achieved from this data. However it is just a 

set of many measurement points that represents the geometry of an 

environment well 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 traditional 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 setups 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 fixed) (Lichti and Skaloud, 2010). This estimation can be 

achieved through a number of methods as outlined below either used in 

isolation or combined: target based, sensor based or data driven 

approaches (Pfeifer and Böhm, 2008). If the scanner is correctly levelled 

and its position known, e.g. surveyed 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 positions 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; either 

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 Böhm, 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, features can be 

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 leading 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:  

 Manually whereby the user picks common points across all scans 

 Semi-automatically whereby the user defines the search area for 

the detection algorithm 
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 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 simplify 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 that can be 

used to gain a position (Schuhmacher and Böhm, 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 Böhm, 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 

meaning 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 providing 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 computer 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 Cheeseman, 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 previous location can be calculated. The environment can be 

unknown or known and guided with an existing geometric model of the 

space (Nüchter 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 the location solution. 

This fact tied to the availability of relatively cheap laser range profilers 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 theoretically 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 the 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 system is the i-MMS from Viametris (Figure 2.5) which incorporates 

three laser line scanners and spherical camera (Viametris, 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 was 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 is with a SLAM solution that recovers all six degrees of freedom 

(three translations, three rotations) often referred to as 6DOF (Nüchter et 

al., 2007). Vosselman (2014) simulated a system similar in setup to the i-

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 example 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 line scanner and IMU attached however there are differences in 

their size. The ZEB1 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 helical mode and mounted onto 

a stabilised harness to distribute the 20kg weight. Ryding et al. (2015) 

have performed recent research that highlights the significant capture 

speed increase of the ZEB1 system in particular over static methods in a 

natural environment 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 rapid 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 this 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 

Combining traditional 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 print, with the resulting geometry engines still underlying many 

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

2D has been the primary 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 the 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 process at the time (Eastman et al., 2011, p. 37). 

3D modelling really began in earnest in the early 1970s with the 

development by three separate groups of a 3D representation called Solid 

Modelling (G. Requicha and Voelcker, 1983). Solid modelling is a type of 

volumetric 3D representation where parts have thickness or mass and 
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therefore implicitly have a closed boundary as opposed to surface 

modelling where the 3D form is composed of separate thin faces that are 

not necessarily closed. Two competing types of solid model emerged from 

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

(CSG). 

 

Figure 2.6 - CSG and B-rep example representations for a combined shape; after 

(G. Requicha and Voelcker, 1983). 

The former represented shapes with 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 combining 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 modelling 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 

constrained to be a defined distance apart. 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 information 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 measurement 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 
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need to reduce time and therefore cost and make scanning a more 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 ‘physical’ AEC research where the model is leveraged on 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 entity that may not exist in reality (Mortenson, 1997, pp. 

2–3). 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 being time-consuming, tedious, subjective and requiring skill (Larsen et 

al., 2011; Rajala and Penttilä, 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 data, for 

example in (Day, 2012a; Spar Point Group, 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 process of taking terrestrial scan data and using it for 3D 

modelling is documented in a few pieces of research concentrating on the 

external building envelope and on the capture of the internals of a 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 extraction 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 then 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 attached 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 

geometry 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 Penttilä (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. Rajala and Penttilä (2006) provided an early 

study of the workflow 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 the 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 ‘proxy graphics’ rather than as objects. One of the key 

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 acceptable 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 

model in Revit. As this research comes largely from Autodesk’s own 

research department the paper needs to be seen in the wider scope of 

emphasising Autodesk’s software capability. That said it does mirror the 

challenges found by Rajala and Penttilä, such as 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 present 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 tolerance as shown in section 2.5 by Runne et al. (2001) and 

depends on what the 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 academic spheres of 

research have investigated 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 commercial 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 first is 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 ceiling 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 from this set of surfaces. Once found, this 

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

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 – A comparison of prominent commercial automated geometry 

creation software. Leica software summary from referenced datasheet, 
Arithmetica, ImaginIT and ClearEdge 3D from software usage. 

 

Leica  

Cloudworx for 

Revit (Leica 

Geosystems, 

2014) 

ImaginIT  

Scan-to-

BIM 

ClearEdge 3D 

Edgewise 

Building 

Arithmetrica 

Pointfuse 

Automation 

(user input) 

Semi-

Automated pipe 

fitting only 

Semi-

Automated 

walls and 

pipes 

Automated 

walls 

Automated 

surfaces 

Requires 

Revit? 

Yes (but CAD 

versions exist) 
Yes Yes No 

Object-

based 

parametric 

geometry 

produced? 

Yes 

For pipes but 

really only acts 

as point cloud 

viewer for 

Cyclone data as 

a guide for 

modelling. 

Yes 

As uses 

Revit family 

elements for 

fitted 

geometry. 

Yes 

As elements 

detected in 

Edgewise are 

generated into 

Revit geometry 

in an RVT file 

export step. 

No 

Produces 3D 

polygons/ 

surfaces that 

can be used as 

a guide for 

further 

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 from 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 algorithms 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 plugin 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. 

Autodesk 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 Revit. 
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Figure 2.8 – 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 modelling 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 interpretation 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 façade 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 model 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 buildings 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 then lead on to model construction. With more 

advanced automation workflows these areas are combined into a multi-

stage method for geometry reconstruction.  

2.4.2.1 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 

building elements through segmentation. Segmentation of range 

measurement data is a long established method (initially from computer 

vision for image processing) for classifying data with the same 

characteristics together. An overview is given by Hoover et al. (1996) who 

brought together 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 Sareen et al. (2011) as developing an algorithm that can 

handle a broad range of geometries and selecting a reliable measure of 

points that belong to the same cluster.  

Along with these 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 successfully 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 

geometric 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 that the 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 three 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 et al. (2007) proposed an 

extension to RANSAC for use in point cloud shape detection which took 

account of the deviation of the points normals in relation to the candidate 
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shape’s surface normals. They also constrain 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 region as a criterion.  

In their work, Nurunnabi et al. (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 solution 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 

of a kitchen (e.g. cupboards) using RMSAC (Random M-estimator Sampling 

Consensus) which is an alternative extension to RANSAC that scores the 

inliers by squared distance. Also this work, like Schnabel et al. (2007), 

adds a surface normal constraint for optimisation. The authors 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 and 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 (2006) made use of surface region growing segmentation 

for categorising points from building façades into regions with planar 

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

feature constraints or recognition rules (such as size, position, direction) 

and assumed all building elements to be planar; a simple constraint that 

is broadly true for façades. 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. This 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 

techniques such as procedural modelling and grammars, i.e. algorithms 

and rules to generate the model (Müller et al., 2006). This rule-based 

approach to automating the modelling 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 and McCabe 

(2006) presents this approach. Grammars are advocated for building 

geometry creation due to: each production rule being 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 et al., 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 the grammars are learnt from the data (Becker et al., 

2015). Grammars for indoor modelling are fairly new (Becker et al., 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 represent edge points. From this 

bounding boxes can be generated from these points to have more specific 

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 approaches from the literature above focused on simple façades, 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 volumetric 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 organised 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. Wang et al. (2015) chose to target the 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 control the region growing. A 2D concave hull 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 work 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 m2 to over 20m2 error. These figures are provided as combined error 

figures for all wall components, so the case study scenes with larger total 

wall areas produced larger absolute errors, making it difficult to intuit 

whether a gross error in detection or something more systematic is at 

fault. 

2.4.2.3 Interior Building Geometry from Point Clouds 

With the 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 is the focus of this thesis and by only looking at externals no 

consideration has to be made on matching surface patches that represent 

two sides of an element for ‘thickness’ e.g. an internal wall. Interiors can 

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 rarely 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 

technique 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. For this work Budroni and Boehm (2010) perform a linear 

sweep in Z for the floor and ceiling planes and a rotational sweep on the 

remaining data to find the dominant 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 interior 

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 manual 

modelling of the parametric geometry. Hong et al. (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 et al. (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 geometry 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 and Furukawa (2012) use 

multiple stacked 2D cross sections of a point cloud from which the 

boundary lines are detected. From these 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 with 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 in a 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 research brings together 

segmentation and voxelisation 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 et al. (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 workflow 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 and 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 clutter. This classification is performed with a 

machine learning framework that takes into account contextual 

information such as parallelism or orthogonality between patches. The 

learning algorithm is trained on labelled data. Coplanar and adjacent 

patches of the 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 their 

reconstruction of the walls is not given. It 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 openings 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 rules 

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 early indoor grammar use coming from virtual environment 

research, for example Marson and Musse (2010) who use high level 

knowledge to automatically generate 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 objects 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 the 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 Díaz-Vilariño (2014) work presents 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 different 

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 each 

surface is a bounding surface can be created with space 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 extracts 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 Oesau et al. (2014). From 

this a 2D cell complex is made from the line intersection and weighted 

according 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 

et al. (2015) which brings some of the space partitioning approach above 

together with a parametric geometry representation. 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 get 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 into adjoining rooms 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 1.5m2. 

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 (parallel to ±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 centrelines 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 wall 

thickness are reported 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 this was a point cloud from 67 scans which 

shows the effect of the subsampling reduction that was used, stated as to 

2cm spacing. 

2.4.2.4 Research Reviews 

With the interdisciplinary nature of the subject a few review papers exist 

that aim to summarise the research landscape of utilising point clouds 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 

Pătrăucean et al. (2015). The process of BIM geometry generation that 

these papers review to different degrees is illustrated in Figure 2.9 

 

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

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

techniques 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 clutter, 

occlusions and representing complex freeform geometry. Hichri et al. 

(2013) does briefly cover fully manual modelling stating that the status 

quo of software “is not sufficient to build an efficient digital representation 

of buildings”. 

Where a design model exists, Tang et al. (2010) suggest that this can 

provide useful a priori 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 it doesn’t, occurs in all the review papers chosen here, but is 

most clearly addressed by Pătrăucean et al. (2015) who splits 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, Pătrăucean et al. (2015) 

divide approaches into “global optimisation” and “local heuristics”. Global 

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 (Pătrăucean et al., 2015). Overall the 

authors observe that the “majority of works concentrate on modelling 

planar surfaces along with their relationships” using local heuristics 

approaches as planar features have a high frequency of occurrence in 

buildings and reduce the complexity of the task (Pătrăucean et al., 2015). 
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Tang et al. (2010) divide their review into the main parts an automated 

approach would need to cover: knowledge representation (how geometry 

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

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

geometry is), relationship modelling (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 Tang et al. (2010) for assessing 
automation algorithms and test data. 

Algorithm Design Algorithm Performance Test Environment 

 Degree of 

automation 

 Input and output 

assumptions & data 

types 

 Computational 

complexity 

 Extensibility to new 

environments 

 Learning Capabilities 

 Confidence-level and 

uncertainty 

modelling 

 Geometric modelling 

accuracy 

 Recognition/labelling 

accuracy 

 Relationship modelling 

accuracy 

 Level of detail 

 Types of object 

present 

 Level of sensor 

noise 

 Level of occlusion 

 Level of clutter 

 Presence of moving 

objects 

 Presence of 

specular surfaces 

 Presence of dark 

(low-reflectance) 

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 approaches 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 matching 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. 

Hichri et al. (2013) summarises this landscape by concluding similarly to 

Tang et al. (2010) and Nagel et al. (2009) by saying that these approaches 

are satisfactory for simple planar geometry but for varied shapes many 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 buildings as “BIM usage in existing 

buildings is rather neglected” and they state that “publications explicitly 

devoted to BIM for existing buildings, especially without pre-existing BIM 

and discussing related research challenges, are rare” (Volk et al., 2014). 

However their review is broader overall as it 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; a topic 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 BIM can be seen from either a narrow perspective or ‘little BIM’ which 

focuses on the digital building model and its creation issues or from a wider 

perspective or ‘big BIM’ which considers the functional and organisational 

issues. This scope definition is useful and as stated in this thesis’ scope the 

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: 

1. modeling of more complex structures than 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 process 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 

et al. (2014) who says that the ”transformations of surface models into 

volumetric, semantically rich entities are in their infancy” with Tang et al. 

(2010) noting that surface-based approaches exist but volumetric 

geometry is used by most BIM software. Also existing 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 that 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 which correlate strongly to those given by Tang 

et al. (2010) and presented here in Table 2-2. These criteria are important 



Background | Chapter 2 

 

 

Page | 71  
 

considerations that should be taken into account when looking towards the 

automatic creation of building geometry.  

2.5 Measurement and Modelling Standards 

With respect to tolerances, Runne et al. (2001) includes a table of relative 

accuracies between building components for different model applications 

in the lifecycle, recreated in Table 2-3 and also points out that resolution 

is important to consider as well. These accuracies are supported by Scherer 

(2002) who provides a fuller table of the typical accuracies and clients for 

architectural survey data, reproduced here in Table 2-4. Both tables show 

the overall trend of a decreasing need for geometric accuracy towards 

more building management applications.  

Table 2-3 - Accuracy requirements for building geometry; after Runne et al. 
(2001). 

Application Accuracy (cm) 

Space planning 5 - 20 

Building operations on fabric 1 - 2 

Plant management 0.1 - 2 

Historic detail reconstruction 0.1 - 1 

Reverse engineering < 0.1 

 

Table 2-4 - Table of typical accuracies and uses for architectural survey 
geometry; after Scherer (2002). 

Recording 

types 

Building 

analysis 

documentation 

Historic 

building 

preservation 

Architectural 

surveying, as-

built 

documentation 

Facilities 

Management 

Accuracy 

range 
3mm-1cm 1cm-2cm 2cm-5cm 3cm-10cm 

Characteristics 
Analytical 

recording 

Precise model 

of shape 

required 

Presentation fit 

for 

architecture. 

Area 

determination, 

rough attribute 

positions 

Typical client 

need 

Special 

scientific 

interest 

Public/general 

interest 

Private client, 

design or 

documentation 

Geometrical 

background, 

private client 
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Visualisation 

requirement 

Detailed but 

only for parts. 

Mostly for 

education and 

tourism 

Planning, 

background for 

decisions 

Commercial 

estate 

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 resolution 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 accuracy divided into plan 

and height with measured building surveys banded between ±4–25 mm 

depending on job specification (Royal Institution of Chartered Surveyors, 

2014). The accuracy band table from this RICS document is reproduced in 

Appendix II – 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 guidelines 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 guidelines have been chosen 

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

modelling of contemporary buildings where RICS is more often the relevant 

choice. 

Before this updated RICS guidance, a UK survey specification 

acknowledging a BIM or 3D modelling 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 freely released their 

specification (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 III – 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 partially 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 Penttilä, 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 cloud to the modelled 

elements.  

It has been suggested that in 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. Larsen et al. (2011) is an example of this 

view and considers that the 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 

quantitative way of measuring the reconstruction performance of 

algorithms is very useful for tracking progress in the field. All of the works 

presented in the previous sections have relied on data sets privately 

collected for the testing 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 from 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 this 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 which 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 

visualisation 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 to 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 

meaningful 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 required 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 

Craven’s own survey specification. 

At its core BIM is about collaborative working (PAS 1192-2:2013). What is 

striking is the degree to which this has engendered interdisciplinary 

research goals 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 provide 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 automated 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 and 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 that 

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 has 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 literature 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 buildings, 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 applied to enhance its effectiveness.  
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The ability to construct volume representations is not widespread and the 

field reduces even further for volumetric object-based geometry. Volume 

space approaches have been used by some research but their computing 

resource 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 a time 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 subsampling 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 Huber, 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 them. 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 requirement 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 staying 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 



Chapter 2 | Background 

 

 

Page | 78 
 

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 

don’t consider how the purpose of the model affects the capture and 

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 essential. 

A challenge highlighted in Tang et al. (2010), Anil et al. (2011a) and Klein 

et al. (2012) with the latter stating: “The required accuracy of a 3D as-

built geometric model has yet to be defined and varies between 

applications…”. 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 under consideration 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 surveyor’s toolset. With this 

ubiquitous point cloud capture paradigm comes the need for efficient 

geometry generation of models from that 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 a decade 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 this 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 these findings, a set of research questions 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 the 

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 sub-questions that direct the 

research as below: 

1. Does BIM create new challenges for surveyors? (Chapters 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 clouds? 
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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 lifecycle and how can these be 

quantified to see whether the BIM geometry fits the accuracy 

requirements? (Chapter 6) 

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

questions 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 platforms 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 early 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 do not produce BIM 

compatible object based geometry. 



Background | Chapter 2 

 

 

Page | 81  
 

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 BUILDING INFORMATION 

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 et al., 2013; 

Wong et al., 2010). A simplification of that lifecycle is illustrated in Figure 

3.1 and shows the main functions in the process. It is at the centre of this 

cycle that the digital asset data resides in the form of a model. 

 

Figure 3.1 - Basic representation of a building lifecycle; after (Watson, 2011). 

The effects of BIM on individual profession’s workflows vary. This thesis is 

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 

management 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 hides 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 practice, 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 has 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 whether 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 challenge) 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 2.6.1.  

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 talk directly of the term. To 

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

In 2002, Autodesk popularised the term ‘Building Information Modelling’ 

to a wide audience in a white paper to define their strategy towards the 

building 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 it is 

important to note that the creation of this phrase was not an immaculate 

conception on Autodesk’s part and came on the back of the development 

of previous phrasings for research in this area. The three 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 throughout 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 

vendors 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 supported (Khemlani, 2003). This was 

more significant in Graphisoft’s case as they are recognised as producing 

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, the answer to the question ‘What 

is BIM?’ is an evolving one. This may seem a simple enough question to 

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 “both a new technology and a new way of working” (Pittard, 

2012), “a conceptual approach to building design and construction that 

encompasses [3D] parametric modelling” (Sacks et al., 2010), “the central 

hub for all information about the facility from its inception onward” (BIM 

Industry Working Group, 2011), “a Bionic Building Concept” (Russell and 

Elger, 2008) and “a digital representation of physical and functional 

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

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

definitions share an ethos of the application of current digital 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. 



Chapter 3 | Building Information Modelling 

 

 

Page | 86 
 

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: 

“Building Information Modelling is [the] digital representation 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.” (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 that its 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 

‘M’ has the most variation. Modelling is the main word but increasingly this 

has either morphed or been augmented with management as in (BIM 

Industry Working Group, 2011, p. 90; Institution of Civil 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 structured around 

the work process. Where this is the case and the organisation is the focus 

rather than the work, the ‘M’ in BIM usually means Management rather 

than Modelling as shown by the references mentioned in the above 

paragraph. However this distinction should be clearer as one of the main 

benefits of applying an enterprise architecture framework in the form of 
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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 BIM stating that it is “essentially 

value creating collaboration through the entire life-cycle of an asset, 

underpinned by the creation, collation and exchange of shared 3D models 

and intelligent, structured data attached to them” (BIM Task Group, 

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 unnecessary 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 that the constituent words of the 

BIM acronym no longer matter, with the acronym ‘BIM’ itself being more 

beneficial as it means “many things to many different people” (Corke, 

2012). 

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

the natural successor for naming the process rather than BIM as it conveys 

the long term vision of combining technology, process and policy (Succar, 

2009). 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 

3.2.5: “[the] process of designing, constructing or operating a building or 

infrastructure asset using electronic object-oriented information” (PAS 
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1192-2:2013). This definition, as well as being standardised, combines the 

lifecycle management process with the object oriented information 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 owes 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 included 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 lifecycle by homogenising “islands 

of information” that existed (Baxter et al., 1994). 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 complementary data definition 

language called EXPRESS to describe data and its constraints (BS ISO 

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 the Industry Alliance for Interoperability (IAI) 

and by 1997 had its focus set on product models for the Architecture, 

Engineering & Construction (AEC) industry. By taking STEP as a guide, the 

IAI 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: ISO 16739 (BuildingSMART International, 2012b). With this 

involvement in the AEC lifecycle and perceived difficulty in the group's long 

name, in 2005 the IAI 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 

represented as either an Express or XML schema. The IFC is object model 

based thus 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 IV – 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 provides “a generic 

implementation-independent data model along which APIs can, and have 

been, designed to implement the data model in different application 

environments and programming languages” (Laakso and Kiviniemi, 2012). 

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 

Gründig, 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. 
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Figure 3.2 – IFC4 Data Schema. Layers: Core – Dark Blue, Shared – 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 follows that provided by BuildingSMART 

International (2014) to define a wall. 

ISO-10303-21; 

HEADER; 

FILE_DESCRIPTION(('ViewDefinition [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(('IFC2X3')); 

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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as other metadata. IfcProject is the root object of the IFC file and 

IfcGeometricRepresentationContext is the 3D context of the model 

geometry defining the world coordinate system and bearing to North if 

required. Within an IfcProject is an IfcBuilding element which is used to 

define the spatial structure of a building. 

DATA; 

#1=IFCPERSON($,'Thomson',$,$,$,$,$,$); 

#2=IFCORGANIZATION($,'UCL CEGE 3DIMPact',$,$,$); 

#3=IFCPERSONANDORGANIZATION(#1,#2,$); 

#4=IFCAPPLICATION(#5,'1.0','Points2IFC','Extract Walls'); 

#5=IFCORGANIZATION($,'CT',$,$,$); 

#6=IFCPROJECT('1cbMZ4RlfFz8lmupCoRi$J',#7,'Wall 

Extract',$,$,$,$,(#21,#24),#9); 

#7=IFCOWNERHISTORY(#3,#4,$,.ADDED.,$,$,$,1431612628); 

#8=IFCOWNERHISTORY(#3,#4,$,.MODIFIED.,$,$,$,1431612628); 

#9=IFCUNITASSIGNMENT((#10,#11,#12,#13,#14,#15,#16,#17,#18)); 

#10=IFCSIUNIT(*,.LENGTHUNIT.,.MILLI.,.METRE.); 

#11=IFCSIUNIT(*,.AREAUNIT.,$,.SQUARE_METRE.); 

#12=IFCSIUNIT(*,.VOLUMEUNIT.,$,.CUBIC_METRE.); 

#13=IFCSIUNIT(*,.SOLIDANGLEUNIT.,$,.STERADIAN.); 

#14=IFCSIUNIT(*,.PLANEANGLEUNIT.,$,.RADIAN.); 

#15=IFCSIUNIT(*,.MASSUNIT.,$,.GRAM.); 

#16=IFCSIUNIT(*,.TIMEUNIT.,$,.SECOND.); 

#17=IFCSIUNIT(*,.THERMODYNAMICTEMPERATUREUNIT.,$,.DEGREE_CELSIUS.); 

#18=IFCSIUNIT(*,.LUMINOUSINTENSITYUNIT.,$,.LUMEN.); 

#19=IFCCARTESIANPOINT((0.,0.,0.)); 

#20=IFCAXIS2PLACEMENT3D(#19,$,$); 

#21=IFCGEOMETRICREPRESENTATIONCONTEXT('Building Model','Model',3,1.E-

05,#20,$); 

#22=IFCCARTESIANPOINT((0.,0.)); 

#23=IFCAXIS2PLACEMENT2D(#22,$); 

#24=IFCGEOMETRICREPRESENTATIONCONTEXT('Building Plan 

View','Plan',2,1.E-05,#23,$); 

#25=IFCBUILDING('3GAepFr1r4xxTbp_VTHXOw',#7,'BuildingExtract',$,$,#26,$

,$,.ELEMENT.,5000.,$,$); 

#26=IFCLOCALPLACEMENT($,#27); 

#27=IFCAXIS2PLACEMENT3D(#28,$,$); 

#28=IFCCARTESIANPOINT((0.,0.,0.)); 

Figure 3.4 - IFC beginning of data section. 

An example of a wall object represented in an IFC is shown in Figure 3.5. 

Other IFC products or objects would be described in a similar way to this 
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example but may have more or less properties depending on their 

construction and information need. The wall is placed in relation to the 

building model context (IfcShapeRepresentation references #21) and is 

formed of a rectangular area (IfcRectangleProfileDef) of sides 93 x 

15548mm which is extruded (IfcExtrudedAreaSolid) 2934mm in Z 

(IfcDirection((0.,0.,1.))). This is then placed from object coordinates to 

global coordinates defined in line #141 and with rotation defined in line 

#142. 

#125=IFCWALLSTANDARDCASE('0RFFGx1dH1MeYywT8$AJkY',#7,'A Standard 

rectangular wall 15548 x 93',$,$,#139,#138,$); 

  //#126-#129 removed for clarity as non-standard custom properties// 

#130=IFCRECTANGLEPROFILEDEF(.AREA.,$,#132,93.,15548.); 

#131=IFCCARTESIANPOINT((0.,0.)); 

#132=IFCAXIS2PLACEMENT2D(#131,$); 

#133=IFCEXTRUDEDAREASOLID(#130,#136,#134,2934.0281329923273); 

#134=IFCDIRECTION((0.,0.,1.)); 

#135=IFCCARTESIANPOINT((0.,0.,0.)); 

#136=IFCAXIS2PLACEMENT3D(#135,$,$); 

#137=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#133)); 

#138=IFCPRODUCTDEFINITIONSHAPE($,$,(#137)); 

#139=IFCLOCALPLACEMENT($,#140); 

#140=IFCAXIS2PLACEMENT3D(#141,#143,#142); 

#141=IFCCARTESIANPOINT((762.18476841065467,1644.5337746105665,-1339.)); 

#142=IFCDIRECTION((-0.63895498806063267,0.76924412460053071,0.)); 

#143=IFCDIRECTION((0.,0.,1.)); 

Figure 3.5 - IFC definition of a wall object. 

3.2.4 International Adoption 

Two ideas have predominated thinking in standardising the structure of a 

BIM schema. The first is one central model servicing different users 

through their own views into to the model. This is exemplified in the three-

level database architecture outlined by ANSI SPARC (American National 

Standards Institute, Standards Planning And Requirements Committee) in 

the 1970s; a concept that was important to the development of STEP 

(Bloor, 1991). The three components are an external, conceptual and 

internal level. The users’ view of the data is external, the computers’ view 

(i.e. the data storage) is internal and the independent mapping between 

these two levels is conceptual representing the logical structure (Connolly 
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and Begg, 2005). The three-level structure is still a visible paradigm in 

most Database Management Systems (DBMS) as well as the more recent 

Model-Driven Architecture (MDA) concept which has been suggested as a 

structure to support interoperability in construction data (Cerovsek, 2011; 

Jardim-Goncalves et al., 2006).  

The second schema is a more federated approach represented by a 

building kernel with potentially many domain models which was adopted 

by early models such as RATAS (Cerovsek, 2011). RATAS was a research 

project from the Technical Research Centre of Finland (VTT) that was 

undertaken in the 1980s to form a framework for a digitally integrated 

construction process. A key contributor to the project outlined the basic 

structure of the process in 1989 (Björk, 1989). In this paper Björk links 

integrated building modelling to the product modelling that was a parallel 

research topic at the same time in computerised manufacturing 

(CAD/CAM/CIM) by defining the RATAS model as a building product model. 

This term caught on and was used in research throughout the 1990s, with 

the occasional simplification to a building model as evidenced in (Eastman 

and Siabiris, 1995) until the term was gradually superseded by the 

consensus around the term BIM in 2003; shown by the emergence of the 

term in literature (Eastman et al., 2003; Ibrahim and Krawczyk, 2003). 

With the established research in building product models at VTT, they were 

actively involved with the formation of the IAI and established one of the 

first chapters outside the United States in the mid-1990s as IAI Nordic 

(now BuildingSMART Nordic) (Wong et al., 2010). This was soon followed 

by Singapore in 1997 and now stands at 17 Regional Alliances across the 

world under the BuildingSMART name. 

With various interested organisations putting together and promoting their 

concepts for BIM, Government intervention was required to build a critical 

mass that could convince the industry that BIM was worthwhile. In the 

USA this task was led by the General Services Administration (GSA), an 

independent agency of the US Government that manages the non-defence 

estate of the US federal government, through pilot projects started in 2003 

(Wong et al., 2010). This pattern was repeated in other countries where 
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BIM was being actively researched, such as in Scandinavia, and in 2011 

the UK Government followed suit, as will be seen in the next section.  

This increasing European interest in BIM coalesced in March 2014 when 

the European Parliament reviewed the European Public Procurement 

Directive and included a reference to BIM and electronic procurement for 

public works as Article 22(4) stating: “For public works contracts and 

design contests, Member States may require the use of specific electronic 

tools, such as of building information electronic modelling tools or similar” 

(OJ 2014 L94 - European Parliament, 2014, p. 109). 

3.2.5 The UK Perspective 

In the UK, the established view has been that there is a keen need for 

improvement and change in the way the construction sector is run. This 

has been shown by a sequence of reports dating from at least the 1960s 

produced by Government and other institutions highlighting performance 

deficiencies in areas such as time, quality and cost of construction projects 

(Kagioglou et al., 1999). These reports culminated in two further reports 

that tried to actively get the industry to change its ways. These were the 

1994 ‘Constructing the Team’ report (Latham, 1994) commissioned by 

industry and the 1998 ‘Rethinking Construction’ report (Egan, 1998) 

commissioned by the Government, more commonly referred to by their 

primary author's surnames: Latham and Egan respectively. Both of these 

reports focus on the need for better collaboration with the Latham report 

citing the fragmented communication on construction projects and 

industry resistance to change as major issues (Kagioglou et al., 1999; 

Latham, 1994). The Egan report set out five drivers for change and also 

noted that the public sector had a role in leading the development of 

smarter clients to create the stimulus for industry to react to (Egan, 1998). 

In response to these reports, many industry groups were set up to help 

guide the change that was being suggested. To simplify the situation, in 

2003, nine of these groups were merged into Constructing Excellence to 

provide "a single organisation charged with driving the change agenda in 

construction" (Constructing Excellence, 2012). 
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By 2010, a new Government had been elected in the UK with a mandate 

to reduce the structural deficit by reducing Government spending and re-

gaining economic growth. This provided new impetus to reinvigorate the 

efficiency drive in construction resulting in the Government Construction 

Strategy report in 2011 (Cabinet Office, 2011). This report showed that, 

through a number of measures, the Government sought up to a 20% 

reduction in costs for its construction projects by the end of the Parliament, 

as well as cuts in carbon from the process to aid the UK in reaching carbon 

reduction targets that it is committed to. These aims were later solidified 

in the Construction 2025 report that provided an industrial strategy with a 

set of key aspirations for UK construction: 33% lower lifecycle costs, 50% 

faster delivery, 50% lower emissions from the built environment and 50% 

reduction in the trade gap between construction product imports and 

exports (HM Government, 2013).  

By referencing the work of the Latham and Egan reports and endorsing 

their principles, the Government Construction Strategy saw BIM as an 

important process to help improve collaboration and modernise the 

industry while leading to cost savings. To this end, the document stated 

the Government's aim to "require fully collaborative 3D BIM (with all 

project and asset information, documentation and data being electronic) 

as a minimum by 2016" (Cabinet Office, 2011).  

This strategy was set out by the Cabinet Secretary Sir Francis Maude and 

led by the Chief Construction Advisor to the Government at the time, Paul 

Morrell. Under Morrell's auspices the BIM Task Group was established to 

provide an overarching structure under which expertise from Government, 

industry and academia could be brought together and shared. Morrell felt 

that the best way to get change to happen was to alter the drivers rather 

than to preach to industry, leading to the current paradigm of both clients 

and practitioners having to change to fit the BIM agenda (Day, 2012b). 

Although BIM of a certain extent is being mandated on Government 

projects, the ‘push’, it was thought that once savings and other benefits 

are seen from implementing the process then this will provide the ‘pull’ 

factor to enable other private sector projects with BIM (BIM Industry 



Building Information Modelling | Chapter 3 

 

 

Page | 97  
 

Working Group, 2011). However private sector interest has already been 

gained, partly due to the private-sector need for efficiency in an uncertain 

economic climate, with the establishment of specialist working groups 

within the BIM Task Group such as BIM for Retail and BIM4 Infrastructure 

(BIM Task Group, 2012). Professional institutions are also being supportive 

with various plans of work, such as RIBA’s, being updated to support a 

BIM-enabled workflow as well as uniting them through common project 

stages (Corke, 2012) with a totally new Digital Plan of Work (DPoW) being 

established. 

To lay the groundwork for the BIM agenda, in 2011, a BIM strategy paper 

was created by a multidisciplinary group consisting of members from the 

construction industry, professional institutions, software vendors and 

academia (BIM Industry Working Group, 2011). This paper defined the 

following hypothesis for what the Government wanted to achieve so that 

it could test whether BIM would be appropriate; it is worth noting the 

similarity in these goals and those outlined earlier as the drivers for 

product modelling in manufacturing: 

“Government as a client can derive significant improvements in cost, value 

and carbon performance through the use of open sharable asset 

information.” (BIM Industry Working Group, 2011, p. 15) 

This report also reproduced a four level maturity model very similar to that 

proposed by Succar (2009) to give a clear definition of the standards and 

practices of work needed to advance through the required levels of 

experience. This model (illustrated in Figure 3.6) ranged from level 0 

representing basic plotted 2D CAD drawings, with level 1 being 2D and 3D 

CAD with no embedded semantic information but with some file sharing, 

level 2 being separate parametric BIMs per discipline which are shared, 

and finally level 3 being a fully open BIM based on a web hosted 

collaboration platform (BIM Industry Working Group, 2011, p. 16). 
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Figure 3.6 – UK BIM Maturity Model reproduced with permission from & © (The 
British Standards Institution, 2015). Permission to reproduce extracts from 

British Standards is granted by BSI.  British Standards can be obtained in PDF or 
hard copy formats from the BSI online shop: www.bsigroup.com/Shop or by 
contacting BSI Customer Services for hardcopies only: Tel: +44 (0)20 8996 

9001, Email: cservices@bsigroup.com.  

In July 2011 the Treasury accepted the industry proposals, with Paul 

Morrell’s championing of BIM to industry seen as key to the increasing 

consensus that built behind it (Nisbet, 2012). At the time of writing the 

Government wants to see all clients and practitioners working at level 2 or 

higher by the end of March 2016 on all centrally procured Government 

projects. Level 3 or “BIM3” is considered a longer term goal with the 

strategy targets currently set at 2025 to bring it to fruition (Hunt, 2015). 

To provide a strategic plan for the development of level 3 BIM, a report 

was created under the title of Digital Built Britain (HM Government, 2015). 

This strategy looked towards taking the developments achieved to level 2 

BIM and integrating technology to establish open data standards, new 

contractual frameworks and cooperative culture amongst other aims. 
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Standardisation was seen as vital to providing the interoperability needed 

for the successful collaborative working that BIM requires. To this end a 

standards roadmap was introduced by the BSI B/555 committee defining 

the maturity levels of BIM as well as the standards to be delivered by the 

group (The British Standards Institution, 2015). 

On the process side the most significant is the British Standard BS 

1192:2007, a code of practice for collaborative construction data 

production, and its related publicly available standards (PAS) 1192-2:2013 

and 1192-3:2014 covering the processes for capital and operational stages 

respectively in the project lifecycle. BS 1192:2007 standardised the idea 

of a Common Data Environment (CDE) in which all stakeholders can access 

the most current approved version of project data as well as a set of file 

naming conventions. This concept was extended in PAS 1192-2 to include 

operational data as well as non-graphical  deliverables and levels of model 

definition (PAS 1192-2:2013). PAS 1192-3 overlaps at handover but 

formalises the information flow at the operations stage (PAS 1192-

3:2014).  

With the variation in use of BIM the BIM Task Group has fostered an array 

of specialist partner BIM4 groups to create guidance and foster sharing of 

knowledge either by specialism (e.g. BIM 4 Fit Out) or industry subsector 

(e.g. BIM 4 Infrastructure).  

Survey4BIM is the group formed of representatives of the survey industry, 

academia and commercial hardware & software vendors. The earliest 

guidance work on which this group was tasked was to create a client guide 

to aid the procurement of survey data in the BIM process, resulting in (BIM 

Task Group, 2013a) of which the author was a contributor. This document 

was an initial step in giving enough information for the client to ask 

informed questions as to what they required at their stage in the BIM 

process. More was discussed about survey standards in section 2.5. 

3.2.5.1  COBie 

On the data side, the Construction Operations Building Information 

Exchange (COBie) format has been set as the minimum common method 
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to transfer structured data about a project and as noted in (PAS 1192-

2:2013) it is formally recognised as a subset of IFC. 

With the publication of the UK Government’s Construction Strategy in 2011 

COBie became required, but it is not seen as a final solution. It is 

considered an initial enabler towards increased integration of BIM to 2016 

and beyond (Nisbet, 2012). In line with the general drive towards 

standardisation, the UK implementation of COBie has also had a PAS 

published as (BS 1192-4:2014). 

COBie is a structured data schema originally published in 2007 by the US 

Army Corps of Engineers to facilitate the handover of information from the 

construction phase to the client or owner in a lightweight format (Eastman 

et al., 2011, p. 131). Due to this COBie is focused on operations and 

maintenance use, while being seen as a lowest common denominator 

format as it can be opened by spreadsheet and plain text editing software 

as in Figure 3.7. It was developed to hold certain elements of building 

information extracted from an IFC file and therefore has a structure 

analogous to a relational database, as opposed to the object-oriented 

model of IFC (Taneja et al., 2011). 

 

Figure 3.7 – Example COBie data loaded in Microsoft Excel 

A criticism of the simplicity of COBie as a data format is that, although it 

is human readable, it can contain a large amount of data requiring able 

software tools to interrogate the file efficiently (Corke, 2012; Hamil, 2012). 

Also as COBie is a sub-set of the information model it does not hold data 
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on the geometry, requiring a supplementary file to perform this function 

(Day, 2012b). 

This brings to a close the current state of the BIM framework in the UK 

surrounding the Government's drive and the associated standards and 

working practices that are being endorsed. In the next section an overview 

is sought as to how BIM is being defined and what it means to the different 

communities who are researching this topic. 

3.3 Research 

With the industry context outlined it is important to view the spheres of 

research that complement BIM's development. Due to the all-

encompassing nature of the BIM topic on the lifecycle of built assets, the 

academic research interests are equally broad and interdisciplinary. The 

areas of most relevance to building reconstruction have been covered in 

the previous chapter and although some of those approaches seemed 

promising their creation of surface models is not compatible with the 

current object based model at the heart of BIM as described in section 

3.2.3. 

As shown by the history of BIM in the earlier section, the AEC community 

through its CAD and design section has produced research that helped to 

define the fundamentals of a product model for buildings. BIM can be seen 

from a management or technology perspective and so can the research. 

This group is divided by the ‘virtual’ design and simulation considerations 

and the ‘physical’ construction and operations side. Therefore BIM research 

from the design side looks at leveraging the BIM’s use of parametric 

models to aid design and its validation through simulation (Turrin et al., 

2011). There is also an emphasis on sustainable or 'green' building 

modelling techniques mirroring both the UK and EU Government's interest 

in reducing carbon emissions with research investigating the best methods 

for quantifying this to create designs with lower environmental impact 

(Azhar et al., 2009; Watson, 2011). 
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On the construction and operations side the emphasis is on leveraging the 

data in the model for better situational understanding of the live asset. 

This has manifested itself in an increasing interest in augmented reality 

systems which could overlay some of the rich data from the model on to a 

real-world view from a camera-equipped mobile device. Two such 

examples of this from research are the D4AR (Golparvar-Fard et al., 2009) 

and the AR4BC systems (Woodward et al., 2010). A limitation of the latter 

system is that it relies on GPS for positioning, as noted by Golparvar-Fard 

et al. (2009) this constrains the context in which the system can be used, 

as Global Navigation Satellite Systems (GNSS) are not operational indoors. 

This means other positioning techniques have to be sought to provide the 

complete availability of location information. 

Given that the management process has established itself under the BIM 

term it has been noted by Bryde et al. (2013) that it is an area with little 

research from the project manager’s point of view. This is changing 

however with the rising interest in BIM from throughout the project 

lifecycle and especially with relation to the management, standardisation 

and process theory involved for the handling of a digital asset.  

A shortcoming of BIM research generally is that it has largely focused on 

the design of new buildings (Volk et al., 2014), mainly due to the research 

base from CAD, which until comparatively recently did not have methods 

to accept direct real world measurements efficiently. However, by cost, 

roughly half of all construction in the UK is refurbishment of existing assets 

(Cabinet Office, 2011).  

3.4 Discussion 

From the earliest days of CAD in the 1960s it was envisaged that software 

would solve many of the burdens of design by integrating all relevant data 

into a common structure to allow more sophisticated routines to be 

developed to aid in the lifecycle of a product.  

Given the global ubiquity of the term BIM in both industry and academia it 

appears resilient to discussion about its value as a descriptive term and 

continues because of a lack of consensus around any other idiom. The clear 



Building Information Modelling | Chapter 3 

 

 

Page | 103  
 

and concise definition given by the PAS has been accepted as the best of 

the definitions seen describing BIM as a “process of designing, constructing 

or operating a building or infrastructure asset using electronic object-

oriented information” (PAS 1192-2:2013).  

BIM as it currently exists in the UK, brings together this technological 

standpoint with management theory and working practice under a 

common term. Not only is interoperability seen as important 

technologically but also the interoperability of people to the work process. 

This conflation of business process and work process under one term has 

not been without consequences and has led to much of the uncertainty 

surrounding the definition of the term. From an enterprise architecture 

standpoint it is advantageous to keep these separate with well-defined 

interfaces between as it allows change in one to not affect the running of 

the other. Although these considerations are important the focus of this 

work is on the narrow sense of BIM as the geometric model, as that most 

directly impacts the surveyor’s current deliverable of 2D CAD drawings. 

Surveyors also need to consider the stage of the lifecycle at which they are 

working as they can provide data of the current asset conditions at every 

stage from design, through construction to operations and retrofit. In 

terms of the appropriate RICS accuracy bands, covered in section 2.5, 

related to the lifecycle stages band D would correlate to most of the 

construction process with band E providing the acceptable accuracy for 

most facilities management operational requirements. 

In essence a BIM should be a collaborative digital workspace based on a 

common data environment that holds all of the information and 

documentation associated with the asset including geometry, attributes, 

assets etc. held in an open standard format. From this model, software 

can interrogate it to supply supplementary information, add, update or 

change the model while keeping a reliable record.  As a result of this focus 

surveyors need to ensure the data they collect is compatible with an 

object-oriented paradigm.   

As the primary BIM tools and research developments have come from the 

design side, created with perfect geometric shapes and orthogonality in 
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mind, modelling the geometry of the real world can be an issue by having 

to conform to this constrained geometric understanding that exists. This 

comes to the fore where data about the real environment is leveraged to 

a greater extent through the use of point clouds. With the need to model 

3D geometry comes the recommendation to use laser scanning for 

capture. This is a change to the classical total station measured building 

survey for 2D data. It increases both the data captured and time to capture 

by introducing a new instrument to the field which requires consideration 

of the capture workflow, as well as the approach to modelling the richer 

object based geometry required. As the geometry has become richer or 

more intelligent with semantics, custom tolerance specifications have been 

used as one workaround for this (Plowman Craven Limited, 2012) but it is 

a consideration. Along with the issues here other changes to survey 

practice are evident from the work of the succeeding chapters and can be 

found discussed in Chapter 7.  

As a result of this and the findings of the literature a full study is required 

to investigate the current required workflow to measure survey controlled 

point cloud data and construct an object based model from it, which is the 

topic of the next chapter. 

3.5 Chapter Summary 

BIM is the result of a coalescing of ideas around collaborative working, 

data sharing and design instigated to improved efficiency that has long 

been highlighted as an issue across the built environment industry and 

professions.  

Surveyors as professional suppliers of data to this industry are affected 

and need to consider their 2D CAD drawing deliverables as superseded 

by the new 3D object oriented model requirements as BIM establishes 

itself as working practice for more projects.  

Along with this, laser scanning has been specified as the preferred 

collection tool due to its relatively fast and comprehensive capture of 

environments without thought of what that new workflow entails 

compared with a traditional total station based measured building survey. 
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Although many definitions exist for BIM the PAS 1192-2:2013 concise 

definition marries the sense of lifecycle management and central 

geometric and semantic data store well. 

An important part of the BIM process is interoperability with the 

development of IFC and COBie to support structured data sharing. 

BIM is international and supported increasingly by many governments. 

In the UK a mandate to use level 2 BIM by 2016 on all centrally procured 

projects has provided a strong motivational driver to industry. 
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4 CASE STUDY: MANUAL BIM 

GEOMETRY CREATION FROM 

POINT CLOUDS* 

4.1 Overview 

As detailed in the previous chapter, Building Information Modelling (BIM) 

is a process that has been gaining global acceptance across the AEC & 

Operations community for improving information sharing about built 

assets. A key component of this is a data-rich 3D parametric model that 

holds both geometric and semantic information. By creating a single 

accessible repository of data, then other tools can be utilised to extract 

useful information about the asset for various purposes.  

Although BIM has been extensively studied from the new build process, it 

is in retrofit where it is likely to provide the greatest impact. In the UK 

alone at least half of all construction by cost is on existing assets (Cabinet 

Office, 2011). With the need to achieve international environmental 

targets and the built environment being one of the largest contributors of 

CO2 emissions in the UK, sustainable retrofit is only going to become more 

relevant. This is supported by the estimate of the UK Green Building 

Council that of total building stock in the UK, the majority will still exist in 

2050 (UK Green Building Council, 2013). Therefore, many existing 

buildings will need to be made more environmentally efficient if the 

Government is to reach its sustainability targets.  

                                       
* Parts of the work in this chapter appears in the following paper: (Backes et al., 2014). 
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Having seen the industrial consensus forming around BIM it was felt 

important to perform research in this field to better understand its impact 

on the construction process and especially the Geomatic surveying part of 

the sector. Therefore, an initial case study was created under the Higher 

Education London Outreach (HELO) scheme which enabled University 

research to be transferred to industry and vice versa through the funding 

of projects. The role of this project was to use the BIM knowledge as 

presented in Chapter 3 to inform a survey company about the impact and 

effects on their work going forward. This was done with the aim of 

furthering understanding of the issues around the survey process for BIM 

geometry, a component of research question 1, as well as establishing the 

manual workflow to compare other processes against for question 2. 

4.2 Gleeds Case Study 

The industrial partner who would both benefit from the research but also 

be able to provide suitable projects on which the case study could be 

performed was Gleeds Building Surveying, who became the partner for 

this. Gleeds is an international construction consultancy with different 

specialist business units including Cost and Project Management. They 

were keen to investigate laser scanning and see how it might benefit the 

BIM process given the convergence in the industry around the term. Also 

they had little in-house experience of the correct workflows due to not 

having a laser scanner within the company with scanning and drawing work 

subcontracted. Therefore, the project was designed to raise awareness of 

the capabilities and help Geomatics surveyors at the company to 

understand what is needed and what will be useful further down the line 

when constructing the 3D model for BIM. 

A project was developed to investigate the BIM workflow required to get 

the initial geometric model for an existing building from which other work 

processes can be performed. From the literature this process had been 

investigated on facades (Arayici, 2008; Larsen et al., 2011) and historic 

elements (Murphy et al., 2013) of buildings but not the building as a whole 

entity as would be needed for BIM, especially at the operations stage of 

the lifecycle. There are two notable exceptions. Rajala & Penttilä (2006) 
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looked at the Scan to BIM process early on and stressed the need for a 

definition of measurement and modelling activities before starting work. 

With advances in both BIM tools and laser scanners, their work is worth 

updating to assess the current state of affairs especially within a UK 

surveying context.  

The second more modern work is Attar et al. (2010) from Autodesk 

Research who utilised laser scanning to capture a floor of one of their 

buildings to create BIM geometry in Revit, relying on existing CAD plans 

and notes for the rest of the building. Subsystems were not included in the 

model and although they suggested different scenarios in which the data 

could be used (retrofit, environmental analysis and validation) they 

concluded that the process was not efficient and that automation was 

worthy of investigation to improve this (Attar et al., 2010).  

Initially a pilot project was set up to create a model of the ground floor of 

Gleeds’ London office (Section 4.2.1). This was performed to investigate 

the geometry capture and modelling process allowing for a clear way 

forward to a further demonstration on a ‘live’ project, i.e. under 

construction (Section 4.2.2). The experience gained from these two pilots 

was then rolled into a more extensive case study whereby a whole building 

was captured and modelled (Section 4.3). 

4.2.1 Office Case Study 

The initial case study was a project involving the capture and modelling of 

the ground floor of Gleeds’ London Office. An early finding as to the value 

of a central digital building data store as provided by BIM was shown when 

the only existing documentation of the floor that was to be surveyed was 

a photocopied PDF used for defining floor coverings (Figure 4.1); this for 

a building built within the last ten years. 
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Figure 4.1 - Poor existing building documentation; blue labels represent 
checkerboard target positions and names for the laser scanning. 

4.2.1.1 Data Capture and Processing 

The instruments used for this study were the FARO Photon 120 with Nikon 

D300S for colour and a traverse kit consisting of a Leica TS15i total station 

with prisms and tripods. The manufacturer’s data of the Photon can be 

found in Appendix I – Instrument Data. Two types of targeting were used 

during data collection for the registration: 

1. Reception Area – 145mm spheres  

2. Common Area & Meeting – spheres and paper checkerboard 

targets 

In total 15 scans were captured of the ground floor: one in each small 

meeting room and in the connecting corridor and two in the larger spaces 

to minimise occlusions from furniture and structural columns. Due to time 

constraints only the two scans in the reception area had images taken for 

colour application in post-processing. The checkerboard targets and 

scanner positions were acquired with the Total Station so that they could 

be fed into the scan registration as an accurate control network.  
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A total station was used to ensure geometric fidelity in the process in the 

manner illustrated in Figure 4.2. A good distribution of scan targets should 

give a good quality registration between scans. However, over large areas 

and many scans the small errors between scans can propagate meaning 

good external survey control is still important for quality control. Another 

reason the control survey is useful is to provide the ability to register 

together scans even with little or no common targets or features. All 

together the data capture part of this study took 3 hours with three people 

or 9 man hours: one each doing the total station capture, targeting and 

scanner operation. The work was carried out after hours to minimise 

disruption to the office work and reduce the chances of artefacts in the 

point cloud data from people walking through the environment as it was 

being scanned.  

  

Figure 4.2 – Faro Photon 120 set up (left) and survey setup with Leica TS15i, 
Photon 120 and checkerboard targets (right). 

This post-processing of the scan data was performed in Faro Scene (Faro 

Technologies Inc., 2015). The main purpose of this is to register the scans 

together, filtering and georeferencing can also be carried out if required. 

The first step in registration is to detect the surveyor-placed targets in 

each of the scans, the theory of which is described in section 2.2.3. In Faro 

Scene this can be done in a user-assisted process through approximate 

user picking with the software searching around the user’s click for the 
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contrast edge defining the checkerboard or by primitive fitting for the 

spheres. The output of this is shown in Figure 4.3 which is the intensity 

image view of the scan, i.e. the strength of return of the infrared laser 

mapped to a greyscale value. 

 

Figure 4.3 - Target detection in Faro Scene of checkerboard and sphere viewed 
from the intensity image of a scan. 

 

Figure 4.4 - Registered scan positions and point clouds coloured by scan; in the 
same orientation as Figure 4.1. Bright green areas are plane fits used in 

registration. 

Although 15 scans were captured only 12 were used in the final registration 

due to data corruption from a faulty laptop connection to the scanner. In 
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this project there was a dogleg in the main corridor that linked two larger 

areas of the office (around scan 004 in Figure 4.4). It was in this part of 

the corridor in which one of the scans corrupted; a fact not discovered until 

post-processing off site. If the survey had relied purely on targets, then 

the two larger areas would not have been able to have been registered 

together. However, having surveyed scan stations and the ability to extract 

scan features as registration objects, plane fitting in this case, mitigated 

the problem of the lost scan. 

Along with this there was a second scan position in the larger meeting 

room that were not practical to survey in and also had limited targeting. 

In this case it allowed the use of the feature detection function in Faro 

Scene to add registration objects, the theory of which is also described in 

section 2.2.3. This allows planes, lines and corner points to be detected in 

the scan data for use as natural targets in the registration process. The 

detection worked well, however searching the whole of each point cloud 

for elements was time consuming (10 minutes per scan) and did not 

guarantee to detect the same features across scans. This was mainly 

alleviated through manual picking of planar features between the scans to 

be registered. The final registered point cloud consisted of around 100 

million points. 

4.2.1.2 Geometry Modelling 

Once the scans had been registered together they could then be used as 

a form of truth for modelling. Given the project was investigating BIM in 

relation to surveying and the findings from the previous chapter; it was 

decided to generate the model as an object-based parametric model that 

could feed into a BIM process. Autodesk’s Revit Architecture 2012 software 

was used as the modelling tool because Gleeds had other Autodesk 

software and they were investigating Revit within their research and 

development section. Revit is Autodesk’s main parametric modelling tool 

for building design. It consists of design tools for modelling the building in 

a 3D environment with automatically linked 2D views and data views for 

non-spatial data e.g. cost (Figure 4.6). As such it has three work streams 

that support distinct parts of the design process: Architecture, Structures 
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(i.e. structural engineering) and MEP (i.e. building services). At the time 

of the project the three streams were manifested as separate software 

versions but have latterly been combined into one software package with 

the disciplines represented by separate tool tabs. There was a steep 

learning curve to master with this software, as will be shown presently in 

this section, compared to the traditional survey output of 2D CAD line 

drawings, however this was expected as the product created at the end is 

much richer in both geometric and semantic information. 

 

 

Figure 4.5 - Point cloud import to Revit. 

Also Revit Architecture 2012 had newly integrated a point cloud engine 

that could be utilised by converting the point cloud files into its own 

supported format (pcg) as in Figure 4.5. PCG is now superseded by 

Autodesk's acquisition of AliceLabs and integration into a new point cloud 

format (rcs) although the actual import process is unchanged. An 
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important part of this import process is the ‘Positioning’ drop down of the 

importer seen on the right of Figure 4.5. This allows three options: “Center 

to Center”, “Origin to Origin”, and “By Shared Coordinates”. The main 

reason that Revit provides these various placement definitions is due to its 

modelling space restrictions of 20 miles (~32 km) in each Cartesian 

direction (Autodesk, 2014). As a result, large coordinates are not handled 

well as they can easily go beyond the extents of the available modelling 

space. 

 

Figure 4.6 - Example of the Revit software interface. Showing (clockwise from 

right) 3D model visualisation based on object data, 2D plan view generated from 
the 3D model and schedule with some non-spatial attributes. 

“Origin to Origin” was always chosen in the case studies presented here as 

this uses the coordinates system that the point clouds are in to define their 

placement in the modelling environment. “Center to Center” calculates the 

centroid of the imported point cloud and uses that as the origin, whereas 

“Shared Coordinates” takes its coordinates system from an external file 

definition that are then applied in the model space to give the impression 

to the data that the 20 mile modelling space exists within the larger 

coordinate space required. 

Point clouds in Revit are handled in a similar way as external references 

are in CAD. This means that they are linked data that cannot in themselves 

be edited but exist as an over/underlay to the modelling environment. 
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Once the point clouds are loaded in Revit it is useful to set up levels to 

create 2D cross-sectional floorplans where the floors are as in Figure 4.7. 

These levels can also act as modelling constraints to snap geometry start 

and termination points to. The 2D floorplans that are generated by levels 

allow for the modelling of floor-to-ceiling elements such as walls and 

columns as they appear clearly as voids in the point cloud.  

 

Figure 4.7 - Levels that define floorplan views in Revit; zoomed detail in box. 

To make the modelling easier for interpretation by the user, control of the 

View Range setting (far left in Figure 4.8) is valuable. This controls how 

the cross-section of the floor plan is generated by setting extents for depth 

of view as well as the cut itself. For point clouds the cut plane and bottom 

range settings are most relevant. Figure 4.8 shows this setting in action 

with two examples of how choosing different values affects the generated 

view. In the first example, on the top row of the figure, the bottom range 

of the view is at floor level with the cut around 1.2 m above this level. The 

floor in the point cloud is clearly seen as are the voids where the walls and 

clutter in the scene are. In the second example, the bottom range has 

been raised to remove the floor with the cut level lowered to about 0.4 m. 

The former has allowed the vertical structures (e.g. walls) to stand out; 

however the lower cut line has reduced their definition in some areas due 

to occlusions of furniture and other clutter in the room. 
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Figure 4.8 – View Range setting box (far left) and the effect of different View 

Range settings in Revit on the visibility of building elements in the plan view of 
a point cloud. 

With appropriate views set up the geometric modelling can begin. The 

modelling tools in Revit are divided by object type and discipline as can be 

seen along the top toolbars in Figure 4.6. For the modelling of the office, 

only elements from the ‘Architecture’ tab were used. As each object can 

be a rich representation of a building element it means that the way they 

are defined and placed in the model can differ. As an example, walls can 

have their length defined by a path being drawn in plan representing either 

their centreline or one face of the structure. On top of this their semantic 

parameters can be set to control other spatial and non-spatial attributes 

such as height, width, materials and cost. 

The modelling involved using stock elements that are part of the standard 

Revit library to build up the 3D parametric model of the ground floor that 

had been scanned, the final result of which can be seen in Figure 4.11. The 

decision to use stock elements was chosen as this case study focused more 

on learning the process of modelling with Revit’s new point cloud handling 

functionality. Also it should be noted that although Autodesk trialled an 

automated point cloud modelling plugin for Revit, it was pulled and so 

there is no automated modelling functionality from point clouds in Revit as 

things stand. 
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Figure 4.9 - Modelling from a point cloud in Revit plan view. Initial point cloud 
(top) and with partition wall object being modelled (bottom). 

The office is fairly simple with 3 major space-bounding elements: walls, 

columns and glass curtain walls. Doors were also added with furniture put 

in for visualisation purposes when this work was presented back to the 

company as described later in section 4.2.1.3.  
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Figure 4.10 - Revit 3D model view with point cloud shown. 

4.2.1.3 Results 

 

Figure 4.11 - Final model in Revit of Gleeds Ground Floor Office. 

With the model constructed it was then exported into the interchange 

format IFC and loaded into the free viewing software Tekla BIMsight to 

demonstrate the interoperability available in this modelling workflow and 

the semantic information inherent in BIM illustrated in Figure 4.12. 
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Figure 4.12 - Gleeds Office Model in Tekla BIMSight; Inset shows parametrics. 

An important aspect of this project for the survey partner Gleeds was to 

raise awareness of the services they could provide to the rest of the 

company. Therefore dissemination of the collected data was an important 

part of this project. The CloudCaster platform was chosen as a quick and 

accessible way to take a point cloud of up to 5 million points and visualise 

it from a Flash-based application that could be embedded into a website 

(Online Interactive Software, 2011). This allowed the team to send out a 

web link to interested parties in the company to show the type of data 

being collected and get them thinking about how this could be used on 

projects in their portfolio. It also acted as a promotional item before a CPD 

presentation was held at the company on completion of this initial case 

study. 

To feed this study back to the wider company it was chosen to present a 

1 hour continuing professional development (CPD) talk about this pilot 

project, attended by a range of Gleeds professionals including quantity 

surveyors, project managers and land surveyors. This presentation was 

well received especially with the project managers who suggested new 

ways in which they could leverage laser scanning on projects such as in lift 

shafts. The question and answer session after the main presentation did 

show up how new this topic and technology was to some parts of the 

industry with more fundamental questions cropping up, for example as to 
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what a point cloud actually was. After the event, in conversation with one 

of the project managers, it was decided to escalate the pilot to a case study 

on a ‘live’ construction site in Gleeds’ project portfolio: the Berners Hotel. 

4.2.2 Berners Hotel Case Study 

The Berners Hotel is a Victorian building that was converted from 5 

townhouses around 1900. It was closed in 2006 for refurbishment but the 

owners went into administration and the hotel was sold to Marriot 

International in late 2010. This project was considered very suitable as it 

was a refurbishment project where significant architectural features were 

being preserved. 

The client had requested standard 2D CAD elevation, floor, and reflected 

ceiling plans for delivery to their architects to aid with interior design. This 

needed to be captured for two large rooms with balconies and a connecting 

corridor. As laser scanning was to be used to capture the existing 

conditions for the drawing generation, it seemed a good opportunity to 

trial parametric modelling at the same time to see what the benefits and 

costs were in comparison. 

4.2.2.1 Data Capture and Processing 

The same survey equipment was taken to the site for this case study as 

with the office pilot. However the Photon used initially developed a fault. 

Therefore the Photon was sent for servicing and replaced with a Faro Focus 

3D allowing for a comparison of the two workflows on site with both 

generations of Faro scanner. The manufacturer’s specification for the Focus 

can be found in Appendix I – Instrument Data. In the end both workflows 

took the same amount of time mainly due to the fact that the scan and 

image capture times were broadly similar. However the main difference 

came from the fact that the work with the Focus was performed with two 

people not three as was available for the Photon work, so in terms of man 

hours there was a saving of 1/3. This stems from the amount of support 

equipment related to the older generation Photon, including control laptop, 

camera and external battery, as well as the bulk of the instrument itself 

weighing ~20kg. This is best seen in the contrasting tripod setups between 
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the two instruments illustrated in Figure 4.13, where the size difference is 

clear. 

        

Figure 4.13 – Older Faro Photon (left) and newer generation Focus 3D S (right) 
at the Berners Hotel site. 

 

Figure 4.14 - Survey setup with Leica TS15i and Faro Focus 3D S and 
checkerboard targets (indicated by arrows). 

The method used for the data collection in this study built on the 

experience gained from the initial pilot project. Therefore a survey baseline 

was established to capture the scanner and target positions with the total 

Leica 

TS15i 

Targets 

Faro Focus 

3D S 
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station (Figure 4.15). In total 24 scans were captured providing a dataset 

of over 600 million points with colour information also collected, an excerpt 

of which is shown in Figure 4.15. During the survey there was a chance to 

demonstrate and converse with both the architects and structural 

engineers on the project. Both groups had a positive reaction to the 

demonstration and wanted to talk more at a later data about utilising the 

technology for their gain in the future. As with the Q&A in the CPD session 

at Gleeds, it was the perception of the novelty of scanning and point clouds 

to this audience that was striking. 

As with the initial pilot, the scans were processed and registered together 

in Faro Scene with the survey being imported in to aid the solution.  With 

this complete, a Leica Cyclone database was created for the contractor 

who was preparing 2D CAD floorplans, ceiling plans and specific elevations. 

 

Figure 4.15 - Partial elevation view of the point cloud captured at the Berners 
Hotel. 

4.2.2.2 Geometry Modelling 

To allow the scans to be modelled, the Faro .fls files were converted into 

the Autodesk native point cloud format so that they could be loaded into 

Revit for modelling. The modelling process was completed in about the 

same time as the CAD plans except to a lower level of detail. However the 

model had the advantage of the point clouds being a part of it, as a hybrid 

(Figure 4.16).  

4.2.2.3 Results 

It was clearly seen that the benefit of the point cloud provided the 

representation for the very complex architectural ornaments around the 
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building better than any representation that would have been modelled. 

With the addition that the point cloud had the colour values too, increasing 

the realism. 

 

Figure 4.16 - Hybrid elevation view in Revit Architecture 2012 showing simple 

geometry and point cloud together. 

 

Figure 4.17 - Hybrid showing the Berners Hotel scan from the construction 
phase (left) and after development, as it currently is, of the dining hall (right, 

image from (Berners Tavern, 2014)). 
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4.3 UCL Chadwick Green BIM Case Study 

With the experience gained from the work with Gleeds it was felt that the 

process should be scaled to capture a whole building as one would attempt 

in a retrofit project. It was also decided that environmental data about the 

building would be captured and compared with a simulation based on the 

BIM. For this the Chadwick Building, home of the Civil, Environmental, and 

Geomatic Engineering Department at UCL, was chosen to be the focus. 

The building is Grade 1 listed and forms the southern enclosure of the main 

quad from Gower Street as depicted in Figure 4.18. It varies in age from 

the 19th Century in the Southern end to the tower in the North completed 

in the 1980s. The building has been modernised to various extents inside 

providing a mixture of both old and new features that is representative of 

many Victorian office buildings that are retrofitted in the UK. 

 

Figure 4.18 – The Chadwick Building as part of the main UCL campus highlighted 
by red pecked line; arrow indicates North direction. © (Microsoft 

Corporation/Blom, 2015). 

4.3.1 Data Capture and Processing 

The project was carried out over the course of ten weeks with the help of 

four engineering undergraduates. The workflow implemented was 

established and tested in a series of pilot projects ahead of GreenBIM in 

conjunction with the construction consultancy Gleeds as detailed in the 
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previous sections. Unlike Attar et. al. (2010) who relied on existing 

documentation (e.g. CAD plans and sketches) and newly captured data, 

this study was approached as a commercial survey project in terms of 

collection whereby all of the data needs to be captured to be a reliable 

representation of the building at that epoch.    

The workflow involved using a Faro Photon 120 laser scanner with camera 

adapter for capture of geometry and colour information. The point density 

of the measurements from the scanner can be varied depending upon 

conditions. For this project, the majority of the scans were captured at 1/5 

of the maximum measurement rate, providing about 8mm sampling 

density in object space at 10m. A typical scan contained about 27 million 

points and about 250MB in size. A Leica TS15i total station was used to 

provide geometric control via a network of control points allowing the 

registration of single scans accurately as in Figure 4.19. A main control 

traverse was established that surrounded the building and went up each 

stairwell and across each floor (Figure 4.20). Targets and scan positions 

could then be measured off of this network.  

 

Figure 4.19 - Data Capture with Faro Photon (centre) with checkerboard targets 
and Leica TS15i (right). 

This allowed greater flexibility as the survey control was permanent but 

the scan targets were temporary so there was less concern about the 
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permanence of targets after breaking from scanning to return later. 

Therefore scheduling and filling in missing coverage could be handled more 

easily. However this produced a very complex survey network consisting 

of over 2000 point measurements that became impractical to handle as a 

single network (Figure 4.20) and had to be divided up in sections. It also 

meant that a lot of survey kit was needed, requiring at least 2 people to 

efficiently handle the equipment.  

 

Figure 4.20 - Plan View of whole survey network in Leica Geo Office (purple 
triangles: control network, green circles: observed targets and scan positions). 

Another feature of the survey was the creation of a building specific datum 

with its origin roughly at the centre of the building's footprint. This was 

generated due to Revit's automatic centring of the whole modelling 

environment around the origin (0,0,0) point of point clouds imported 

origin-to-origin. The datum was derived from the national mapping grid by 

preserving the building’s orientation to North and translating the origin of 

the grid to the centre of the building. This simplified BIM coordinate grid 

ensured that the vast amounts of point cloud data, and by extension the 

parametric model, were easily manipulated for modelling and could be re-

transformed into global coordinates as necessary. 

Scanning all five floors, exterior and mezzanine levels of the Chadwick 

Building took the team four weeks and consisted of around 200 usable 

scans (totalling ~96 GB) providing in the order of 1 billion points per floor; 
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a large amount of data overall. This data size meant that at least 16GB of 

RAM was required on the registration computer to have enough scans 

loaded to allow efficient processing. Figure 4.21 shows the amount of scan 

setups per day where data was captured. This number varied greatly 

depending on the complexity of the building section being captured. As the 

majority of the scan positions were being surveyed in, the total station 

network establishment and measurements added time to the process. This 

was especially true in meandering corridors and difficult connected rooms, 

whereas large, open areas allowed scans to be taken and surveyed more 

easily and quickly.  

 

Figure 4.21 - Graph illustrating the number of scans per day for the first three 
weeks of the project when the majority of scans were captured. 

4.3.2 Geometry Modelling 

Once captured the scans needed to be post-processed to register them to 

each other and reference the solution to survey control as in Figure 4.22. 

Then they could be converted from Faro’s point cloud format into 

Autodesk’s “pcg” format. This was performed in Autodesk Revit 

Architecture 2012, utilising the point cloud engine that had been integrated 

into the software. The process involved loading in the point clouds to the 

software and using them as a guide to create the geometric elements of 

the building.  
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A ‘Chadwick BIM’ project file was created in Revit. The central copy was 

saved on network storage.  Local copies of the project were made and 

linked to the central copy. This meant that two or more operators could 

collaborate on different parts of the model at the same time. Changes 

made in the local copies update in the central copy when the ‘collaboration 

– synchronise’ command was used. Not only does this save time but also 

encourages the collaborative working ethos that BIM is hoped to help 

provide. 

 

Figure 4.22 - Registered point clouds referenced to survey, coloured by scan in 
Faro Scene. 

In the initial phase of the project the modelling specification for the 

geometry was kept to a low level of detail. The second floor was modelled 

in detail with the walls, floor and ceilings generated in the rest of the 

building.  

Walls were assumed to be the blank space between scans of adjacent 

rooms and corridors as can be seen in Figure 4.23. Whilst point clouds 

provide shape and dimensions, they do not give definitive information 

about the building materials used because they are only measurements of 

surfaces visible to the scanner.  

A basic internal building survey was carried out to estimate building 

materials. Some walls were identified as partitions, whilst solid walls were 
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assigned the material properties of ‘brick’. Brick walls were given a 

thickness typical of walls for the part of the building in which they were 

located. For example, the majority of the exterior walls were a similar 

thickness, so one wall type called ‘exterior brick’ was created with a 

material property of brick and a set thickness of 500mm. Internally, where 

paper surveys indicated that the walls were partitions, the nearest 

standard partition size was used from the default standard UK model 

libraries within Revit. 

 

Figure 4.23 - Plan of registered point clouds with wall being modelled in Revit. 

4.3.3 Environmental Data 

Alongside the as-built geometry, basic environmental information was 

captured using twenty environmental sensors with data loggers 

strategically distributed around the Chadwick Building.  

There were three strands to this investigation:  

1. Monitoring the actual environmental conditions in the building. 

2. Using the captured data to inform thermal simulations on the BIM. 

3. Comparing the results of the simulation with the measured data.  

To measure and understand the variety of working conditions in the 

building, the data loggers were positioned to ensure a variety of functions 

were represented (office, labs etc.), and provide real world data to validate 

simulations of the building model in the future. 
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The sensors used were Onset HOBO U-12 units that were positioned at 

occupant height to give a more accurate reflection of the working 

conditions experienced by room users. They were set to record at 5-minute 

intervals and had enough on-board storage for about 50 days of data at 

this resolution. The downside of this type of logger is that the data needs 

to be physically retrieved rather than transmitted via a network 

connection. 

The second and third strands of the thermal comfort analysis involved 

running simulations using Autodesk’s Ecotect thermal modelling software. 

In the initial stage of this project the thermal modelling extended to 

exporting one room from Revit into Ecotect in the data interchange format 

gbXML. This task was undertaken in order to assess the capabilities of 

Ecotect and to determine whether the software is appropriate for thermal 

modelling in later stages of the project. Two levels of detail were simulated, 

one model with walls, doors and windows, the other with lighting in 

addition to these. The main structure of the room was exported from the 

central copy of the Revit model and basic library elements (e.g. windows 

and doors) were added. Ecotect did not recognise lighting elements added 

in Revit and replaced them with voids as shown in Figure 4.24. Much of 

the functionality within Ecotect has now been merged into Revit itself which 

has obviated this geometry misinterpretation between Autodesk products. 

In Ecotect, pre-defined building elements along with their material 

properties were selected to match the building properties of the Chadwick 

building. A number of parameters were set with regards to occupants 

(number of people, activities, etc.) and internal conditions (humidity only). 

The humidity values were taken from the sensor data and input into the 

model. 
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Figure 4.24 - Detailed room model in Revit (left) and its gbXML representation in 
Ecotect (right). 

4.3.4 Results 

The level of detail and completeness of the final model was limited by the 

time available. The bounding elements (floor, walls and ceiling) of the 

Chadwick Building for all the floors except the basement were created with 

the second floor having the fixtures and furniture modelled as is shown in 

Figure 4.25.  

 

Figure 4.25 - Parametric model in Revit of the Chadwick Building with a high 
level of detail. 

As with the Revit model created for the Berners Hotel the result can be 

visualised in a hybrid view where the source point cloud and constructed 

geometry are displayed together. This kept a degree of visual recognition 
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as more complex or ancillary building objects that were not modelled could 

be displayed e.g. the concrete-crushing Instron to the left of Figure 4.26.  

On the environmental side it was found that Ecotect provided a reasonable 

simulation of the building for this study. The simulated temperature results 

for the room were found to be slightly lower than the values recorded by 

the thermal sensor in that room. This inaccuracy might be related to the 

fact that the simulation of the room was run in isolation, as neighbouring 

rooms were not considered. This was confirmed when neighbouring rooms 

were added to the G08 model and the simulation re-run, with the 

calculated temperature found to be closer to what was measured (Figure 

4.27). 

 

Figure 4.26 - Combined medium level of detail model and point cloud. 

 



Case Study: Manual BIM Geometry Creation from Point Clouds | Chapter 4 

 

 

Page | 133  
 

 

Figure 4.27 - Temperature graph of real and simulated data over one day. 

4.4 Discussion 

 

Figure 4.28 - Knowledge space of this chapter. 

The work in this chapter was carried out to establish the state of the art in 

the workflow to take point clouds derived from laser scanning and produce 

a 3D model that would be appropriate for a BIM process. From the case 

studies this can be broadly broken down into three main parts: data 

collection, processing and modelling. 

Across all three case studies the amount of instrumentation and associated 

equipment was a laborious disadvantage. The use of the smaller and 

lighter Faro scanner in the Berners Hotel study was useful in reducing this 
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burden being less cumbersome than the Photon. However, the procedure 

to capture data was the same and the requirement when static scanning 

to minimise occlusions by adding and controlling the setups requires time 

and care. 

After data collection is the data-intensive processing step of registering the 

point clouds together into a homogeneous, geometrically consistent 

product. Although relatively straightforward it can be time consuming 

where data volumes are high, as with the Green BIM project. Some 

automated strategies existed at the time of the projects in this chapter for 

both detecting deliberate targets and spheres as well as features in the 

scenes. However not all targets were always found, with false positives 

also present. This became an issue when using the total station survey to 

control the scans as the software used a rigid-body transform to place the 

scans that matched the target distribution from the survey points. User 

intervention was often required to manually clean up incorrectly identified 

targets or detect ones that were missed causing the matching to the survey 

data to fail. 

It should be noted the time of both of these processes before the modelling 

commenced, which has an impact on the currency of the data. As a building 

evolves throughout its lifecycle it will change and the degree to which that 

change is documented is an important consideration. Capture in its current 

state usually allows for one epoch to be fully recorded accurately and there 

is a cost implication to it should it need to be continually updated to be 

current. Therefore the time at which a full set of data is captured may need 

to be limited to have most effect, with site changes infilled with faster but 

possibly less accurate instrumentation (i.e. indoor mobile mapping 

systems). It could be envisaged that the COBie data drops provide good 

times at which a full set of new data is captured of the current conditions 

with additions to the data set at key change intervals where cost or 

progress validation monitoring is required.  

The geometric modelling across all of the case studies was carried out in 

Revit. This object-based modeller had a steep learning curve to master as 

unlike traditional 2D CAD drawings the element being modelled is defined 
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at creation. This means that more knowledge is needed up front about the 

detail of the elements to make the necessary modelling decisions e.g. is a 

wall represented generically or specifically with many attributes 

(construction layers, finish, etc.).  

Some survey companies in recent years have handled this by writing their 

own guidelines for the product that they provide (Plowman Craven Limited, 

2012; Severn Partnership, 2013). This helps them define from the outset 

what should be captured and give the client an idea of what they will 

receive. As Rajala and Penttilä (2006) remarked it is this predefinition that 

is important to guide both measurement and modelling activities. This is 

necessary as there is a trade-off between time/cost and level of 

detail/information captured where an understanding of the use of the 

model needs to be considered. Throughout the case studies orthogonality 

in height was assumed and the user tried to average minor deviations 

along the length of objects. The Plowman Craven Specification suggests 

that further detail than this could be appended by adding an attribute for 

the maximum deviation recorded (Plowman Craven Limited, 2012, p. 18).  

The first Gleeds office study was a simple case so was fully represented, 

albeit with stock elements. The Berners Hotel project was larger in terms 

of capture and more complex in terms of the intricate architecture, 

meaning a simplistic model with point cloud for the detail was decided as 

an acceptable trade off. Scaling up again in the Green BIM project the 

completeness of the model was compromised as time ran out; one floor 

only was modelled in detail, with the basement not modelled at all. Some 

of this could be attributed to the inexperience of the undergraduates who 

carried out the modelling, but mainly it was the scale of the project and 

data management generally that absorbed time. As with Attar et. al. 

(2010) building subsystems were not added due to the difficulty in capture 

with line-of-sight measurement instruments, as they are often subsurface. 

The environmental conditions work of Green BIM allowed for the fuller BIM 

process to be tested whereby the captured data is used to inform the 

management of an asset, in this case its environmental performance. 

Although the geometric model used for the simulation consisted of the 
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space-bounding elements, the simulation did approximate the observed 

temperature readings in the small initial testing showing that even a fairly 

basic but accurate model can be acceptable for some tasks. 

Ultimately the Gleeds trials were a success as the company saw the 

importance of laser scanning both in terms of efficient collection of data 

and to enable them to bid for future work that required 3D parametric 

models, so purchased a Leica laser scanner in 2014. The Green BIM work 

is ongoing and is ready to be continued with the case study data as a 

platform on which to build a process that could be rolled out University-

wide. 

4.5 Chapter Summary 

The transfer of BIM knowledge to a survey company actively led to their 

engagement with laser scanning being increased to the point where the 

value was great enough that they purchased an instrument. 

The manual capture process is involved requiring a lot of equipment that 

necessitates many operatives to aid with carrying as well as target 

placement and control measurements with a total station to ensure 

accuracy. 

With capture being quite involved it directly affects the currency of the 

data from which the model is created. Less of an issue with more static 

state in operations phase but could be more of an issue on dynamic 

construction sites where change is faster paced. 

The modelling software used (Revit) had a steep learning curve and 

required more information up front than a traditional CAD workflow as 

modelling was of specified objects rather than generic lines. 

Clear ideas of modelling specifications to be used are required to mitigate 

the effects of human interpretation on the modelled geometry. 

As the size of the asset to be modelled scales up so do the data capture 

and modelling workloads. The GreenBIM project was compromised on 

completeness due to the time needed to capture the data. 
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5 IMPROVING GEOMETRIC DATA 

CAPTURE† 

5.1 Overview 

Recent years have seen an increase in demand for detailed and accurate 

indoor models. To obtain sufficient level of detail and accuracy the 

modelling process needs to be based on reliable measurement data. The 

data source of choice for high-quality models are point clouds acquired 

through laser scanning (BIM Industry Working Group, 2011; Budroni and 

Boehm, 2010; Rusu et al., 2008; U.S. General Services Administration, 

2009). 

As seen from the BIM literature in section 2.2, the tool of choice for data 

collection to derive such models is a static terrestrial laser scanner. In the 

traditional surveying workflow the instrument is placed on a tripod on 

several pre-determined stations. Tie points are physically marked using 

artificial targets. These tie points provide a common reference frame, so 

that data from separate stations can be registered. The process is typically 

combined with total station measurements to obtain control information 

for the tie points, measure the position of the stations or a combination of 

both. All collected data (tie points, station data) is then entered into a 

network adjustment in a post-processing step to obtain optimal results.  

While this procedure is expected to provide the best accuracy for the 

resulting point cloud it has some obvious draw-backs as shown in the 

previous chapter. The manual placement of the laser scanner on multiple 

stations interrupts the scanning and thus reduces the scanning rate (points 

per second). The placement of tie points requires additional manual effort. 

                                       
† Parts of the work in this chapter appears in the following paper: (Thomson et al., 2013) 
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The combination with a second instrument increases cost and again 

manual effort. Furthermore the surveying process requires skilled 

personnel, e.g. to pick optimal stations, good network design for marker 

placement, etc. 

In contrast, for large-scale outdoor point cloud acquisition mobile laser 

scanning (MLS) is now commonplace. A typical mobile LiDAR system 

consists of one or more laser scanners mounted on vehicle. The trajectory 

of the vehicle is determined using Global Navigation Satellite Systems 

(GNSS) and a high-grade IMU. Often a wheel rotation sensor is added to 

obtain odometry data. Such systems have been commercially available for 

several years and can achieve an accuracy of a few tens of millimetres 

(Barber et al., 2008; Haala et al., 2008). Their advantage is the rapid 

acquisition of large volumes and coverage of large areas in a small amount 

of time. This high data acquisition rate can be achieved since the data 

collection is uninterrupted and the mobile platform is continuously moving 

forward covering more ground. 

Unfortunately this type of system cannot be directly used for indoor 

applications. This is largely due to their reliance on GNSS which is not 

available indoors. Also the high cost of these systems often due to the 

high-grade IMU is prohibitive for building surveys. 

Indoor Mobile Mapping Systems (IMMS) present a possible solution to 

these issues especially in time saved. IMMS are much like the vehicle based 

mobile mapping systems used for rapidly capturing linear assets by 

combining sensors onto a kinematic platform. However the key difference 

is in positioning. As GNSS is unobtainable indoors other methods are 

necessary for positioning where there is not a clear sky view of which 

Simultaneous Localisation and Mapping (SLAM) is the most prominent. 

Given the time intensive process of standard surveying with static laser 

scanning and the speed of capture of IMMS’ it was considered worth 

investigating whether these systems provided data that was fit for purpose 

for BIM geometry creation for the significant time saving that they achieve. 

This chapter investigates two systems of very different form factors: the 
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i-MMS from Viametris and ZEB1 from 3D Laser Mapping/CSIRO and 

assesses them against a traditional survey workflow with the Faro Focus 

laser scanner both in terms of the point cloud quality as well as the ability 

to create accurate parametric geometry for BIM. 

5.2 Indoor Mobile Mapping Systems  

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 

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 theoretically anywhere the operator can walk can be accessed. 

This means areas that are impossible to scan with trolley systems or 

difficult with static methods, such as stairwells, can be captured relatively 

easily. In this study one of each system type is represented, of which the 

manufacturer’s data can be found in Appendix I – Instrument Data. 

5.2.1 Viametris i-MMS 

The trolley based system is the i-MMS from Viametris (Figure 5.1) which 

incorporates three laser line Hokuyo scanners and Ladybug spherical 

camera from Point Grey (Viametris, 2013). 

The three scan heads are positioned as in Figure 5.1 on a sliding mount to 

allow for compact storage for transportation to and from the work site. The 

two Hokuyo with blue heads actually provide the point cloud while the 

upright orange headed scanner provides the data for the SLAM. The 

configuration of the blue Hokuyos at the time of this test were set on the 

array as in Figure 5.1, with the sensor on the left pointing down and the 

one on the right pointing up with respect to the figure. This setup was a 

change by Viametris from an earlier implementation where both scan 

heads pointed down which had led to poor ceiling detail due to the limited 

270° scan swath of the Hokuyos used. 
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Instead of relying on GNSS and IMU's, the i-MMS makes use of 

Simultaneous Location and Mapping (SLAM) a robotics technology to 

perform the positioning (Smith and Cheeseman, 1986). Currently this is 

only implemented in 2D, restricting the system to measurement in areas 

with no significant height change and is based on that outlined in (Garcia-

Favrot and Parent, 2009). 

 

 

Figure 5.1 - i-MMS scanner array (top) and control screen showing preliminary 
SLAM result (bottom). 

The instrument is controlled via a touch screen that interfaces with the on-

board computer and displays the online 2D SLAM result while scanning 

(Figure 5.1) as well as status lights for the data streams from the sensors 

and SLAM solution itself. This allows for feedback to the user of any 
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experience level when any component of the system is malfunctioning 

through the use of traffic light colours. 

5.2.2 3DLM/CSIRO ZEB1 

The second IMMS under test is the ZEB1 from 3D Laser Mapping developed 

by the Australian research group CSIRO (Figure 5.2). ZEB1 takes the form 

of a hand held post and spring with line scanner and IMU attached. The 

ZEB1 uses the same Hokuyo scanner as the i-MMS but adds a small IMU 

under the LIDAR sensor to aid the location solution (3D Laser Mapping, 

2013). 

 

Figure 5.2 - The ZEB1 handheld unit and control laptop. 

The handheld device is tethered to an Ubuntu netbook that performs the 

data storage and real-time processing as well as a battery pack for power. 

Since this work was carried out, the laptop has been replaced by a data 

logger reducing the complexity of the kit to be carried. 

To operate, the ZEB1 must be gently oscillated by the operator towards 

and away from them with an online 6 degrees of freedom SLAM algorithm 

fused with the IMU to provide an open loop solution (Bosse et al., 2012). 
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5.3 Method 

This work does not attempt to perform a laboratory based accuracy 

analysis of the scanning systems under review. Rather a comparison of the 

systems in-the-field is desired, i.e. assess their performance in a real-

world application. This however still requires a careful test design. A solid 

reference is needed to which the results obtained from each system can 

be compared. Thus a test scenario was prepared with an established 

control survey, which is described in the following section. 

5.3.1 Study Area 

      

Figure 5.3 - Maps of the UCL study area highlighted by red pecked line; arrows 
indicate North direction. Left © (Microsoft Corporation/Blom, 2015). 

The area under study of this project is the ground floor of the South 

Cloisters in UCL. It is depicted in Figure 5.3 and Figure 5.4. It is important 

to mention some specific characteristics of the area that affect the 

scanning and modelling process and they will become apparent at a later 

stage. The testing environment can be roughly described as a corridor with 

dimensions of approximately 39×7×5 metres as shown by the red pecked 

boundary in Figure 5.3, starting from the South Junction and ending before 

the Octagon Building of the Main Library. Adjacent to the right wall surface 

in the figure are offices with no access, therefore the overall wall thickness 

cannot be identified by laser scanning measurements. On the other side, 

adjoining to the left wall surface there is an open area roof garden free of 

clutter and the wall thickness can be measured. 



Improving Geometric Data Capture | Chapter 5 

 

 

Page | 143  
 

5.3.2 Reference Data Static Scanning 

The static laser scanning measurements were made using the Faro 

Focus3D laser scanner (Figure 5.4), which uses the phase shift principle to 

measure distance. The Faro Focus 3D is a state-of-the-art scanner 

commonly used for building surveys. Its light weight and compactness 

have made it a popular choice for indoor work. The characteristics of the 

scanner have been investigated by García-San-Miguel and Lerma (2013) 

and its manufacturer’s data can be found in Appendix I – Instrument Data.  

 

Figure 5.4 - Control survey and scanning in the UCL South Cloisters 

Before the commencement of the capture, the area was examined in order 

to determine the best setup locations and time, so as to minimize data 

voids as well as artefacts from obstructions and pedestrians respectively. 

Bearing in mind the capabilities of the Faro Focus 3D and the required 

accuracy, the distance between each of the setups and the scanned objects 

was approximately 6m, while the point spacing was selected to 1/8 of 

maximum density. Therefore, each scan lasted just under 4 minutes and 

10 million points were acquired from each position. The whole area was 

captured with 12 scans in about 5 hours, from 5 pm to 10 pm, including 

the surveying of the target and scan locations. From these 12 scans, 2 
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scan positions required for the east outer wall of the building were captured 

in order to determine accurately the wall thickness. Also 32 checkerboard 

targets were placed across the area in order to register the scans 

successfully with common tie points. 

5.3.3 Control Network Analysis and Adjustment 

The measurements in the field with the Leica Viva TS15 total station were 

followed by processing of the data in the Leica Geo Office (LGO) software, 

so as to estimate the accuracy of the established network. The 

determination of the coordinates for the targets allowed the registration 

and georeferencing of the Faro scanner measurements, as well as the 

coordinates of elements surveyed and as a result the geometry of the area. 

LGO 8.1 was used to process the data captured with the total station and 

the goal of the analysis was three-fold, depending on the different tasks 

performed:  

1. To calculate the accuracy of the established network in the area 

under study. 

2. To determine the coordinates of the laser scanner and the target 

positions to enable the registration and georeferencing of the 12 

scans. 

3. To determine the coordinates of specific elements captured during 

the measured building survey and as a result the geometry of the 

area from the total station survey. 

5.3.4 IMMS Capture and Processing 

The capture process for both systems was relatively straightforward and 

involved walking around the area to be captured with the instrument. In 

the i-MMS case pushing the trolley ahead of the operator and for the ZEB1 

holding and oscillating the instrument whilst wearing the backpack with 

the control laptop in it (Figure 5.5).  

The i-MMS creates several stream files of data that are taken off the 

instrument and processed in Viametris’ proprietary software PPIMMS. This 

software reconstitutes the data streams together and allows for the SLAM 
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solution to be refined with common targets between segments of the 2D 

positional scan. Once corrected the sensor paths can be recalculated and 

the point cloud computed from this optimised trajectory and output as 

either an ASCII point file or LAS. 

The ZEB1 processing is similar in concept except that it is more a blackbox 

as it occurs in a cloud computing process where the data stream is 

uploaded and the solution is returned in LAS format. This processing 

happens on the servers in the same time as it took to capture (Ryding et 

al., 2015).  

 

Figure 5.5 - Data collection with the ZEB1 in the UCL South Cloisters next to the 
auto-icon of Jeremy Bentham 

The time difference between static and mobile capture techniques is 

starkly shown in the data of Table 5-1 and charted in Figure 5.6. Both of 

the mobile mapping systems show significant speed increases in both 

capture and processing over both traditional total station survey and static 

scanning. It should be noted that the lack of referencing in the mobile 

scans make them difficult to georeferenced, however so much time is 

saved that surveying in targets in the scene for georeferencing would still 

be faster than both other static capture techniques. 
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Table 5-1 – A breakdown of data collection and processing information. 

Instrument 
Set-

Ups 

Capture 

Time 

Process 

Time 

People 

Needed 

Points 

Captured 

Point 

Density 

Focus 12 

5 hours 

(inc. 1 hr 

surveying 

targets) 

4 hours 2 130 million 1-2mm 

i-MMS 1 10 min 10 min 1 13.5 million 6-12mm 

ZEB1 1 10 min 10 min 1 6.5 million 8-25mm 

TS15 3 3 hours 1 hour 2 120 - 

 

 

Figure 5.6 - Chart of the time taken to capture and process the data from each 
scan instrument. 

5.4 Results 

Using the static laser scans from the control survey, two comparisons could 

then be performed. The first was a cloud to cloud comparison, of the point 

clouds obtained with the mobile systems compared to the static laser 

scans. The second was a comparison closer to the intended application. 

The BIM geometry derived from the point clouds of each mobile system 
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was compared to that derived from the control survey. The following two 

subsections present the results of these two experiments. 

5.4.1 Point Cloud Comparison 

For all of the comparisons in this section the same process was followed. 

The artefacts in the scans caused by people and glass were deleted in 

Autodesk Recap Studio and the registration of the two scans was 

performed using CloudCompare (Girardeau-Montaut, 2012). The ICP 

algorithm was used for the registration of the two point clouds into the 

same coordinate system. The benchmark model is the Faro data and the 

compared one is the Viametris. After registration the cloud to cloud 

differences of the two scans were compared using both techniques 

presented by CloudCompare: Height Function and Least Squares Planes.  

 

Figure 5.7 - Nearest neighbour distance calculation (left) and distance 
calculated with a plane fit model (right); reproduced from (Girardeau-Montaut, 

2015a). 

Both of these techniques use a best fit plane fitted with least squares 

through the nearest point and its local neighbourhood in the data to be 

compared. The Height Function uses a quadratic function with the normal 

of the least squares fit plane used to define the Z direction (Girardeau-

Montaut, 2015b). The advantage of using a modelling approach to 

comparison is that it reduces the effect of variable point density by 

representing the underlying surface. Differences in density could more 

heavily affect the result where a straight nearest neighbour approach is 
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used as the true offset perpendicular to the reference surface may not be 

where the nearest measurement point was captured (Figure 5.7). 

5.4.1.1 Focus 3D and i-MMS 

The results are presented below in Table 5-2 for the point cloud comparison 

between the data sets and Figure 5.8 provides a visual of the result in 

CloudCompare. 

 

Figure 5.8 - Registration of the Focus3D and i-MMS point clouds. 

Table 5-2 - Results of the ICP registration and the residual deviations of the 

point cloud comparison for the i-MMS system. 

  Comparison Method 

 
ICP  

algorithm 

Height  

function 

Least Squares  

planes 

RMS (mm) 25 - - 

Mean (mm) - 28 26 

Std Dev. (mm) - 55 42 

 

   

Figure 5.9 - Histograms of point distances between Focus and i-MMS point 
clouds. 
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5.4.1.2 Focus 3D and ZEB1 

Again the same process was performed, whereby the data was registered 

together with the ICP algorithm in CloudCompare and the cloud to cloud 

differences were assessed. 

 

Figure 5.10 - Registration of the Focus3D and ZEB1 point clouds. 

Table 5-3 - Results of the ICP registration and the residual deviations of the 
point cloud comparison for the ZEB1 system. 

  Comparison Method 

 
ICP  

algorithm 

Height  

function 

Least Squares  

planes 

RMS (mm) 26 - - 

Mean (mm) - 36 32 

Std Dev. (mm) - 188 109 

 

  

Figure 5.11 - Histograms of point distances between Focus and ZEB1 data. 

5.4.1.3 Point Cloud Comparison Summary 

For both mobile systems the RMS after point cloud registration with ICP to 

the Focus data is almost equivalent. Overall the point cloud of the i-MMS 
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agrees slightly better with the Focus 3D data however the histograms of 

the data comparisons show the first peak in the second bin which indicates 

there may be a systematic error affecting the data possibly a problem in 

the calibration of the two sensors. 

5.4.2 Model Comparison 

With the point cloud data from the various instruments transformed to the 

same coordinate system through the ICP method, the parametric 

modelling could be performed from these data sets to gain the geometry 

for a BIM. This process was carried out in Autodesk Revit 2014 which 

required the point clouds to be converted into the proprietary RCS format 

before import to Revit. 

 

Figure 5.12 - Distance measurements extracted from the BIM between walls. 
The models derived from Focus3D, i-MMS, ZEB1 and TS15 are shown. All 

measurements are in millimetres. 

In Figure 5.12 distances extracted from between the walls in the created 

models derived from Focus 3D, i-MMS, ZEB1 and TS15 data are shown. It 
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can be seen that the distances deviate by a few centimetres. Figure 5.13 

shows some detail in the point clouds. Also a level of noise can clearly be 

seen. However the models derived from the point cloud agree well. 

The distances show the larger scale agreement of the measurement. The 

quality of the model in detail can be assessed by looking at individual 

architectural features. Doors and windows have been chosen as they are 

the most common features. Table 5-5 and Table 5-6 show the average and 

extrema of the deviation between the models. They also show a deviation 

of the models derived from the reference scan to a classic total station 

survey and tape measurement. This indicates a general uncertainty in 

modelling from point clouds, related to the density of the point cloud. 

Table 5-4 - A table of the differences in surface to surface measurement of walls 

from the differently sourced models. All figures in mm, with largest deviation in 
red italics. 

Focus 3D 

derived model 

measurements 

i-MMS Δ 

distance 

ZEB1 Δ 

distance 

Total 

Station Δ 

distance 

7220 17 -15 20 

7220 10 15 20 

4109 25 20 -9 

7220 -8 0 20 

16560 40 20 -40 

4540 -40 -140 -40 

39356 -46 -16 44 

6040 -9 60 20 

24869 65 11 91 

6040 -9 5 20 

3520 20 -10 0 

Mean 6 -5 13 

Std. Dev. 31 47 35 
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Figure 5.13 - Detail of the point clouds and the model (top row solid lines) for 
the systems. 

Table 5-5 - Differences based on 10 door elements. 

 Differences of door elements 

Model 

Comparison 

Mean  

Δ Width  

Mean  

Δ Height 

Max  

Δ Width 

Max  

Δ Height 

Focus 3D &     

i-MMS 51 mm 44 mm 260 mm 160 mm 

ZEB1 64 mm 46 mm 420 mm 130 mm 

Leica TS15 13 mm 20 mm 30 mm 60 mm 

Leica TS15 &     

i-MMS 59 mm 50 mm 215 mm 107 mm 

ZEB1 70 mm 49 mm 420 mm 101 mm 
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Table 5-6 - Differences based on 7 window elements. 

 Differences of window elements 

Model 

Comparison 

Mean  

Δ Width  

Mean  

Δ Height 

Max  

Δ Width 

Max  

Δ Height 

Focus3D &     

i-MMS 35 mm 27 mm 210 mm 150 mm 

ZEB1 58 mm 47 mm 390 mm 280 mm 

Leica TS15 19 mm 21 mm 34 mm 40 mm 

Leica TS15 &     

i-MMS 50 mm 33 mm 250 mm 190 mm 

ZEB1 69 mm 39 mm 300 mm 400 mm 

5.5 Discussion 

 

Figure 5.14 - Knowledge space of this chapter. 

Modelling from survey data is a subjective process as could be seen from 

the results of this study, however the agreement between the models 

generated from these disparate capture systems imply that there is not 

much of a gulf in quality and that the speed increase only results in an 

accuracy dilution of a few centimetres over more established technology.  

The modelled elements derived from the higher accuracy measurement 

systems (TLS and Total Station) did show greater agreement than the IMM 

systems under review here which had much worse gross errors. This is 

likely caused by uncertainty in point picking for modelling adding to the 
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propagating errors from the registration process and alignment of the 

mobile data to a common coordinate system for comparison. 

The total station capture represents the traditional process of 

measurement for measured building surveys and as such has a different 

workflow to the point cloud processing of the other systems. In this method 

the major changes in wall direction and edge points of objects like windows 

and doors are picked with accurate single point measurements. This means 

that instead of the operator choosing from the data the extents of a 

building object the decision is made in the field. The advantage of this is 

that the data collected is more concise and smaller to store than with 3D 

imaging technologies. Yet it is limited to what was chosen to be captured 

at the time meaning that if an element is later required but not measured 

a redeployment to site is necessary. 3D imaging technologies such as laser 

scanning obviates this by capturing whole scenes, making the data more 

resilient to changes in scope in future work needs and processes. 

Of the point cloud data, the static scan data was the cleanest as expected, 

having the lowest noise present with building features clearly defined at 

the point density captured. This is also a product of good survey design 

where time is spent to evaluate the best positions to minimise occlusions 

from each setup; a task that becomes moot with IMMS. The Viametris i-

MMS data by comparison exhibits greater noise and some apparent 

‘ghosting’ that could imply a bad calibration of the two capture line 

scanners. Calibration is an important consideration with multi-sensor 

systems to avoid these sorts of problems as transportation of the 

instrument could cause components to shift that should be identified and 

fixed or rectified. An advantage of the Viametris i-MMS is the very even 

sampling that the system produces creating a fairly consistent level of 

point density unlike the falloff seen with static systems which has to be 

accounted for. This is not quite the case with the ZEB1 where its unusual 

oscillations create a changeable point density that is sensitive to distance, 

meaning distant surfaces are captured more sparsely then with the 

Viametris i-MMS. Both IMMS are also heavily influenced by the walking 

speed of the operator for point density and in the ZEB1’s case to keep it 
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oscillating so that its SLAM solution can continue to be calculated per 

sensor nod. 

Overall the systems under investigation are of a novel class of scanners. 

These types of systems are still at an early stage in their development. 

With reference to the use cases accuracies outlined in section 1.4 for the 

knowledge space diagram in Figure 5.14, there are use cases that can be 

envisaged where these systems can deliver suitable results, such as asset 

capture and facility management. For applications requiring the highest 

level of accuracy such as survey engineering and monitoring where sub-

centimetre level accuracy is required, the systems cannot currently 

perform adequately. The systems have provided results that deviate only 

a few centimetres from the reference survey.  

Future developments for this category of systems have the potential to 

significantly impact the current survey practice. The most direct result is 

the automation of the registration process. Most major point cloud 

processing software now supporting this (Leica Cyclone, Faro Scene 

Autodesk Recap, etc.) with some hardware improvements to static 

scanners so that the relative simplicity of registration with mobile scanning 

can be married to high quality measurement sensors to get some 

performance gain in speed (Laser Scanning Forum, 2015).  

5.6 Chapter Summary 

IMMS greatly decreases the time of data capture from hours to a matter 

of minutes. 

The key considerations when deploying such systems indoors are with 

accuracy which can be an order of magnitude worse than static systems 

and point density which can vary by system. 

The Viametris i-MMS’ consistent scan pattern makes it more predictable 

indoors than the ZEB1 where the scan density drops off greatly from the 

instrument position. 
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6 AUTOMATING BIM GEOMETRY 

RECONSTRUCTION‡ 

6.1 Overview 

The need for 3D models of buildings has gained increased momentum in 

the past few years with the increased accuracy and reduced cost of 

instrumentation to capture the initial measurements as evidenced by the 

application of IMMS in the previous chapter. This tied with more 

sophisticated geometric modelling tools to create the digitised 

representation has helped smooth the process. Alongside this, the 

concurrent development of Building Information Modelling (BIM) 

worldwide has created demand for accurate 3D models of both exterior 

and interior of assets throughout their lifecycle. This is due to a key 

component of BIM being a data-rich 3D parametric model that holds both 

geometric and semantic information. 

Generally, digital modelling is carried out to provide a representation or 

simulation of an entity that does not exist in reality. 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 being time-

consuming, tedious, subjective and requiring skill (Rajala and Penttilä, 

2006; Tang et al., 2010).  

Human intuition provides the most comprehensive understanding of the 

complex scenes presented in most indoor environments, especially when 

adding rich semantic information as required for BIM to be effective. 

However with the continuing development of capture devices and 

                                       
‡ Parts of the work in this chapter appears in the following papers: (Thomson and Boehm, 

2015, 2014) 
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modelling algorithms, driven by the increased need for indoor models, it is 

felt that a common benchmark dataset is required that represents the 

status quo of capture, allowing different geometry extraction methods to 

be tested against it as they are developed. As described in section 2.4.2, 

Tang et al. (2010) made the case for this as a necessity and provided a 

list of factors with which that benchmark data could be categorised. 

The work presented in the previous chapters has shown the applicability 

of new mobile technology to indoor capture and the difficulties with the 

geometry reconstruction process. In this chapter the question of 

automation is studied, first with an assessment of commercial semi-

automated methods and then the author’s own fully automated methods 

are described to automate the identification of geometric objects from 

point clouds and vice versa. As previously stated in the scope in section 

1.4, this work concentrates on the major room bounding entities, i.e. walls. 

Other more detailed geometric objects such as windows and doors are not 

currently considered. 

6.2 Benchmark Data 

In light of the need for a common benchmark dataset to test the progress 

of automation approaches one was created as part of this work. The 

following section describes the data created for the testing of the methods 

developed in this Chapter and available to all as a benchmark dataset. The 

benchmark for indoor modelling was first presented in (Thomson and 

Boehm, 2014). The dataset itself is freely available to download at: 

http://indoor-bench.github.io/indoor-bench.  

The datasets used are both sections of the Chadwick Building at UCL, each 

captured with state of the art methods of static and mobile laser scanning 

and accompanied by a manually created IFC model. This represents a 

typical historical building in London that has had several retrofits over the 

years to provide various spaces for the changing nature of activities within 

the UCL department housed inside. The first area is a simple corridor 

section from the second floor of the building. The second area is a cluttered 

office from a modern retrofitted mezzanine. 



Chapter 6 | Automating BIM Geometry Reconstruction 

 

 

Page | 158 
 

For each of the benchmark datasets, the capture process is described 

including the static scanning with a Faro Focus 3D laser scanner and indoor 

mobile mapping with a Viametris iMMS. These instruments represent the 

state of the art in both categories of system at time of writing. More can 

be read about their operation and applicability for indoor geometry capture 

in Chapter 5 as well as a test of the manually created geometry. 

The manual ‘truth’ model creation is also described with clarifications of 

what has been modelled and why. This model is created using the same 

standard process as done in industry to create the parametric model of an 

existing asset, thereby presenting a product of the status quo that is 

acceptable for further use by other participants in the BIM process. The 

specification used for the parametric modelling of both datasets is the 

freely available BIM Survey Specification produced by the UK-based 

surveying company Plowman Craven (Plowman Craven Limited, 2012). 

Both models were taken up to Level 3 as defined by this specification which 

requires basic families but not detailed and moveable objects to be 

created. 

6.2.1 Basic Corridor 

This first area is a long repetitive corridor section from the second floor of 

the building, illustrated in Figure 6.1. It roughly measures 1.4m wide by 

13m long with a floor to ceiling height of 3m. The scene features doors off 

to offices at regular intervals and modern fluorescent strip lights standing 

proud of the ceiling. Poster mounting boards are fitted to the walls and at 

one end are two fire extinguishers. 
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Figure 6.1 - Images of corridor with CAD plan of area showing image locations. 

6.2.1.1  Static Scan Data 

Five scans were captured with the Faro Focus terrestrial laser scanner. The 

scan setting used was 1/8 of full density at 4x quality. This provides a 

prospective density of 12mm at 10m with a full scan providing up to 10.9 

million point measurements. The five scan setups were as shown in Figure 

6.2 and were surveyed in using a Leica TS15 total station, as were their 

checkerboard targets. 

The global coordinate system origin was placed at the scan origin in scan 

008 in the centre of the corridor. The coordinates of the scan positions 

relative to this are shown in Table 6-1 along with the number of points 

contributed from each setup to the final cropped dataset. Along with the 

coordinates, intensity data is also stored in the E57. 
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Figure 6.2 - Faro scan positions after registration in Faro Scene; yellow dashed 
area indicates final cropped data area. 

Table 6-1 - Scan positions and numbers of points in E57 data. 

Scan No. 
Scan Position (metres) Cropped 

Points X Y Z 

000 4.814 -8.115 0.229 254,159 

002 9.294 -2.044 0.287 460,043 

004 4.814 4.281 0.193 10,222,459 

006 -3.825 -3.377 0.236 9,761,475 

008 0.000 0.000 0.000 10,677,978 

   Total: 31,376,114 

6.2.1.2  Indoor Mobile Mapping Data 

The corridor was captured with the Viametris i-MMS using a closed loop 

trajectory that started at one end of the corridor into the adjoining lecture 

theatre out the far end and looping back down the corridor to the start 

position as in Figure 6.3. 

The data was processed in the Viametris PPIMMS software which improves 

the Simultaneous Location And Mapping (SLAM) solution that was 

computed by the instrument in real time to mitigate drift. The use of 

Hokuyo line scanners mean that the noise level in the resultant point cloud 

is greater than that found in the Faro scans with a resultant accuracy of 
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~3cm. It should be noted that the iMMS positions itself in 2D only and 

assumes a fixed height of the instrument in the third dimension, meaning 

artefacts can be seen in the data where the floor was not smooth. 

 

Figure 6.3 - i-MMS processed SLAM trajectory loop of corridor in Viametris 
PPIMMS software. 

Due to the arrangement of the line scanners and their blind spots, 

occlusions are present in the data where turns around corners prevent the 

other line scanner from filling in if the trajectory had been straight. The 

coordinate system of the Viametris data is defined by the starting position 

of the instrument becoming the origin. 

The same area was cropped in CloudCompare as in the Faro data and 

exported to an E57 containing the coordinates and intensity data, leaving 

a mobile mapping dataset of 7.1 million points.  

6.2.1.3  Parametric IFC Model 

To provide a form of verification ground truth, a manual model was created 

from the Faro scans following the workflow used currently by the UK survey 

industry. This involved loading the scans into Autodesk’s Revit 2014. This 

meant that Revit performed a conversion into the Autodesk point cloud 

format (.rcs). 

As the model is an abstraction of the point cloud, then certain assumptions 

are made by the user along the way to generate the geometry. In this case 

elements from the object library that comes with Revit 2014 were used, 
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with the exception of the windows above the doors to the left of Figure 6.4 

which are from the UK National BIM Library (NBS National BIM Library, 

2014). All thicknesses are arbitrary, except for the separating wall between 

the lecture theatre and corridor as it was scanned from both sides. 

 

Figure 6.4 - Hybrid view showing point cloud (coloured by normals) and 
resultant parametric model in an Autodesk Revit 2014 3D view. 

 

6.2.2 Cluttered Office 

The second indoor environment is a standard office from the modern 

retrofitted mezzanine floor of the Chadwick Building. It roughly measures 

5m by 3m with floor to ceiling height of 2.8m at its highest point. The 

environment contains many items of clutter that occlude the structural 

geometry of the room including filing cabinets, air conditioning unit, 

shelving, chairs and desks. Also there is a variable ceiling height due to 

supporting beams that have been boxed in with plasterboard with the top 

of the window recessed into a void. Although the structural steel is not 

visible, the steel hangers that support them are visible on each wall under 

each beam. 
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Figure 6.5 - Images of office with CAD plan of area showing image locations. 

6.2.2.1  Static Scan Data 

Seven scans were captured with the terrestrial laser scanner of office 

GM14. The scan setting used was 1/5 of full density at 4x quality. This 

provides a prospective density of 8mm at 10m with a full scan providing 

up to 26.5 million point measurements. The seven scan setups were as 

shown in Figure 6.6 and, as with the corridor data, were surveyed in using 

a Leica TS15 total station, as were their checkerboard targets. 

 

 

 

 



Chapter 6 | Automating BIM Geometry Reconstruction 

 

 

Page | 164 
 

 

Figure 6.6 - Faro scan positions after registration in Faro Scene; yellow dashed 
area indicates final cropped data. 

The scans were processed in Faro Scene 5.1 and a cropped section of the 

corridor exported as an E57 from CloudCompare with the extents 

illustrated in Figure 6.6. This means the cropped section includes wall 

thicknesses to the adjoining offices (GM13 & GM15) as well as to a corridor 

(GMC). As with the Simple Corridor data, the point clouds have had no 

further cleaning and still contains a tripod setup position as well as 

artefacts e.g. from the light reflectors.  

The scans derive from a much larger surveyed dataset collected for the 

GreenBIM project (described in Chapter 4) and therefore have a coordinate 

system whose origin is derived from the centre of the Chadwick Building 

at ground level. This means that the origin does not reside within the scope 

of any of the scans in this dataset. The coordinates of the scan positions 

are shown in Table 6-2 along with the number of points contributed from 

each setup to the final cropped dataset. Along with the coordinates, 

intensity data is also stored in the E57. 
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Table 6-2 - Scan positions and number of points in E57 data. 

Scan No. 
Scan Position (metres) Cropped 

Points X Y Z 

GM13_001 11.124 -16.552 4.413 2,164,250 

GM13_002 12.788 -15.634 4.412 3,047,686 

GM14_002 13.181 -19.433 4.402 24,885,862 

GM14_003 14.812 -17.870 4.401 25,314,529 

GM15_001 16.884 -20.470 4.415 2,301,605 

GM15_002 14.987 -21.794 4.414 1,670,996 

GMC_006 19.693 -17.779 4.501 1,922,178 

   Total: 61,307,106 

6.2.2.2  Indoor Mobile Mapping Data 

The office was captured in a similar way to the corridor with a trajectory 

that starts outside the office, enters it and then returns to the starting 

position. However as the office has only one point of access, the loop is 

restricted to a fairly straight path with constrained turns (Figure 6.7). An 

advantage of this type of trajectory is that occlusions caused by the blind 

spots of the scanners are minimised as most areas get captured by a 

scanner in each orientation. As with the corridor data this Viametris point 

cloud of the office has its origin at the start position of the instrument. The 

same area was cropped in CloudCompare as in the Faro data and exported 

to an E57 file containing the coordinates and intensity data, leaving a 

mobile mapping dataset of 3.0 million points.  
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Figure 6.7 - i-MMS processed SLAM solution trajectory loop of office in Viametris 
PPIMMS software. 

6.2.2.3  Parametric Model 

The model was manually built to the same specification as that of the 

corridor but to a slightly higher level of detail. All of the structure, door 

and window of the office model are built with stock Revit elements. 

Prominent fixed features were included from outside the stock Revit 2014 

object library with the air conditioning and strip lights coming from 

Autodesk Seek respectively (Autodesk/Mitsubishi Electric, 2013) and 

(Autodesk/Cooper Lighting, 2013).  

 

Figure 6.8 - Hybrid showing point cloud coloured by normal and model in 
Autodesk Revit 2014. 
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6.2.3 Benchmark Summary 

To summarise, the benchmark consists of representations of two 

environments: a clear corridor and a cluttered office. For each environment 

there are 3 data sets: one indoor mobile mapping point cloud, one static 

scanner point cloud and a manual made 3D ifc model. The two point clouds 

are in the interoperable E57 format and their scene characteristics are 

tabulated in Table 6-3. 
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Table 6-3 - Benchmark point cloud data categorised using the criteria proposed 

by Tang et al. (2010).  
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6.3 Semi-Automatic Test and Results 

An initial test of the benchmark datasets presented in the previous section 

was carried out to see how they could be most effectively used. This test 

made use of the two prominent commercial tools for semi-automating 

simple geometry reconstruction for BIM highlighted in section 2.4.1: Scan 

to BIM 2014 (IMAGINiT Technologies, 2015) and Edgewise 4.5.7 

(ClearEdge3D, 2015).  

6.3.1 Scan to BIM 

Scan to BIM, hereafter abbreviated to StB, operates as a Revit plugin that 

embeds itself into the Revit toolbar and for wall geometry reconstruction 

uses a semi-automated region growing approach. This works with the user 

picking three points to define the plane of the wall which is then expanded 

to the extents of the point cloud within a user-defined tolerance. The user 

then has the option to create a wall of a type from the project library which 

follows the orthogonal constraints of the Revit environment or a mass wall 

which can deform. For this test the former wall type was chosen. This is 

illustrated below in with the tolerances used for both datasets of 2.5cm 

planar tolerance and 3cm closeness tolerance. 

 

Figure 6.9 - Scan to BIM Wall Creation Settings 

6.3.2 Edgewise Building 

Edgewise runs as a standalone piece of software in which the user performs 

some processing before exporting into a Revit instance that links to the 

work done in the standalone software with a customised Edgewise Revit 

toolbar. 
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Edgewise makes use of the scanner location which allows it to intuit 

information that may help with reconstruction as described in section 

2.4.1. The downside of this need for structured point clouds means it will 

only run with static scan data (Figure 6.10), therefore only the Faro data 

could be tested here. It is more automated than StB in its modelling 

approach as will be shown. 

 

Figure 6.10 - Edgewise unstructured point cloud warning (left) and point 
database creation settings (right). 

First a proprietary point database is created which resamples the data 

evenly to a user specified spacing (Figure 6.10). Then planar patches are 

automatically found throughout the dataset (Figure 6.11). From this the 

user defines the horizontal planes in the data to constrain the wall search 

(Figure 6.12). After this the software automatically searches for wall 

candidates between pairs of horizontal planes and reconstructs solid 

geometry (Figure 6.13) which can then be exported to Revit for further 

manual editing (Figure 6.14). 
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Figure 6.11 - Edgewise planar polygon detection. 

 

Figure 6.12 - Picking wall and ceiling planes manually in Edgewise 
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Figure 6.13 - Edgewise automatically detects walls between the horizontal 
planes. 

 

Figure 6.14 - The Edgewise geometry exported to Revit. 

6.3.3 Simple Corridor 

To assess the performance of the semi-automatically fitted walls created 

by the software trialled, a series of common measurements were taken 

and compared back to the manually-made reference to see the success or 

detriment of this implementation. 
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Figure 6.15 - Plan view of reference data and placement of common 
measurements taken for all datasets. 

 

 

Figure 6.16 - Reconstructed corridor walls with Scan to BIM from the Faro data 

(left) and the Viametris data (right). 
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Figure 6.17 - Reconstructed corridor walls with Edgewise from the Faro data. 

Table 6-4 - Comparison measurements between the corridor reference geometry 
and that created from Scan to BIM (StB) 

 
Measurements 

(mm) 
Relative difference from reference data (mm) 

Corridor 

Geometry 
Reference 

Edgewise with  

Faro Data 

StB with 

Faro Data 

StB with 

Viametris Data 

A-B 1096 -169 -36 -6 

A-H 11066 -27 +37 +70 

A-I 11169 25 +37 +59 

C-E 2453 n/a  -5 -1 

D-E 1677 -106 -102 +5 

F-G 1426 -5 +4 +22 

H-I 1424 -3 +5 -4 

I-J 2031 -25 -5 -57 

J-K 1091 -11 -8 -84 

RMS Error 

(mm) 
-  68 46 47 
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With reference to Figure 6.15, measurements G-F, E-D, H-I and J-K are 

created perpendicular to the wall line of F-I. As shown in Table 6-4 there 

is a fairly similar RMS of less than 5cm between wall-to-wall measurements 

of the reference model and static scan-derived walls with StB, with a bigger 

divergence in the Edgewise data caused by two gross errors. Overall the 

short measurements in Figure 6.15 are within a few millimetres from the 

StB Faro-derived model to the reference and in the tens of millimetres for 

the Viametris model. The main outlier in the StB results is D-E in the Faro 

data. The 10cm deviation between D-E in both StB and Edgewise is likely 

due to the wall mounted poster board on the wall defined at D skewing the 

fitting. The wall at D has been well captured by the Faro scan at that end 

of the corridor as opposed to in the Viametris data where it seems to have 

had less of an influence over the fit. Removing this outlier from the StB 

Faro measurements halves the RMS error to 23mm. The deviations of I-J 

and J-K in the Viametris-derived geometry are due to poor coverage in the 

point cloud caused by the scanners’ blind spot positions when the 

instrument turned. 

Overall it is promising that the greater automation provided by Edgewise 

has not greatly affected quality when compared with the more manually 

involved StB with only a small wall not reconstructed which has led to one 

of the biggest errors with the other error mirrored by StB. 

6.3.4 Cluttered Office 

The same process was carried out with the office data, producing common 

measurements across the model to see the performance of the two 

software approaches. The measurements in Figure 6.18 are to the corners 

of the room but are illustrated with leader tails on the dimension lines for 

clarity. 
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Figure 6.18 - Plan view of reference data and placement of common 
measurements taken for all datasets. 

 

Figure 6.19 – Reconstructed office walls with Scan to BIM from the Faro data 
(left) and the Viametris data (right). 

 

Figure 6.20 - Reconstructed office walls with Edgewise from the Faro data. 
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Table 6-5 - Comparison measurements between the office reference geometry 

and that from Scan to BIM (StB) 

 
Measurements 

(mm) 
Relative difference from reference data (mm) 

Corridor 

Geometry 
Reference 

Edgewise with 

Faro Data 

StB with 

Faro Data 

StB with 

Viametris Data 

A-B 2987 n/a -8 -49 

B-C 4999 n/a -3 -43 

C-D 2975 -7 -4 -11 

D-A 5014 -15 -12 -20 

A-C 5836 -22 -9 -29 

RMS Error 

(mm) 
- 16 8 34 

 

The datasets for the office, although cluttered with fewer walls, provide 

results shown in Table 6-5 more in line with expectations than the previous 

corridor data for StB. Edgewise has had a more difficult time reconstructing 

geometry from the more cluttered environment of the office, with only two 

of the major four walls successfully being extracted. This could be down to 

the pre-filtering of the data Edgewise does making clutter more indistinct 

from the surrounding geometry. 

The StB fitted wall geometry from the Faro data is in the order of a few 

mm, with that from the Viametris around 3cm. These results tally with the 

behaviour expected based on the performance and related modelling 

ambiguity from these instruments. A factor that could have a significant 

bearing on this is that the human intuition of point picking in the simple 

dominant wall geometry of the office scene was stronger than the effect of 

the clutter which was largely not in the same plane as the wall (i.e. shelves 

which lie perpendicularly). 

In both cases the semi-automated geometry output from StB and 

Edgewise are within the tolerance for Band E Measured Building Surveys 

specified by RICS. The Faro derived walls fulfil the tolerance for Band D for 

high accuracy measured building surveys and engineering surveys (Royal 

Institution of Chartered Surveyors, 2014). 
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6.4 Fully Automated Method 

Two methods are presented in this chapter for full automation, one to 

automatically reconstruct basic IFC geometry from point clouds and 

another suited to change detection that classifies a point cloud given an 

existing IFC model, in effect reversing the first procedure. The former 

consists of three main components:  

1. Reading the data into memory for processing 

2. Segmentation of the dominant horizontal and vertical planes 

3. Construct the IFC geometry 

While the latter consists of two: 

1. Reading the IFC objects bounding boxes from the file 

2. Use the bounding boxes to segment the point cloud by object 

By using E57 for the scans and Industry Foundation Class (IFC) for the 

intelligent BIM geometry this work is kept format agnostic, as these are 

widely accepted open interchange formats, unlike the commercial solutions 

which overly rely on Autodesk Revit for their geometry creation. IFC was 

developed out of the open CAD format STEP, and uses the EXPRESS 

schemata to form an interoperable format for information about buildings. 

This format is actively developed as a recognised open international 

standard for BIM data: ISO 16739 (BuildingSMART International, 2012b). 

Within IFC, building components are stored as instances of objects that 

contain data about themselves. This data includes geometric descriptions 

(position relative to building, geometry of object) and semantic ones 

(description, type, relation with other objects) (Bonsma, 2012). 

This work makes use of two open source libraries as a base from which the 

routine presented has been built up. The first is the Point Cloud Library 

(PCL) version 1.7.0, which provides a number of data handling and 

processing algorithms for point cloud data and is written in C++ (Rusu and 

Cousins, 2011). The second is the eXtensible Building Information 

Modelling (xBIM) toolkit version 2.4.1.28, which provides the ability to 

read, write and view IFC files compliant with the IFC2x3 TC1 standard and 
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is written in C# (Ward et al., 2012). The full source code for the routines 

written for this work can be found on the disk attached to this thesis, the 

structure of which is described in Appendix V – Code on Disk. 

6.4.1 Point Cloud to IFC  

This algorithm consists of five main stages: data input, floor and wall 

segmentation, IFC geometry construction, and spatial reasoning to clean 

up the geometry. An overview diagram of the workflow is provided in 

Figure 6.21 

 

Figure 6.21 - Flowchart of Point Cloud to IFC algorithm steps. (a) Load Point 
Cloud; (b) Segment the Floor and Ceiling Planes; (c) Segment the Walls and split 

them with Euclidean Clustering; (d) Build IFC Geometry from Point Cloud 

segments; (e) (Optional) Spatial reasoning to clean up erroneous geometry; (f) 
Write the IFC data to an IFC file. 

6.4.1.1 Reading In 

Loading the point cloud data into memory is the first step in the process 

and is illustrated in Figure 6.22. To keep with the non-proprietary, 

interoperable nature of BIM the E57 format was decided as the input 

format of choice to support and was the format of the benchmark point 

clouds. The LIBE57 library version 1.1.312 provided the necessary reader 

to interpret the E57 file format (E57.04 3D Imaging System File Format 

Committee, 2010) and some code was written to transfer the E57 data 



Chapter 6 | Automating BIM Geometry Reconstruction 

 

 

Page | 180 
 

into the PCL point cloud data structure as this format is used internally by 

PCL’s algorithms. In this case only the geometry was needed so only the 

X, Y and Z coordinates were taken into the structure.  

 

Figure 6.22 - Flowchart of point cloud read-in process. 

For static scan data E57 stores the point data per scan in local coordinates 

with the transformation to each registered global position stored as 

metadata, therefore this transformation needs to be applied to the points 

as they are loaded into the PCD point structure as show in the pseudocode 

of Figure 6.23. One of the limitations of the version of PCL used was that 

its point structure uses float while E57 uses double for storage. This means 

that truncation could be possible in storage conversion, however for the 

size of coordinates used in the data in this project this is less of an issue. 

Were large world coordinates to be used this issue would need to be 

mitigated to avoid loss of precision. 

INPUT E57 file path is given 

FOR each scan in the E57 

 COMPUTE transformation matrix from scan metadata 

 STORE transformation matrix 

 FOR each point in the scan 

  STORE E57 point XYZ in variable as PCL PointXYZ 

  COMPUTE point transformed with transformation matrix 

  STORE transformed point appended to PCL Pointcloud 

      structure 

 END FOR 

END FOR 

Figure 6.23 - Pseudocode of loading E57 data. 

6.4.1.2 Plane Model Segmentation 

With the data loaded in, the processing can begin (Figure 6.21.B & C). 

Firstly the two largest horizontal planes are detected as these likely 
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represent the floor and ceiling components and then the vertical planes 

which likely represent walls. The process of segmentation is shown in more 

detail in the flowchart in Figure 6.24 for the floor/ceiling and walls with the 

pseudocode of the implementation in Figure 6.25. Although the processes 

are largely similar the key differences to note are the stopping criteria of 

the search and the constraint on the RANSAC (RANdom SAmple 

Consensus): finding the two largest planes and perpendicular to Z for the 

floor and ceiling and stopping when less than 20% of the data remains and 

parallel to Z in the wall case. 

 

Figure 6.24 - Flowchart of the floor, ceiling (green) and wall segmentation (red) 
process. 

The plane detection for both cases is done with the PCL implementation of 

RANSAC (Fischler and Bolles, 1981) due to the speed and established 

nature as well as its robustness to outliers. To reduce the number of fully 

tested candidates, the algorithm is constrained to accept only planes 

whose normal coefficient is within a 3 degree deviation from parallel to the 

Z-axis (up) for horizontal planes and perpendicular to Z for vertical planes. 

Also a distance threshold was set of 3cm for the maximum distance of the 

points to the plane to accept as part of the model. Choosing this value is 

related to the noise level of the data from the instrument that was used 

for capture.  
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The stopping criterion for each RANSAC run is when an oriented plane is 

found with 99% confidence consisting of the most inliers within tolerance. 

This is an opportunistic or ‘greedy’ approach, based on the assumption 

that the largest amount of points that most probably fit a plane will be the 

building element. This approach can lead to errors, especially where the 

plane is more ambiguous, but is fast and simple to implement. Recent 

developments could improve this such as Monszpart et. al (2015) which 

provides a formulation that allows less dominant planes to not become lost 

in certain scenes. 

HORIZONTAL PLANE SEGMENTATION (floor/ceiling) 

INPUT PCL Point Cloud 

SET segmentation method to RANSAC 

SET segmentation model to constrain by perpendicular plane 

SET Z axis as definition from which to define perpendicularity 

SET distance threshold of inliers to 3cm 

SET angular deviation to 3 degrees 

 

WHILE number of iterations < 2 

 CALL RANSAC plane segmentation with input point cloud 

 STORE inliers 

 STORE plane coefficients 

 CALL Horizontal Conditional Euclidean Clustering with inliers and  

     plane coefficients 

UPDATE remove inliers from PCL Point Cloud 

END WHILE 

 

VERTICAL PLANE SEGMENTATION (walls) 

INPUT PCL Point Cloud 

SET initial points variable to number of points in PCL Point Cloud 

SET segmentation method to RANSAC 

SET segmentation model to constrain by parallel plane 

SET Z axis as definition from which to define parallelism 

SET distance threshold of inliers to 3cm 

SET angular deviation to 3 degrees 

 

WHILE number of points in PCL Point Cloud > 20% of initial points 

 CALL RANSAC plane segmentation with input point cloud 

 STORE inliers 

 STORE plane coefficients 

 CALL Vertical Conditional Euclidean Clustering with inliers and plane  
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     coefficients 

UPDATE remove inliers from PCL Point Cloud 

END WHILE 

Figure 6.25 – Pseudocode of RANSAC segmentation. 

The downside to extracting points that conform to a planar model using 

RANSAC alone is that the algorithm extracts all of the points within 

tolerance across the whole plane model, irrelevant of whether they form 

part of a contiguous plane as in Figure 6.26.  

 

Figure 6.26 - Two separate walls that lie within tolerance in the same plane and 

are therefore extracted together from the RANSAC. 

Therefore a Euclidean Clustering step (Rusu, 2010) was introduced after 

the RANSAC to separate the contiguous elements out, as it could not be 

assumed that two building elements that shared planar coefficients but 

were separate in the point cloud represented the same element (Figure 

6.21.C). Euclidean Clustering separates the point data into sets based on 

their distance to each other up to a defined tolerance. Along with this a 

constraint or condition was applied to preserve planarity, preventing points 

that lay on the plane but formed part of a differently oriented surface from 

being included. The constraint manifested as the dot product between 

normals of each point added to the cluster had to be close to parallel. 

Accepted clusters to extract are chosen based on the amount of points 

assigned to the cluster as a percentage of the total data set. The 

implementation of this process is shown with the pseudocode below in 

Figure 6.27.  

HORIZONTAL CONDITIONAL EULIDEAN CLUSTERING (floor/ceiling) 

INPUT inliers 

INPUT plane coefficients 

COMPUTE surface normals of inliers 

SET minimum cluster size to 10% of inliers 

SET maximum cluster size to 100% of inliers 
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SET cluster tolerance of 30cm 

SET condition of normal similarity to 3 degrees 

COMPUTE segmentation into clusters 

FOR each cluster 

 COMPUTE convex hull of inliers 

COMPUTE point to plane residuals from inliers to RANSAC plane 

COMPUTE statistics of fit from residuals 

STORE statistics 

 STORE hull coordinates 

END FOR 

 

VERTICAL CONDITIONAL EULIDEAN CLUSTERING (walls) 

INPUT inliers 

INPUT plane coefficients 

COMPUTE surface normals of inliers 

SET minimum cluster size to 10% of inliers 

SET maximum cluster size to 100% of inliers 

SET cluster tolerance of 30cm 

SET condition of normal similarity to 3 degrees 

COMPUTE segmentation into clusters 

 

FOR each cluster 

 COMPUTE convex hull of inliers 

 COMPUTE maximum segment between hull coordinates 

 COMPUTE minimum and maximum Z value 

 SET minimum and maximum point coordinates by combining X and Y from  

    segment with separate Z.  

COMPUTE projection of these min and max coordinates on to RANSAC  

    plane with the coefficients  

 STORE projected minimum and maximum coordinates 

COMPUTE point to plane residuals from inliers to RANSAC plane 

COMPUTE statistics of fit from residuals 

STORE statistics 

END FOR 

Figure 6.27 – Pseudocode of the conditional Euclidean clustering. 

With the relevant points that represent dominant planes extracted, the 

requisite dimensions needed for IFC geometry construction could be 

measured. This meant extracting a boundary for the slabs and a length 

and height extent for the walls; the reasons for this are provided in the 

next section. 
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Once all clusters are extracted, further information for each is collected. 

For each horizontal (slab) cluster the points are projected onto the 

RANSAC-derived plane. The convex hull in the planar projection is 

calculated to give the coordinates of the boundary which are stored.  

For the vertical (wall) clusters, the two hull points that compute the longest 

distance (i.e. the maximum segment) of each cluster are found to describe 

the wall. This finds the extent well in the X/Y plane (blue points of Figure 

6.28), but the height of the wall cannot be guaranteed to be found by this 

method. This situation occurs because parts of the wall can extend further 

than the places of maximum and minimum height. To counter this, the 

minimum and maximum coordinates were sought by sorting all the 

coordinates and returning both the lowest and the highest values. By using 

the Z values from these with the x and Y values from the maximum 

segment, an overall wall extent can be defined (black points of Figure 

6.28). 

 

Figure 6.28 - Example plot in the YZ plane of minimum and maximum (black) 
and maximum segment (blue) coordinates on the points of a convex hull (red) 

calculated for a wall cluster point cloud (white). 

6.4.1.3 IFC Geometry Creation 

Each IFC object can be represented a few different ways (swept solid, brep, 

etc.) To create the IFC, the geometry of the elements needs to be 
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constructing using certain dimensions. In this work the IFC object chosen 

for wall representation is IfcWallStandardCase which handles all walls that 

are described by a vertically extruded footprint. The horizontal plane 

representation chosen is IfcSlab as these are the basic vertically bounding 

space elements. They are defined similarly to the walls by extruding a 2D 

perimeter of coordinates vertically down by a value (Liebich et al., 2007). 

The workflow for this implementation is documented below in Figure 6.29. 

 

Figure 6.29 - Flowchart of the IFC construction process. 

This approach begins by initialising an empty model into which the IFC 

objects can be added. Each object is created from the information 

extracted previously by the segmentation code detailed in the last section. 

The IFC geometry construction process is broadly similar for both with the 

main exception being that walls are defined by a rectangular profile and 

the floor/ceiling slabs with a polyline. After that difference the geometry is 

contained in the same hierarchy as can be seen in Figure 6.29. 

The slabs are added by providing a boundary, extrusion depth or thickness 

and the level in Z at which the slab is extruded from. Figure 6.30 below 

shows the implementation of this to form the IFC geometry in pseudocode.  

INPUT slab coordinates 

SET slab depth variable 

FOR each set of slab coordinates 

 SET level variable to the mean of the Z coordinates 
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 INSTANTIATE IfcPolyline with 2D slab coordinates 

 INSTANTIATE IfcArbitraryClosedProfileDef with IfcPolyline 

 INSTANTIATE IfcExtrudedAreaSolid with IfcArbitraryClosedProfileDef as 

     Swept Area, slab depth, exrusion axis as Z and origin 

     position as (0, 0, level) 

 INSTANTIATE IfcShapeRepresentation with IfcExtrudedAreaSolid 

 INSTANTIATE IfcProductDefinitionShape with IfcShapeRepresentation 

 INSTANTIATE new IfcSlab 

 SET IfcSlab name and custom property for fit statistics 

 SET IfcSlab object placement value to origin (0, 0, 0)  

SET IfcSlab representation value to instance of  

    IfcProductDefinitionShape  

 WRITE IfcSlab to xBIM IFC model 

END FOR 

Figure 6.30 - Pseudocode of IFC Slab creation. 

The walls are represented by their object dimensions (length, width, 

height) and created in a local coordinate system with a placement 

coordinate and rotation (bearing) of that footprint to transform to the 

global coordinate system. The pseudocode below in Figure 6.31 shows the 

implementation of the wall creation process and the basic approach to 

interpreting wall widths which will be discussed more in the next section 

on spatial reasoning. As the effectiveness of BIM is as much about the 

semantic information alongside the geometry, mean and standard 

deviation information on the RANSAC plane fits are added as a custom set 

of properties to the geometry of both walls and slabs. An example of the 

IFC file that results can be seen in Appendix IV – IFC File. 

INPUT minimum and maximum extent coordinates of walls 

CALL Width_Calculation 

IF wall is on plane that forms 2nd surface of wall 

 ignore plane for wall creation 

ELSE 

FOR each wall pair of coordinates (min and max) 

 SET length variable to 2D distance between min and max 

 SET height variable to difference in Z between min and max 

 SET bearing variable as angle from Y axis to centroid 

 IF calculated wall width exists from Width_Calculation 

  SET width variable to calculated width 

  CALCULATE translation in wall position to account for  

      Sidedness 
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 ELSE 

  SET width variable to 100 

 END IF 

 CALL Create_Wall with set parameters 

END FOR 

END IF 

WRITE walls to model 

 

Create_Wall 

INPUT length, width, height, xyz coordinates of centroid, bearing and 

fit statistics 

FOR each wall dataset 

 INSTANTIATE new IfcWallStandardCase 

 SET IfcWallStandardCase name 

 SET IfcWallStandardCase custom property for fit statistics 

 INSTANTIATE IfcRectangleProfileDef with width and length and insert 

     point at (0,0) 

 INSTANTIATE IfcExtrudedAreaSolid with IfcRectangleProfileDef as Swept 

     Area, height, exrusion axis as Z and origin position as 

     (0,0,0) 

 INSTANTIATE IfcShapeRepresentation with IfcExtrudedAreaSolid 

 INSTANTIATE IfcProductDefinitionShape with IfcShapeRepresentation 

 SET IfcWallStandardCase representation value to instance of 

      IfcProductDefinitionShape  

 SET IfcWallStandardCase object global placement value with bearing 

      for correct rotation then translation with the xyz coordinates of  

      centroid 

 WRITE IfcWallStandardCase to xBIM IFC model 

END FOR 

 

Width_Calculation 

INPUT plane coefficients and max width 

FOR each plane 

 COMPUTE difference of normal vectors to the remaining planes 

 COMPUTE cosine of the angle between normal vectors 

 SET cosine of normals tolerance to cos(3deg) 

 COMPUTE difference in distance from origin (4th hessian) 

 IF the cosine is within a tolerance to -1 or 1 AND distance 

difference <= max midth 

  add plane pairs to list 

  add distance difference as width to list 

 END IF 

END FOR 
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Figure 6.31 - Pseudocode of IFC Wall creation. 

6.4.1.4  Spatial Reasoning 

An optional step of spatial reasoning can be added to the IFC generation 

process to clean up the reconstructed geometry (Figure 6.21.i). This 

implements some rules or assumptions about the reconstructed elements 

to change or remove them from the model. The following rules have been 

implemented and can be customized by user-defined thresholds. 

 Reject small walls: Planes that are too small in length or occupy too 

little of the height between floor and ceiling levels are removed from 

the model. For the experiments described here the chosen values 

were 100mm as the minimum length and 1/3 of the floor to ceiling 

distance as the minimum height. 

 Extend large walls: Large planes which do not extend fully from floor 

to ceiling are automatically extended so their lowest height is at 

floor level and highest is at ceiling level. For the experiments the 

values chosen were walls that are greater than 1m in length or 

occupy 2/3 of the height between floor and ceiling levels.  

 Merge close planes with similar normal: Planes that have parallel 

normals and within an offset distance from each other are merged 

into one wall of overall thickness being the distance between the 

planes. If a plane pair is not found a default value of 100mm 

thickness is used. For the experiments a distance threshold of 

300mm was chosen. This currently relies on user input but a 

database of priors that would be expected in the building would 

streamline this by add more information a priori.  

 Reject walls with low point density: wall planes with average point 

density lower than a user defined threshold are rejected. This can 

be user defined based on capture method but a default value is set 

to average 15mm point spacing. 
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Figure 6.32 - Example of corridor reconstruction without (blue) and with 
(red) point density check applied. 

The effectiveness of the spatial reasoning was greatly improved by the 

final test in the previous list. The point density test reduced the number of 

small, long incorrect elements caused by clutter in the scene that had 

sparse coverage for their size, largely leaving the densely captured walls 

intact. The impact of this is illustrated by Figure 6.32 where the erroneous 

wall shards in the blue data are removed by this test leaving the cleaner 

red data. 

Figure 6.33 shows an example of the resultant geometry that is obtained 

through both processes for the static scanner corridor dataset. The most 

apparent difference is in the wall merging so that two walls created from 

surfaces either side of a wall become one wall. In this particular case the 

doors have been detected as walls due to being set back from the wall line 

and assumed to be the back face. The other main difference is in a large 

extended wall that is correctly removed by the spatial reasoning.  

Once successfully created with or without geometric reasoning applied the 

walls and slabs can be stored to the model and saved as an IFC file. This 

file can then be viewed in any IFC-supporting viewer or BIM design tools 

such as Autodesk Revit. 
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Figure 6.33 – Reconstructed geometry without (blue) and with (red) the 
application of the spatial reasoning checks. 

6.4.2 IFC to Point Cloud 

The process described in the previous section of using point clouds to 

generate IFC geometry can, in effect, be reversed and the model used to 

extract elements out of the point cloud within a tolerance. In so doing 

these segments of the point cloud can be classified and assessed for their 

quality of representation in the model based on the underlying point cloud 

data that occupies that geometric space. This process could easily be the 

start of a facilitation process towards 4D change detection as a project 

evolves on site against a scheduled design model for that time epoch. 

An outline approach to doing this is shown in the flowchart of Figure 6.34. 

This shows the main stages of loading in the existing IFC model, extracting 

a volume representation and using that with a tolerance value to segment 

a point cloud that is georeferenced in the same coordinate system. 
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Figure 6.34 - Flowchart of the process to extract point data with an existing IFC 
model. 

6.4.2.1  Reading the IFC 

Firstly the IFC file is loaded into memory using the xBIM library. Then for 

each IFC object that is required (walls, windows, etc.) the coordinates of 

an object-oriented bounding box is extracted as the return geometry. A 

user specified tolerance can be added to take account of errors and 

generalisations made during modelling, thus enlarging the bounding boxes 

by that amount. 

6.4.2.2  Classifying the Point Cloud 

Once the bounding boxes are known, the points within each box can be 

extracted from an input point cloud and they can be coloured by type for 

classification. This is performed with a 3D convex hull of the bounding box 

which is then used to filter the dataset. Each extracted point cloud can 

then be written into the same E57 file as separate ‘scans’ within the 

structure, each named after the IFC object they represent.  

The result of this is an E57 file that contains point cloud data that is 

classified by object, an example of which is shown in Figure 6.35. This 

allows some intelligence about the objects that the points represent to be 

encoded allowing for the point cloud to have a value beyond just geometric 

data. 
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Figure 6.35 - E57 point cloud with each element classified by IFC type (loaded in 
CloudCompare with four of nine elements visible). 

6.5 Fully Automated Results 

The data outlined in the section 6.2 was fed into the point cloud to IFC 

algorithm described earlier in this paper and the results are presented 

here. The algorithm was executed on a computer consisting of a 3.4GHz 

Quad-core processor with eight threads, 16GB of RAM and a NVidia Quadro 

600 graphics card. The results from this process are split into those that 

are qualitative and can be observed in relation to the reference human-

made model and more quantitative results that put figures to the 

deviations seen in the form of a quality metric that acts as a discrepancy 

measure between reference and test datasets. 

6.5.1 Quality Metric 

This quality metric was devised as an automated quick and easy way to 

judge the success of the geometry reconstruction, instead of the raw 

statistics from manual measurements carried out in the semi-automatic 

study in section 6.3. To compare the reconstructed geometry to the 

reference model the approach described below and in Figure 6.36 is 

performed. This process takes each wall in the reference model and finds 

the reconstructed test wall with the nearest centroid in 2D. Both reference 

and reconstructed wall is transformed into the local coordinate space (as 

plotted in Figure 6.37) of the reference which then can be measured for 

geometric deviation in relation to this coordinate space. The local system 
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used axis aligns the wall footprint so that the X axis represents length and 

the Y axis represents the wall width of the reference geometry. 

This quality metric is composed of three criteria as follows:  

 The Euclidean distance offset between reference (subscript r) and 

automated (subscript a) wall centroids. 

𝑑 = √(𝑥𝑟 − 𝑥𝑎)
2+(𝑦𝑟 − 𝑦𝑎)

2 (1) 

 The area formed by the absolute difference in magnitude of the 

wall in width and length. 

𝐴 = |𝑙𝑒𝑛𝑔𝑡ℎ𝑟 − 𝑙𝑒𝑛𝑔𝑡ℎ𝑎| ∗ |𝑤𝑖𝑑𝑡ℎ𝑟 −𝑤𝑖𝑑𝑡ℎ𝑎| (2) 

 The Sine of the angular difference between unit wall direction 

vectors. 

∆= sin(𝛼𝑟 − 𝛼𝑎) (3) 

The distance d and the area A are normalised by dividing them by the 

maximum value, with the sine function providing that role for the angular 

difference. The quality metric is then computed by a weighted sum of the 

three normalised values:  

𝑞 =∑𝑤1 ∗ �̅� + 𝑤2 ∗ �̅� + 𝑤3 ∗ ∆ (4) 

In other words these values from formulas 1, 2, & 3 represent the quality 

of the global placement, the object construction and the angular 

discrepancy respectively. All of these values indicate a better quality 

detection and therefore success of the fit when they tend to 0. The metric 

is a weighted sum where currently all the weights wi are chosen to be 1/3 

to keep the metric within the range 0-1. A value under 0.1 of this measure 

can be generally considered very good.  
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Figure 6.36 - Flowchart of the quality metric calculation process. 

An alternative measure that gives similar relative results to this quality 

metric is the Hausdorff Distance. However the ability to categorise the fit 

in this quality sum value by looking at the magnitude of the three 

components allows greater understanding and finer control through 

weighting than the measure provided by a Hausdorff Distance. The angular 

difference, for instance, could be more heavily weighted so that smaller 

angular changes have a greater impact on the final measure. 

An example for the quality calculation using data comparing one of the 

corridor walls to the automatically extracted wall from static scan data is 

shown in Table 6-6 for a wall that is considered good by the quality metric 

and one that is considered almost ten times worse. The source code that 

was created to perform the quality calculation from two IFC files is 

presented on the attached disk, whose structure is described in Appendix 

V – Code on Disk. To illustrate why these fits provide the quality values 

that they do the wall geometries are plotted in Figure 6.37. The fit for wall 

4, has been successfully recovered from both scan datasets looking at the 

plotted data, leading to good quality values, whereas wall 15 has a worse 

quality value by an order of magnitude as it is wrong in length by almost 

2 metres as illustrated in the plot. The value is low overall as its angular 

discrepancy is small against the reference, unlike wall 15 from the mobile 

data where the size and angle of the wall is wrong (Figure 6.37b) producing 

a larger quality value. 
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Table 6-6 - Example of data from a wall comparison with quality metric for a 
well (wall 4) and poorly (wall 15) reconstructed case of the corridor dataset 

against the static scan derived geometry. 

 

Delta 

Centroid 

X (mm) 

Delta 

Centroid 

Y (mm) 

Angular 

Difference 

(Deg) 

Delta Wall 

Length 

(mm) 

Delta 

Wall 

Width 

(mm) 

Quality 

Metric 

Wall 4 102.9 5.8 179.9 209.6 249.6 0.029 

Wall 15 944.6 38.3 177.3 1935.7 153.8 0.233 

 

 

(a) 

 

(b) 

Figure 6.37 - Plots of boundary placement of manual and automatically created 
geometry from the static scan data for (a) wall 4 and (b) wall 15 of the corridor 

dataset. 
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6.5.2 Point Cloud to IFC – Corridor 

The majority of the space-bounding walls have been reconstructed as 

shown by Figure 6.39, with the central wall seeming to have the best 

construction from both static and mobile scan data. This is borne out by 

the quality measure (Figure 6.40) where this central wall (wall 4) scored 

the best. However this wall does have a 200mm over-extension in its 

reconstruction, representing an error of 2.3% of total length. This is due 

to extraneous noise outside the main wall affecting the maximum segment 

measurement for wall length extent as in Figure 6.38. As edges are 

inferred from the edge of the detected plane then extraneous points from 

clutter or ‘split pixels’ can affect the size of the recovered wall in the 

clustering stage as described above. Overall the static scan data has 

allowed more walls to be recovered with greater confidence than the 

mobile data where the greater noise present in the data has created some 

ambiguity with multiple wall fits. 

 

Figure 6.38 - Noise that caused over-extension from static corridor scan data 
shown against reference wall; measurement in mm. 

The spatial reasoning also appears to have been largely successful as all 

of the walls reconstructed from the static and a majority from the mobile 

data are actually walls in the reference with good approximations of width. 

The one wall from the mobile data that is incorrect runs along the South-

East edge of the plan view in Figure 6.39 and is caused by a planar façade 

to a long lectern that is geometrically close to a wall in planarity and point 

density. Figure 6.39 also shows that some of the walls detected from the 

static data have their normal pointing in the wrong direction leading to the 
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wall lying on the wrong side of the wall surface found. This is a problem 

that is prevalent in almost every wall without a second side as there is no 

easy way to interpret the correct sidedness just from the geometry alone. 

This could be improved with geometric reasoning whereby the scan 

location is taken into account allowing ray casting to the points to attribute 

viewshed per location and therefore more robust normal prediction. 

The Table 6-7 gives the basic timing data to the nearest half minute of the 

execution time of the reconstruction process. As can be seen the real 

bottleneck is in the Euclidean Clustering which takes many times longer 

than the other processes. This is because the clustering interrogates all of 

the points for each RANSAC plane found, which in greater per plane from 

the larger point cloud data. By comparison the RANSAC and IFC 

construction are more efficient with rising point cloud size. 

Table 6-7 - Execution time of the reconstruction algorithm for each dataset. 

Point 

Cloud 

Data 

Total 

Execution 

Time 

(minutes

) 

Time per process Number 

of 

points 

(million

) 

Constraine

d RANSAC 

(minutes) 

Euclidean 

Clusterin

g 

(minutes) 

IFC 

Constructio

n 

(minutes) 

Faro 

Corridor 
524.5 3 521 0.5 31 

Viametri

s 

Corridor 

16.5 1 15 0.5 7 

 



Automating BIM Geometry Reconstruction | Chapter 6 

 

 

Page | 199  
 

 

Figure 6.39 - Extracted walls (red) of the corridor from the static (green) and 

mobile (blue) point cloud data overlaid on the human-generated model 
(grey/white). 
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Figure 6.40 - Charts of calculated reconstruction quality for each wall in the 
reference human-created model of the corridor against the automated geometry 

from the two scan datasets. 

Table 6-8 provides some statistics about the walls that were well 

reconstructed from both sources of data. Length has generally been 

overestimated from both sets of data for the reasons described earlier with 

Figure 6.38. In the two components that are related to the walls’ width 

(delta of the centroid in Y and wall width itself) there is little difference 

between each dataset. This is to be hoped as the width/Y placement in 

local coordinates is dependent on the RANSAC plane found from the data. 

The error in wall width stems from the inability to estimate the wall width 

for two of the walls as only one side was scanned. 

Table 6-8 - Statistics for the accuracy of the same reconstructed corridor walls 

considered good quality from both datasets (walls 3, 4 and 7) against the 
reference. 

Statistics for 

Good Quality 

Corridor 

Walls 

Delta 

Centroid in 

X RMS 

(mm) 

Delta 

Centroid in 

Y RMS 

(mm) 

Angular 

Difference 

RMS 

(Deg.) 

Delta Wall 

Length RMS 

(mm) 

Delta Wall 

Width RMS 

(mm) 

Static Scan 

Data 
180 43 0.20 371 186 

Mobile Scan 

Data 
256 45 0.50 401 186 

6.5.3 Point Cloud to IFC – Office 

The main bounding walls of the office have been reconstructed with 

varying degrees of success. To aid with the description, stating at the wall 

with the door (Figure 6.41) the wall numbers going clockwise are 5, 4, 6, 

and 3. Walls 1 and 2 in the reference model are small height walls from 
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the ceiling and floor respectively and can be seen at the end of the room 

above and below the window in Figure 6.5D. 

 

Figure 6.41 - Extracted walls (red) of the office from the static (green) and 
mobile (blue) point cloud data overlaid on the human-generated model 

(grey/white). 

The geometry for walls 3 and 4, which have both sides captured in the 

static data, seems fairly good with an over-estimation of thickness due to 

the clutter present on those walls of the office. Wall 6 in the same data is 
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well placed but with no backside scan data its width is incorrect, whereas 

in wall 5 the open door and chairs close to the outside face of the wall have 

affected the reconstruction. The extraneous walls from the clutter have 

survived due to their size being above the small wall limit, so the desk and 

filing cabinets are considered by the reasoning as partial walls which is too 

simplistic, although correct for the first wall parallel to the window. A 

change to the algorithm to take the space of the room into account, e.g. 

maximum bounded area, may be a quick way to remove these surviving 

‘walls’ from clutter. 

The mobile scan data does not have the second side to most of the walls 

in the data meaning that the thicknesses could not be estimated; the 

exception being wall 5 where the same problems that affected the static 

data reconstruction appear here. However fewer of the elements of clutter 

have been turned into extraneous walls, probably due to the lower 

resolution of the objects and higher noise level of the mobile point cloud.  

The fact that the door has led to a plane being successfully fitted through 

the whole office would suggest that the threshold values for the Euclidean 

Clustering were too high for data from this sensor.  

Table 6-9 - Execution time of the reconstruction algorithm for each dataset. 

Point 

Cloud 

Data 

Total 

Execution 

Time 

(minutes

) 

Time per process Number 

of 

points 

(million

) 

Constraine

d RANSAC 

(minutes) 

Euclidean 

Clusterin

g 

(minutes) 

IFC 

Constructio

n 

(minutes) 

Faro 

Office 
2440.5 60 2380 0.5 61 

Viametri

s Office 
6.5 3 3 0.5 3 

In terms of the algorithm run times, Table 6-9 shows the results of the 

execution. As with the previous data the Euclidean Clustering is 

computationally expensive with rising amounts of point cloud data, taking 

roughly 40 hours to complete the reconstruction from the Faro data. The 
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RANSAC is more expensive here too with the Faro data because of the 

amount of planes found in clutter requiring another clustering run for each. 

 

Figure 6.42 - Charts of calculated reconstruction quality for each wall in the 
reference human-created model of the office against the automated geometry 

from the two scan datasets. 

By looking at the results of the quality metric in Figure 6.42 the patchiness 

of the reconstruction can be seen. The figure for the mobile data shows a 

gross error for wall 4 which has depressed the quality values for walls 5 

and 6 more than their visual placement would imply would be acceptable 

as such a good quality fit. The chart of the static quality scores shows a 

fairly even level of quality with wall 3 being ‘best’; Figure 6.41 shows it as 

the wall with the least incorrect estimation in both width and length so 

seems valid.  

Looking at the statistical data for the reconstruction of bounding walls that 

were not failed reconstructions as shown in Table 6-10 the trend is much 

the same as the data from the corridor test. The wall width RMS values 

are similar between datasets with the length having quite large RMS values 

from the mobile scan data. The width is for similar reasons highlighted in 

the same section for the corridor data, namely the inability to guess a wall 

thickness given one wall side captured. The length errors in this set appear 

mainly down to clutter and manifest more on one side of the wall from the 

mobile reconstruction as the centroid mean X coordinate is much larger. 

Also the higher noise from the mobile scanners tied with the greater clutter 

in the scene has increased the ambiguity in the detection leading to 

increased errors. 
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Table 6-10 - Statistics for the accuracy of three of the main four bounding office 

walls from both datasets (walls 3, 5 and 6) against the reference model; wall 4 
is ignored for the gross error from the mobile data detection as seen in Figure 

6.42. 

Statistics for 

Good Quality 

Corridor 

Walls 

Delta 

Centroid in 

X RMS 

(mm) 

Delta 

Centroid in 

Y RMS 

(mm) 

Angular 

Difference 

RMS 

(Deg.) 

Delta Wall 

Length RMS 

(mm) 

Delta Wall 

Width RMS 

(mm) 

Static Scan 

Data 
159 101 0.47 539 204 

Mobile Scan 

Data 
378 100 0.45 602 206 

6.6 Discussion 

 

Figure 6.43 - Knowledge space of this chapter. 

The work presented in this chapter has shown the applicability and limits 

to semi and full automated reconstruction of object-based ‘intelligent’ BIM 

geometry from point clouds in a format agnostic way.  

In section 2.4.2.4, 7 gaps were identified by the review paper of Tang et 

al. (2010) for the process of turning point clouds into BIM acceptable 

geometry. The work of this thesis has contributed to 5 (green) out of 7 of 

them and are restated here with the contribution: 

1. modeling of more complex structures than simple planes;  

This was not in the scope of the work of this thesis but can be considered 

as further work to extend the existing algorithmic routines. 

2. handling realistic environments with clutter and occlusion; 
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Both benchmark datasets have clutter in varying degrees, the office much 

greater than the corridor but both are realistic environments. 

3. representing models using volumetric primitives rather than 

surface representations; 

The automation routine developed does create volumetric object-based 

geometry. 

4. developing methods that are easily extensible to new 

environments; 

The modularisation of the algorithm between geometry detection and 

modelling allows different routines to be added that do not necessarily 

focus on walls, floor and ceiling. 

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

BIMS; 

A reference testbed was created and freely made available with two 

different internal scenes.  

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

Partially covered as the reconstructed walls from the developed automated 

routine do not have to be perpendicular but greater complexity was out of 

scope for this work, although an important topic generally. 

7. and developing quantitative performance measures for tracking 

the progress of the field. 

A quality metric was developed as a measure for comparing the 

automatically constructed geometry against benchmark data. 

The semi-automatic tests in section 6.3 with Scan to BIM and Edgewise 

demonstrate what is possible currently with cutting edge commercial 

software for automating parametric geometry creation. Between both 

scenes there is a difference in the reconstructed geometry’s quality, with 

the cluttered office more successful overall than the corridor for Scan to 

BIM but with far less geometry recovered by Edgewise. 
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Clutter has an effect in the office data set but only really on the more 

automated of the two pieces of software. This could also be due to the 

enclosed nature of the space and scan settings, meaning a dense point 

spacing was achieved on the parts of the walls that were captured. In 

terms of performance the deviations were within a few cm at most and in 

most cases were within industry specifications for model tolerance. Based 

on the accuracy of the manually created Revit models from the same 

instruments in Chapter 5 the simple walls reconstructed here compare 

favourably, especially when the reduction of user input is factored in. 

However it should be noted that there is still a lot of user intervention 

required with semi-automated software as it stands, such as picking the 

defined wall type as well as the specific reliance of Revit that the solutions 

in this field have. Also with Scan to BIM the wall thickness is intuited by 

the user defining each wall type rather than through any computation on 

the software’s part. 

There has been partial success towards the aim of fully automatic 

reconstruction, especially where the environment is simple and not 

cluttered. Where both sides of a wall are present, the reconstruction has 

tended to be more reliable from both data sources. However clutter, as is 

usual in the indoor environment, does have an effect. This was shown by 

the planar model presented here being supported by dense wall-hosted or 

connected elements such as shelving or filing cabinets. A way to detect 

this data through more involved scene understanding would help. A 

method of doing this may be to take the intensity return or colour data 

present in the scans into account. 

Clutter in the environment also has another effect and that is to hide or 

shadow the building features that need to be constructed. This is mitigated 

to a degree in the field by good survey design but point clouds generated 

by imaging systems will, by their nature, suffer from occlusions 

somewhere in the dataset. This is something the routine presented here is 

affected by and unable to overcome in its current state e.g. if an alcove is 

hidden by an open door.  
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Computing power is an inherent problem when handling point cloud 

datasets and the approach presented here exacerbates it by relying or RAM 

for fast access to the whole dataset for processing. Downsampling is 

usually performed to keep the data manageable and could be applied in 

this case for very large datasets, however cloud computing presents a 

tangible opportunity to reduce the effect of this limitation by providing a 

scalable amount of computing power per process. 

The data capture method does not seem to have a large bearing on the 

success of reconstruction except in the cluttered scene where the reduced 

resolution and more even sampling of the clutter objects in the i-MMS scan 

seems to prevent as many extraneous planes surviving the spatial 

reasoning step and affecting the geometry construction.  

The question of what represents a good and bad reconstruction is crucial 

for comparisons and benchmarking. To provide a way of quantifying this, 

a quality measure has been developed based on the placement, size and 

angular discrepancies in relation to a reference model. This is not only 

useful for scoring automatically reconstructed geometry but could also 

prove useful when comparing an as-built model from scans against a base 

design model for verification throughout the construction phase of a 

project. 

The logic required to make decisions about whether a certain geometry 

configuration is feasible already exists in commercial packages for design 

model verification (e.g. Solibri Model Checker (Solibri, 2015)). It could 

easily be envisaged that this set of existing rules could be applied to 

automated models, as they are currently used to assess human-generated 

ones for building regulation infringements. 

In terms of the Scan-to-BIM workflow this work could be seen as a 

supplement to the semi-automatic construction of the bounding structural 

features of a building. For survey purposes the attribution of fit data is 

useful for quality assurance. Other stakeholders may require other 

semantic information that can be added to the IFC geometry created by 

this process or swapped out with more specific elements if required. 
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Irregular and complex shapes require a more involved process and it will 

depend on the accuracy requirements as to whether the recovery of an 

exact geometric description is worthwhile. Heritage and construction cases 

would tend to require this whereas simulation and operational 

management phases of BIM would accept a geometric generalisation. 

Overall the quality measure works well but the normalisation against a 

maximum value from the data means that the results from two different 

quality tests are not directly comparable, something that could be changed 

by setting the maximum limit to a threshold value after which values are 

set to 1. 

Point clouds are now the basis for a large amount of 3D modelling of 

existing conditions and their importance has never been greater. However 

the complexity of effort to generate information for the BIM process is 

significant. Pure automation is currently not at a stage to be viable as the 

varied, cluttered nature of the indoor environment means that, currently, 

human intuition still triumphs over computerised methods alone. 

Ultimately the work presented in this chapter is still best practically seen 

as an aid to a human user who can edit, accept or reject the geometry 

recovered by the algorithm in a more advanced semi-automated process 

than currently exists. 

6.7 Chapter Summary 

A freely available benchmark dataset was presented and used to test the 

ability of both the commercial and this thesis’ approach to automation.  

Semi-automated approaches to reconstruction provided by commercial 

software provide an aid to the user, but provide less a faster workflow 

and more a way of documenting the geometry created through embedded 

fit statistics. 

Clutter has an effect on reconstruction with sparse point density of clutter 

causing misclassification or occlusions creating data holes.  

The spatial reasoning introduced to quality control the created geometry 

is effective, especially with a term that checks the number of points per 

reconstructed element. 
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The data capture method doesn’t have a large bearing on the success of 

reconstruction except the more even point sampling of the i-MMS 

prevents extraneous planes surviving the spatial reasoning.  

Pure automation is currently not at a stage to be viable as the varied, 

cluttered nature of the indoor environment means that, currently, human 

intuition still triumphs over computerised methods alone. 
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7 DISCUSSION 

 

Figure 7.1 - Knowledge Space Review. Key: (1) Acheivable, (2) Acheivable 

dependant on situation and with caviats, (3) Not currently practicable given 
requirements.  

This thesis set out to understand BIM and how it affects the survey process 

and investigate what improvements could be made. The research was 

framed to answer the sub-questions given in section 2.6.1 and summarised 

again here as: 

1. Does BIM create new challenges for the surveyor? 

2. Do automated methods for capture and geometric modelling of 

space-bounding parametric elements provide efficiencies over the 

current state of the art workflow? 

a. What is the most efficient technique to automate the 

capture of and geometric modelling from point clouds? 

b. How should the detected geometry be represented and 

stored in a way to fit with the interoperable paradigm of 

BIM?  

 2D Key: 

Modelling 
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 Capture 

Modelling 
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c. Does the nature of the data affect the above i.e. does a 

sparse point cloud achieve performance and derived model 

quality goals? 

3. How to quantify geometry created from survey data and how that 

affects the previous question? 

To begin with, question 1 posed the overarching issue of what BIM as a 

concept means for survey practice. An initial investigation of what BIM 

represented was carried out in Chapter 3 to gain a better understanding 

of what this might mean as BIM varies by country and affects professions 

in different ways. The research from that chapter showed a reliance on 3D 

object-based data as the core of the geometry model side. This in itself 

helped show the change in process required by surveyors whose traditional 

2D CAD deliverable would become incompatible. The UK Government’s 

BIM encouragement through the BIM Task Group and mandate for level 2 

BIM on their projects also provided key drivers to the importance of the 

subject. This combined with the findings of later chapters led to the survey 

guidance in the next section. 

With the BIM research of Chapter 3 showing the need for 3D object models 

Question 2 led to an investigation of the manual workflow of taking laser 

scanned survey data and turning it into a 3D object-based parametric 

model for BIM to understand the current method a surveyor would use. 

This was carried out as part of a knowledge transfer with a survey company 

and the laborious nature of the work, coupled with the slow speed of 

capture, bore out what was indicated in smaller scale studies in literature. 

As a result of these initial studies it highlighted the two areas where 

bottlenecks occur that were then investigated for performance gains: data 

capture and geometric modelling. 

Therefore this work provided a platform that was followed by a look at the 

capture systems available and the testing of the fitness for purpose of the 

new class of indoor mobile mapping systems where the registration is 

automated to a degree. IMM systems use a different workflow to static 

scanning as the data is intrinsically registered with the natural feature 

geometry in the scene; as a result there is less setup time in the field. 
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However, unlike in static scanning where the professional instruments 

generally capture around a fixed point, IMM systems capture patterns vary 

by instrument. This means that their suitability can vary depending on the 

resolution of the smallest objects that need to be acquired. Mobility is 

gained from the handheld systems which can lead to big savings in difficult 

building environments, such as stairwells, but the stability of the sensors 

on a trolley-based system does lead to more even and therefore better 

coverage, albeit with limitations currently due to significant vertical 

changes. 

Innovations in mobile mapping are starting to provide significantly faster 

acquisition systems for interiors, allowing for efficiencies to be made in 

geometry capture for certain scenarios. However the main need is still 

automated modelling due to the complexity, and therefore time, of 

modelling greatly increasing the more that one tries to model. This was 

borne out by the Gleeds case studies where it was not economical to model 

everything to a high level of detail unless the closest stock library elements 

were used with little editing of their geometry. 

The GreenBIM project also showed the involved nature of the initial data 

capture and modelling for a refurbishment project and highlighted the 

associated costs in terms of time, labour and capital of this process over 

the current approach and that process change is essential to make it viable 

in the long term. 

Over the three projects it was seen that the complexity of modelling 

steeply increased in non-standard environments (i.e. old buildings) and 

where a higher level of detail and/or information is required. Also one of 

the most significant changes to workflow is the modelling decisions from 

the data are no longer made in the field as traditionally with total station 

collection, but after the fact in the modelling software. This is 

advantageous in the sense that the modelling requirements can change 

and not necessarily require a redeployment to site, unless an area was not 

captured in the first place.  
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The benchmark data created represented two typical office scenes found 

in commercial buildings: an office and a corridor. These provided the 

diversity in complexity with respect to clutter found in these environments 

but are not the entirety of building room cases found. Therefore the 

investigations are limited to their scope of bounding element construction 

(wall, floor, ceiling) from these quite standard single room scenes, 

however this provides scope for further environments to be tested in later 

work, which as a knock on may require more development of different 

object detection and modelling methods (such as windows and doors). Use 

of a point cloud of a full floor of a building as used in some of the 

reconstruction literature (e.g. (Ochmann et al., 2015; Xiong et al., 2013)) 

would also be more revealing about the scalability of the automated 

approach developed in this thesis.  

The number 1 in the key of Figure 7.1 indicates a paradigm where a high 

quality model can be produced. This is concentrated in the manual 

modelling fields, where high user input and control ensures a good level of 

accuracy and detail for both operations and construction stages of BIM. 

The work of Chapters 3 and 5 revealed this, with Chapter 5 showing that 

IMMS could provide usable data but their higher noise levels and lower 

point density meant that the manually derived models may not be accurate 

enough for the construction phase; hence the number 2 in the key of the 

figure.  

The other occurrences in the key for Figure 7.1 of 2 are in the automated 

modelling sector where the quality of the output from automated 

workflows is still variable as described in Chapter 6. The commercial semi-

automated software in this field provides an amount of labour saving 

assistance for wall construction. However that amount is relatively small 

with human input still high. With many modelling decisions still made by 

the user the modelling accuracy can be kept relatively high, although this 

limits the amount of time saving in the process. 

The main fully automated work presented in Chapter 6 has produced 

interoperable BIM geometry successfully from a homogenous point cloud 

that had limited filtering. However with increasing point cloud size the 
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runtime increased greatly to a point where it became computationally 

expensive (several hours) to be run for one room. This was largely due to 

the Euclidean clustering and an investigation of an alternative or 

multithreaded implementation may improve this. The work of that chapter 

also contributes to many of the technology gaps identified by Tang et al. 

(2010) and described in the discussion of section 6.6. The two main 

questions posed that were not covered by this thesis related to the 

automatic construction of more complex geometry and remain an 

important problem for consideration, especially around the level of 

geometric detail required in such cases. 

Also with reference to Tang et al. (2010) mention should be made about 

the characteristics of the automated routine to take point clouds and create 

IFC geometry against those tabulated in section 2.4.2.4 for algorithm 

performance: 

 Geometric modelling accuracy: the modelling accuracy is generally 

good for the measured wall surface. The issues arise with 

over/under extension from split points and incorrect sidedness due 

to the simplicity of the algorithm in determining this. 

 Recognition accuracy: as seen in Chapter 6, more correct walls are 

recovered in the cluttered office data than from the Edgewise 

semi-automated approach; however more erroneous walls were 

also created. For the main clear corridor all but one wall had 

geometry constructed. 

 Relationship modelling: This was not performed by the algorithm 

but is a natural extension to extend and join walls to create a 

more homogenous model. 

 Level of detail: The level of detail for the walls was low to medium 

with generic IFC walls created without any other high detail 

features such as skirting boards. Also their height extrusion was 

assumed to be parallel to the Z axis. However a user could edit or 

swap in a richer representation of the geometry to update this 

basic surveyed geometry. 
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In relation to research question 2a the literature in Chapter 2 indicated a 

preference for RANSAC as the method of preference for planar object 

detection. Question 2b was answered by the BIM study of Chapter 3 with 

IFC chosen as the target file format. Lastly the answer to question 2c was 

found that the amount of correctly created geometry is affected by a 

mixture of the scene and capture method as well as limitations of the 

algorithms implemented on these data sets. Therefore in the investigations 

in Chapter 6, the evenness of the sampling density had a more significant 

effect on automation. 

One of the properties of automation is that, by its nature, it abstracts 

control away from the human user. This is of course desirable in reducing 

user effort but it can have repercussions by creating a ‘black box’ where 

data goes in and a result comes out with no information about what 

happened in between. This can be useful for allowing an inexpert user to 

perform a complicated task as little oversight is required. Conversely if the 

result of the black boxed process is unexpected, wrong or misunderstood 

then the opaque way in which the result was derived means that the user 

has little or no way of understanding how the result was achieved. One 

way of mitigating this, as has been done in the work in Chapter 6, can be 

achieved with metrics after the automated process has run to give 

confidence and information to the user about the result.  

Overall it has been seen that automation in both capture and modelling of 

data can reduce user effort. However there are still compromises that have 

to be made to achieve this. In capture, mobile systems use cheaper 

sensors and have a higher amount of noise. Given this, supplementing the 

existing workflow seems to provide the optimal way forward combining 

mobile systems with higher quality, more involved, survey control.  

7.1 Survey Practice Guidance 

From the case studies in Chapter 3 and the knowledge gained from the 

investigations of the subsequent chapters some survey guidance can be 

formed to highlight the decisions that have to be made in the process. The 
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case studies showed the main steps in this were capture, processing and 

modelling. 

The first survey decisions are around data capture and therefore the 

accuracy of representation needs to be considered against the time (and 

therefore cost) that is acceptable on site. For the purpose of this thesis 

these needs were condensed to two cases illustrated throughout in the 

knowledge space diagram (Figure 7.1) of retrofit construction and facilities 

management outlined in section 1.4. In both cases care needs to be taken 

to verify the data captured in the field. As found in the office case study in 

section 4.2.1, scanning instruments can be liable to data corruption and 

this is easier to rectify if identified in the field rather than when processing 

in the office. Also an idea of the objects that will need to be represented 

and to what accuracy should also be established before capture. The MEP 

was not captured in the case studies as mentioned in section 4.4 as they 

were usually occluded from line of sight and not required. However if they 

had been needed a different surveying strategy would have been 

necessary to go above false ceilings etc. for complete coverage.   

Static terrestrial laser scanning provides a detailed and accurate 

measurement data set, especially when combined with a total station 

control survey. This is practical for the construction use case where higher 

accuracy of less than 3cm is required, but the collection process is labour 

intensive with increased equipment. 

For facilities management where the accuracy tolerances can be looser 

from 2.5-20cm this allows the possibility to use IMMS for at least partial 

capture to gain from the significant time savings. As the IMMS used in this 

thesis only position relative to their start position, additional methods 

should be used to provide the georeferencing framework for global site 

coordinates. This can be done either through placement of scan targets 

surveyed with a total station from a control network or with cloud to cloud 

registration to surveyed static scan data. An example hybrid 

implementation of this in an office building with two staircases could be to 

survey a control network up both staircases of a building with a static scan 

on each landing and using a push trolley IMMS between landings. Overall 
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the IMMS with the more even sampling provided better results from the 

reconstructed geometry so this style of IMMS for capture is recommended. 

The processing load is dependent on capture technique and whether an 

external coordinate system needs to be applied. For static scanning, 

registration is more involved with user interaction and large data sets have 

to be managed. This requires suitable computing resources to make this 

workable; 16GB of RAM was the minimum needed to perform the 

GreenBIM registration adequately. IMMS automates the majority of 

registration although some further corrections are required. In either case 

the resulting registered point cloud will still need to be converted by the 

software platform of choice into a proprietary format. Therefore an 

intermediate interoperable file suitable for archiving such as E57 is 

recommended as it also has broad software support as an input. 

Modelling is where the biggest direct change to the survey workflow occurs 

as a BIM deliverable is far richer than 2D CAD as a representation. The 

initial effect on surveying is a need to train the workforce so that the CAD 

draughters are upskilled to become the object oriented modellers of BIM. 

Also with larger datasets and more graphically intensive 3D software, the 

general computing requirements for the workflow are higher. Related to 

this training is the understanding of what should be modelled and how. 

Modelling decisions for measured building surveys have traditionally been 

made in the field, where discrete coded points from a total station defined 

lines that described features in 2D CAD. With scanning, the environment 

is captured and the modelling decisions become virtual, made from the 

point cloud representation. This means that the decisions in the field 

should focus more on coverage and adequate point density so that virtual 

modelling is possible. 

In terms of automation the two commercial software packages as well as 

the full automation method presented in section 6.4.1 provide some 

support in modelling to the user but perhaps more importantly is the 

attribution of statistical fits of the geometry to the point cloud. This allows 

for verification of the data through the rich semantics of object oriented 
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models providing confidence that is not so easily quantified from pure 

manual interpretive modelling by the user.    

Looking towards the future of surveying interacting with a BIM process 

over the next few years there are certain trends that can be envisaged. In 

terms of technology IMMS will likely keep developing and come to a point 

where the sensors are close to providing the accuracies achieved through 

static methods. Portable IMMS like the ZEB1 would provide particular use 

on cluttered sites where its flexibility for negotiating obstacles would allow 

greater coverage in a faster time. This opens up new areas for surveyors, 

for example, on a construction site this could be very useful in heralding 

scanning for verification of work done. Therefore, after a certain piece of 

work on site is complete, a full scan could be acquired to verify that the 

work has been done so that money can be released correctly and schedules 

can be accurately kept up to date with the current state of play. Accuracies 

stored as attributes are another important verification check and it would 

be a way of providing confidence in the source geometry. However, as BIM 

is collaborative other professions would be expected to interact with the 

data and handling their ability to change the survey derived data is an 

issue. A stopgap could be that the survey model is an underlay that is not 

changed. This would conform with Level 2 BIM in the UK where each 

profession supplies their own model, but seems less sustainable long term 

with Level 3 moving towards a more collaborative shared workspace. 
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8 CONCLUSIONS 

This thesis started out against a background of industry change across the 

AEC and operations sectors and the emergence of faster data capture 

technology. The former brought a paradigm shift to a rich whole life 

modelling process defined as BIM. This shift in perspective away from the 

short term view meant that coherence was needed, as the relatively short 

design and construction phases had to take account of the much longer 

operations phase and vice versa. The latter background element raised the 

possibility of faster capture leading to ubiquitous data as point clouds. The 

stress to connect the two concepts with a purely manual process was 

shown to be great, hence the study of workflows that would be more 

efficient for the gather and interpretation of measurable data. To this end 

a set of research questions were formed and posed at the end of Chapter 

2 to frame the problem and direct the research in three ways:  

1. the new challenges for surveyors from BIM, 

2. the impact of automatic techniques on capture and modelling,  

3. and the quantification of geometry derived from point clouds. 

The conclusions of these three research objectives are described in the 

following sections of this chapter, after which the eight key contributions 

of the thesis are described, finally followed by the further work that can be 

foreseen to take this research forward. 

This thesis has seen new instruments for capture, improved methods for 

modelling and new ways of documenting and testing reconstructed 

geometry. Therefore the future of surveying with regards to BIM can be 

seen optimistically in terms of technological advancement but issues 

around representational requirements, especially with relation to the 

degree of accuracy required, remains. Essentially process and behavioural 
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change is crucial, whether it is in the human interaction or the 

technological processes to achieve an efficient representation of the built 

environment that can help improve the wider industry as a whole and feed 

into the long term goal of sharing structured project data effectively for 

the combined benefit of all participants. 

8.1 Challenges for Surveyors from BIM 

Surveyors are one of the few professions to continuously provide data at 

all of the steps of the lifecycle from initial site conditions through 

construction setting out to the creation of as built plans, measured data 

about the real asset is key to the BIM process providing actionable 

information. Therefore to assess whether BIM posed new challenges for 

surveyors, a research review of the development of BIM was carried out 

(Chapter 3) along with a series of case studies to understand the way in 

which BIM geometry would be created from static laser scanning (Chapter 

4).  

The research of this first question showed the coalescing of ideas around 

BIM and that, as suppliers of data to the AEC industry, surveyors need to 

consider the interoperable 3D deliverable as BIM establishes itself as 

working practise on more projects. Along with this, laser scanning has been 

specified as the preferred collection tool due to its relatively fast and 

comprehensive capture of environments without thought of what that new 

workflow entails compared with a traditional total station based measured 

building survey.  

The work of the case studies in Chapter 4 investigated this in more depth 

and resulted in the challenges of this proscribed workflow being shown. 

The manual capture process was found to be involved requiring a lot of 

equipment necessitating many operatives to aid with carrying, target 

placement and control measurements with a total station to ensure 

accuracy. With capture being demonstrated as quite involved it has the 

knock-on effect of limiting the currency of the data from which the model 

is created. This becomes less of an issue in later lifecycle stages where 

there remains a more static state of the facility being captured (e.g. in the 
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operations phase) but it could be more of an issue on dynamic construction 

sites where change is faster paced and more deployments may be 

desirable to measure change. Related to this issue of the time and 

cumbersome nature of deployment is also how the workflow scales. The 

case studies demonstrated that as the size of the facility to be modelled 

scales up so do the data capture and modelling workloads. The Chadwick 

Building case study in section 4.3 was compromised on completeness due 

to the time needed to capture the data even with more resource and time 

than a commercial project might be expected to have. 

With respect to modelling, the challenges found from the case studies 

related to representational requirements and involved workflow. The 

modelling software used had a steep learning curve and required more 

information up front than a traditional 2D CAD workflow as modelling was 

of specified objects rather than generic lines. Clear ideas of modelling 

specifications to be used were also found to be needed to legislate for the 

effects of human interpretation on the modelled geometry in terms of 

accuracy and detail of representation. Although survey companies have 

produced guides to support this, the amount of variation per task in 

requirements across AEC disciplines make it hard to set one standard 

without the input of other professions as to their requirements. 

8.2 Impact of Automation on Survey Process 

Following on from the challenges highlighted by the first question came 

the second research question about the impact automation may have to 

the point cloud to BIM geometry process. This pointed towards improving 

the two fundamental areas of the process: data capture and 3D geometry 

modelling. 

Data capture is a fast fluid topic with new technology constantly appearing 

and often allowing efficiencies. An investigation of the current laser 

scanning technology found that improvements in more automated data-

driven registration techniques were making this more efficient. IMM 

systems represent the cutting edge in combined sensor platforms that look 

to provide the speed increase in capture that the related van-based mobile 
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mapping systems have provided for city modelling and due to this were 

deemed relevant to study for the second research question in Chapter 5. 

IMM technology has been shown to greatly decrease the time of data 

capture from hours to a matter of minutes in the research conducted. 

However, care must be taken to consider whether those faster techniques 

provide data quality adequate to the task as there is a dilution of accuracy 

compared with static capture systems. As a result, the key considerations 

when deploying such systems indoors are with accuracy which can be an 

order of magnitude worse than static systems and point density which can 

vary by system and affect the ability to model with precision.  

In terms of 3D modelling, 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. The near 

complete capture of environments provided by laser scanning has also 

changed the process where modelling decisions are made from the data 

captured rather than traditionally in the field. 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 from 

literature with the former providing user-assisted methods while the latter 

have produced automated methods which on the whole do not produce 

BIM compatible object based geometry. Therefore to research the impacts 

of automation on modelling an investigation was made in Chapter 6 of the 

applicability of both commercial semi-automated approaches and a fully 

automated approach developed by the author.  

The research work showed that the semi-automated approaches to 

reconstruction provided by commercial software give an aid to the user, 

but provide less a faster workflow and more a way of documenting the 

geometry created through embedded fit statistics. Clutter in the scene has 

an effect on both forms of automated reconstruction tested, with the 

sparse point density of clutter causing misclassification or occlusions 

creating data holes. The spatial reasoning introduced in the fully 

automated algorithm in this thesis to quality control the created geometry 
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is effective in removing outliers, especially with a term that checks the 

number of points per reconstructed element. Relating to this the data 

capture method doesn’t have a large bearing on the success of 

reconstruction, except the more even point sampling of the i-MMS prevents 

extraneous planes surviving the spatial reasoning.  

Overall it was found that pure automation of modelling as implemented in 

this thesis is currently not at a stage to be viable, however the large speed 

gains for an accuracy reduction of a few cm with IMMS make their use very 

feasible where tolerances allow. As the varied, cluttered nature of the 

indoor environment means that, currently, human intuition still triumphs 

over computerised methods alone. However the ability to provide 

quantified geometry as a by-product of the process through fit statistics to 

the point cloud provides a tangible gain over pure human intuited 

modelling.  

8.3 Quantification of Point Cloud-Derived Geometry 

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. As a 

result, the third research question asked about the achievable collection 

requirements and a quantification method to assess this.  

The work carried out to investigate ways of making the survey process 

more efficient in relation to the second research question resulted in some 

survey guidance in Chapter 7 about the approach to the collection 

requirements. For the construction use case where higher accuracy of less 

than 3cm is required static terrestrial laser scanning is most appropriate, 

but the collection process is labour intensive with increased equipment. 

For facilities management where the accuracy tolerances can be looser, 

from 2.5-20cm, IMMS use becomes a possibility for at least partial capture 

to gain from the significant time savings. As the IMMS used in this thesis 

only position relative to their start position, additional methods should be 

used to provide the georeferencing framework for global site coordinates. 

Overall it was found that the IMMS with the more even sampling provided 
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better results from the reconstructed geometry from increased modelling 

precision. 

Whilst carrying out the research to answer the second research question 

in Chapter 6, it became clear that a common benchmark dataset would be 

useful for testing performance and for quantification as posed in the third 

research question. This was backed up by literature which highlighted the 

lack of available common datasets making different research literature 

approaches difficult or impossible to test against. Therefore a freely 

available benchmark dataset was created and used to test the ability of 

both the commercial and this thesis’ approach to automation. 

This dataset worked well as a benchmark providing representations that 

were well known and documented using the approach found in the case 

studies. However the question of what represents a good or bad 

reconstruction was raised and is crucial for assessing any reconstruction. 

A quality metric was developed in this thesis to provide a way of measuring 

this. This gave a useful scoring metric that can be applied to measure the 

accuracy of reconstruction against a known model such as a benchmark or 

design model. In its current implementation it is limited by assessing 

similarity in 2D, but as the verticality of walls are generally modelled 

perpendicular to the floor plane this was deemed an acceptable first step. 

The work of this thesis has shown the representation of geometry 

achievable with current static and mobile systems as well as with varying 

degrees of automated modelling. Quantification of the geometry provides 

confidence in the source of the geometry created be it human or computer 

generated as fit accuracies can be stored as attributes. The work in Chapter 

6 provided one simple way to do this, albeit restricted to basic geometry, 

allowing for quantifiable generated geometry to be assessed with a 

common metric. 

8.4 Thesis Contributions 

Outlined at the beginning of this thesis in section 1.5 and explained in more 

detail here are the eight key contributions of this thesis for capturing and 
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processing survey data towards automation for high quality 3D models to 

aid a BIM process. 

A review of BIM, its development and how it pertains to the 

surveyor. Researching BIM was necessary to investigate whether it would 

affect surveyors and in so doing what that change would likely require as 

a professional reaction. Research question 1 asked what BIM meant for 

surveyors and Chapter 3 set about answering this through a review of how 

BIM had developed. This review established the foundation for the data 

expectations that would be required with the development of building 

product models becoming key. This new knowledge-rich 3D geometry 

representation, along with the Governmental encouragement to see the 

construction industry as a whole modernise to collaborative, digital ways 

of working highlighted the greatest direct effects to the surveyor’s work.  

Industry outreach case studies to transfer the knowledge from the 

BIM review to survey practitioners in the field. Following on from the 

BIM review, a series of case studies with an industry partner allowed a 

knowledge transfer of this information to surveyors more used to 

measuring for and preparing traditional 2D CAD deliverables. This allowed 

the establishment and subsequent investigation of the practicalities of the 

new workflow from scanning to the generation of the 3D object-based 

model. This was presented back to a cross section of the company’s 

construction professionals and ultimately led to their purchase of a laser 

scanner to give them the ability to enact this workflow. Chapter 4 covered 

the series of case studies into the manual process which was an important 

part of understanding the current abilities to test the improvements of later 

chapters against for research question 2. 

The assessment of indoor mobile mapping systems for indoor data 

capture and modelling. The main part of surveying is the capture of 

measurements of an area. 3D laser scanning has greatly improved the 

amount of measurements of an environment that can be taken and thus 

allow for a more detailed representation to be created. Its main restriction 

with terrestrial scanning of building interiors is in the static setups. This 

means that higher point densities are often used to ensure a minimum 
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resolution across the scan is achieved due to the falloff with distance, 

leading to slower capture rates. Also the static nature of scanning means 

occlusions can form in the data where the line of sight is blocked. Indoor 

Mobile Mapping Systems mitigate these issues through movement of the 

scanner while capturing data. Also IMMS compute an initial registration on 

the fly, so the post processing is simplified as a global alignment already 

exists thus allowing for a fine registration to correct propagating local 

errors and drift. Chapter 5 showed that these mobile systems provide 

significant speed increases in collection and initial processing of data. 

A freely available benchmark dataset of point clouds and manually-

derived parametric object-based models for the common testing of 

geometry automation approaches. The literature in Chapter 2 

advocated a common benchmark as a standard way of testing the 

improvements of automated approaches, instead of the usual private data 

collection per study generally found in literature. Therefore one was 

created and hosted online here: http://indoor-bench.github.io/indoor-

bench. Also a first use of this benchmark dataset was presented and 

documented in Chapter 6. 

An assessment of the ability of state of the art commercial 

geometry automation tools. Some commercial solutions exist that aim 

to aid the geometry reconstruction process from point clouds by 

automating some of the users modelling tasks. Therefore to judge where 

automation of the modelling should proceed and understanding of the 

current state of the art was informative. Although a degree of automation 

was achieved, the time taken was equivalent to manual modelling as many 

walls required user interaction and therefore the main advantage came in 

the documentation and model assurance as the modelled objects relied on 

a statistical fit rather than human intuition as to why it was positioned as 

so. 

An automated geometry reconstruction routine that creates 

parametric models as required by BIM. The literature showed some 

promising approaches to automation of building interiors, however only a 

couple of very recent works reconstructed those interiors with parametric 
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object based geometry as used with BIM. The review of the state of the 

art commercial tools also showed that their main function was to provide 

documentation of the quality of fitted objects and relied on user interaction 

making them more of a support in a semi-automated process. The 

automation routine presented in Chapter 6 is fully automated and results 

in object based IFC geometry with each object tagged with semantic data 

of the RMS of the residuals of the point cloud to the modelled wall surface. 

Spatial reasoning is performed to clean up the resulting model but in a 

cluttered environment erroneous data still remains that the user will have 

to clean up. 

A quality checking metric to assess the geometry created from 

automated reconstruction approaches against a benchmark model. 

This work is related to the same literature that indicated a need for a 

benchmark dataset also required a way for that data to be assessed and 

quantified. This led to a quality metric based on 3 geometric parameters 

of the objects: centroids, magnitude and angular difference. It was 

implemented on the results from the automation routine developed in 

Chapter 6 to compare with the manual model in the benchmark. This 

worked well in highlighting the successful geometry but probably needs 

refining so that its results are comparable from different models. 

Guidance to the survey profession in relation to its future with BIM 

based on the work of this thesis. The work of this thesis is considered 

in the main discussion of Chapter 7 and at the end a series of 

recommendations to the survey community are made about surveying with 

a BIM process over the next 5 years. These recommendations include 

additions to work approaches, standardisation and technology and it is 

hoped they can feed in to the Survey4BIM group’s ongoing review on this 

subject as part of their advocacy within the wider UK BIM Task Group. 

8.5 Further Work 

There are a few strands of work that can be followed on from this thesis 

to build on the research presented here in this document. As mentioned in 

the contributions of section 8.4 feeding back the recommendations of this 
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thesis to industry through the Survey4BIM group would be beneficial, 

especially as they begin to consider standards for the profession. 

Data capture technologies are always updating and both of the IMMS used 

in this thesis have had upgrades since. IMMS generally are not as well 

understood as static scanners due to their combination of instruments, 

which can lead to errors if not properly calibrated. Therefore future IMMS 

work should look at in the field validation checks for this class of 

instruments to provide assurance they are within specification. 

Capture of materials to add to the information of the geometry for BIM 

would be greatly beneficial. However, this is currently very challenging due 

to the variety of representations materials have, making understanding 

difficult without some form of sensing the interior structure. Some 

approaches based on surfaces have included multi-spectral imaging (Wehr 

et al., 2006) and materials libraries for matching (Dimitrov and Golparvar-

Fard, 2013). 

The benchmark data created provide adequate initial scenes for testing, 

the lack of well-known initial dimensions in the real world means the 

comparison to a ‘truth’ is from one abstracted set of measurements to 

another. The only way to have a definite truth at the beginning of the 

process is with synthetic data generated from a known 3D model. 

Therefore it is envisaged that this would be a dataset that would be added 

to the benchmark alongside the real world data presented in this paper. 

There is also the potential to expand the dataset with other representative 

scenes that are prevalent in buildings that require a model of existing 

conditions for BIM, e.g. plant rooms, large open-plan spaces, etc. 

To continue the automated algorithm development work of Chapter 6 it 

would be beneficial to test the routine on larger datasets, such as one floor 

or many floors of a building as that would be a truer test of the algorithms 

main application. Further development of the process to take an IFC and 

classify a point cloud from it would help reverse the idea of a point cloud 

as being geometrically rich but information poor, bringing more value to 

the point cloud as a dataset. 



Conclusions | Chapter 8 

 

 

Page | 229  
 

Certain steps of the algorithm can also be refined. Generally refining the 

algorithm so that it is not so influenced by clutter would be beneficial. 

Linked to that is adding topological links so that walls that are close 

together can be joined, then logical building rules could be better applied 

(e.g. about bounded room volumes) and it would help to mitigate any 

incorrect determination of length from noise. The quality measure could 

also be refined by investigating weighting the three components differently 

or thresholding the normalisation so that a quality value from one 

comparison is equal to the same value from another set of data. Another 

improvement would be to include height data, as currently the metric is 

based on an assessment of 2D footprints which would limit its use on 

overlying geometry. 

Lastly the second automation method described in section 6.4.2 that 

presents the beginning of an approach to change detection from an 

existing object oriented model could be extended to make it more 

intelligent so that once it classifies the related points a judgement can be 

made about the fit of those points to the geometry to give another quality 

metric. 
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APPENDIX I – INSTRUMENT DATA 

Contained in this appendix are the specifications given by the 

manufacturers for the main scanning instruments used in this thesis: Faro 

Focus 3D S, Viametris i-MMS and the CSIRO ZEB1. As can be seen the 

information for the indoor mobile mapping systems that combine sensors 

is much sparser than for the well-defined static laser scanner. 

Faro Photon 120 and Focus 3D S 

 Unambiguity interval: 153.49m 

 Range: 0.6m - 120m indoor or outdoor with low ambient light and 

normal incidence to a 90% reflective surface 

 Measurement speed: up to 976,000 points/second  

 Ranging error: ±2mm (systematic measurement error around 10m 

and 25m, one sigma)  

Photon 120: 

 Ranging noise with no filtering: 

o At 90% (high) reflectance: 10m = 0.8mm; 25m = 1.00mm 

o At 10% (low) reflectance: 10m = 1.4mm; 25m = 2.7mm 

 Weight: 14.5kg  

Focus 3D S: 

 Ranging noise with no filtering: 

o At 90% (high) reflectance: 10m = 0.6mm; 25m = 0.95mm 

o At 10% (low) reflectance: 10m = 1.2mm; 25m = 2.2mm 

 Weight: 5kg  

Source: (FARO Technologies Inc., 2013, 2009). 
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Viametris i-MMS 

 Absolute accuracy (positioning): < 1cm 

 LiDAR accuracy: ±30mm up to 10m 

 Scanning speed: 86,400 points/second 

 Range: 0.1-30m 

 Weight: <40kg 

Source: (Viametris, 2013). 

CSIRO ZEB1 

 3D Measurement Accuracy: Typically ±0.1% 

 Data Acquisition Speed: 43,200 measurement points/second 

 Maximum Range: Up to 30m (15m outdoors) 

 Weight of Scanner: 665g 

Source: (3D Laser Mapping, 2013) 
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APPENDIX II – RICS SURVEY 

DETAIL ACCURACY BANDS 

 

Below is a reproduction of the accuracy bands table for survey data from 

the latest RICS guidance: (Royal Institution of Chartered Surveyors, 

2014).  
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APPENDIX III – PLOWMAN 

CRAVEN BIM SURVEY 

SPECIFICATION 

Outlined below is the survey specification version 2.0.3 for BIM created by 

the UK-based survey company Plowman Craven Limited (2012). As this 

document is referenced throughout this thesis but not easily accessible, a 

description of its salient parts are provided in this appendix with figures 

taken directly from it. 

The specification is divided in to four main sections covering: technology, 

level of detail, model accuracy and project tolerances. Revit is the 

modelling tool of choice and therefore the document refers to that software 

environment when considering modelling constraints. 

Technology and Workflow 

This section provides a brief overview of how survey data is collected and 

the advantages to the client of using a laser scanner for data collection, 

such as reduced time on site for a rich measured dataset. It also 

recommends that the surveyor is responsible for the modelling from the 

point cloud so that the liability for the accuracy of the model stays with the 

surveyor. 

Level of Detail 

This section of the specification covers the detail of building objects that 

are shown or not in the model. It provides a set of generic levels of detail 

for surveyed models as depicted in Figure II.1. These run from a simple 

mass model at level 1 through a shell and core model for level 2 and a 
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‘Standard Survey Model’ at level 3 to a ‘Detailed Survey Model’ at level 4 

with added attributes for level 5. 

The level 2 model contains only major structural components and openings 

which is seen to act as a base model. The standard survey model of level 

3 adds to this primary architecture such as doors, windows and outline 

services but no surface finishes. The detailed model for levels 4 and 5 

contains detailed architecture, furnishings and structural information with 

surface finishes. Additional non-spatial attributes are added to building 

objects in the model to make it level 5. Level 3 is considered the default 

level in the specification. 

 

Figure III.1 – Levels of Detail specified from level 1 to 4 (left to right).  

Accuracy and Modelling Tolerances 

The document makes a clear distinction between the accuracy of the 

survey data such as the point cloud and the tolerance for modelling from 

the point cloud. At the time of the document RICS had not updated their 

survey guidance so absolute survey accuracy is related to 0.3mm RMSE at 

the 2D plan plotting scale: “For example, survey accuracy of 15mm for an 

equivalent presentation scale of 1:50 (0.3 x 50 = 15mm)” (Plowman 

Craven Limited, 2012). 

Modelling tolerance considers the generalisations required such as whether 

door architraves around a door frame are needed and states this should 

be agreed with the client. How much the model should conform to 

Manhattan World assumptions is the other consideration. The specification 

states that a maximum allowable deviation from a wall or ceiling line is 

used and suggests three tolerance bands: 

 Low-level - model data within 60mm of the point cloud  

 Mid-level - model data within 30mm of the point cloud  

 High-level - model data within 15mm of the point cloud 
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With these a shared Revit parameter is recommended with the deviation 

from the straight object added. 

Project Considerations 

This final section considers other issues prior to work commencement that 

should be considered. This includes whether existing 2D drawings exist, 

point cloud density, whether 2D views are required, the coordinate system 

to use and deliverables. 

The point cloud densities that are used for capture in the field for the 

various levels are given as below but it is not clear at what standoff 

distance these densities are expected e.g. at 10m. 

 Mass model, Rights to Light or level 1 / 2 models: 20mm 

 Typical building or level 3 models: 10mm 

 Heritage buildings or level 4 / 5 models: 5mm 

The quality checking procedure is also given in this section and consists of 

4 stages: 

 Stage 1 – Computational check of control survey and point cloud 

registration  

 Stage 2 – Geometric check of the final BIM model against point 

cloud and base data  

 Stage 3 – Integrity check of BIM model construction, to ensure 

efficient and consistent construction of families and objects 

 Stage 4 – Presentation check to ensure that extracted 2D plans, 

sections and elevations meet required standards of presentation 

Wall Modelling 

The approach to modelling different elements within Revit is given in the 

specification’s appendix. An example is that of walls which are modelled 

flat and upright unless otherwise requested. Where thickness cannot be 

intuited a wall is given a nominal thickness and named as ‘undefined thick’ 

or ‘undefined thin’. 
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APPENDIX IV – IFC FILE 

Below is the IFC file data in EXPRESS schema which describes the 

automatically reconstructed geometry with spatial reasoning from the 

static Faro scan data of the corridor using the algorithm in section 6.4.1, 

and whose results are shown in section 6.5.2. 

ISO-10303-21; 

HEADER; 

FILE_DESCRIPTION (('ViewDefinition [CoordinationView]'), '2;1'); 

FILE_NAME ('Wall Extract_1405_151027.xBIM', '2015-05-14T15:10:27', (''), 

(''), 'Xbim.Ifc File Processor version 2.4.1.28', 'Xbim version 2.4.1.28', 

''); 

FILE_SCHEMA (('IFC2X3')); 

ENDSEC; 

DATA; 

#1=IFCPERSON($,'Thomson',$,$,$,$,$,$); 

#2=IFCORGANIZATION($,'UCL CEGE 3DIMPact',$,$,$); 

#3=IFCPERSONANDORGANIZATION(#1,#2,$); 

#4=IFCAPPLICATION(#5,'1.0','Points2IFC','Extract Walls'); 

#5=IFCORGANIZATION($,'CT',$,$,$); 

#6=IFCPROJECT('1cbMZ4RlfFz8lmupCoRi$J',#7,'Wall 

Extract',$,$,$,$,(#21,#24),#9); 

#7=IFCOWNERHISTORY(#3,#4,$,.ADDED.,$,$,$,1431612628); 

#8=IFCOWNERHISTORY(#3,#4,$,.MODIFIED.,$,$,$,1431612628); 

#9=IFCUNITASSIGNMENT((#10,#11,#12,#13,#14,#15,#16,#17,#18)); 

#10=IFCSIUNIT(*,.LENGTHUNIT.,.MILLI.,.METRE.); 

#11=IFCSIUNIT(*,.AREAUNIT.,$,.SQUARE_METRE.); 

#12=IFCSIUNIT(*,.VOLUMEUNIT.,$,.CUBIC_METRE.); 

#13=IFCSIUNIT(*,.SOLIDANGLEUNIT.,$,.STERADIAN.); 

#14=IFCSIUNIT(*,.PLANEANGLEUNIT.,$,.RADIAN.); 

#15=IFCSIUNIT(*,.MASSUNIT.,$,.GRAM.); 

#16=IFCSIUNIT(*,.TIMEUNIT.,$,.SECOND.); 

#17=IFCSIUNIT(*,.THERMODYNAMICTEMPERATUREUNIT.,$,.DEGREE_CELSIUS.); 

#18=IFCSIUNIT(*,.LUMINOUSINTENSITYUNIT.,$,.LUMEN.); 

#19=IFCCARTESIANPOINT((0.,0.,0.)); 

#20=IFCAXIS2PLACEMENT3D(#19,$,$); 
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#21=IFCGEOMETRICREPRESENTATIONCONTEXT('Building Model','Model',3,1.E-

05,#20,$); 

#22=IFCCARTESIANPOINT((0.,0.)); 

#23=IFCAXIS2PLACEMENT2D(#22,$); 

#24=IFCGEOMETRICREPRESENTATIONCONTEXT('Building Plan View','Plan',2,1.E-

05,#23,$); 

#25=IFCBUILDING('3GAepFr1r4xxTbp_VTHXOw',#7,'BuildingExtract',$,$,#26,$,$,.EL

EMENT.,5000.,$,$); 

#26=IFCLOCALPLACEMENT($,#27); 

#27=IFCAXIS2PLACEMENT3D(#28,$,$); 

#28=IFCCARTESIANPOINT((0.,0.,0.)); 

#29=IFCRELAGGREGATES('22I_FXNOP7SRdeSYjvBqxu',#7,$,$,#6,(#25)); 

#30=IFCSLAB('1Q2UW34kn9xRR8i4SpIgYW',#7,'A Standard slab',$,$,#67,#66,$,$); 

#31=IFCPROPERTYSET('2Hlt8OFt92rxibd$StHjb$',#7,'Geometry Fit to Points 

(mm)',$,(#33,#34)); 

#32=IFCRELDEFINESBYPROPERTIES('018vr9_dr4k8eyAjacKVXZ',#7,$,$,(#30),#31); 

#33=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(7.),$); 

#34=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(9.),$); 

#35=IFCPOLYLINE((#36,#37,#38,#39,#40,#41,#42,#43,#44,#45,#46,#47,#48,#49,#50,

#51,#52,#53,#54,#55,#56,#57,#58,#59)); 

#36=IFCCARTESIANPOINT((-388.,1042.)); 

#37=IFCCARTESIANPOINT((4817.,5351.)); 

#38=IFCCARTESIANPOINT((6728.,6550.)); 

#39=IFCCARTESIANPOINT((7408.,5693.)); 

#40=IFCCARTESIANPOINT((7415.,5684.)); 

#41=IFCCARTESIANPOINT((7287.,2388.)); 

#42=IFCCARTESIANPOINT((5547.,886.)); 

#43=IFCCARTESIANPOINT((108.,-3797.)); 

#44=IFCCARTESIANPOINT((-2862.,-5729.)); 

#45=IFCCARTESIANPOINT((-2863.,-5728.)); 

#46=IFCCARTESIANPOINT((-4403.,-4074.)); 

#47=IFCCARTESIANPOINT((-4423.,-4053.)); 

#48=IFCCARTESIANPOINT((-4451.,-4021.)); 

#49=IFCCARTESIANPOINT((-4483.,-3983.)); 

#50=IFCCARTESIANPOINT((-5031.,-3300.)); 

#51=IFCCARTESIANPOINT((-5048.,-3278.)); 

#52=IFCCARTESIANPOINT((-5052.,-3273.)); 

#53=IFCCARTESIANPOINT((-5053.,-3267.)); 

#54=IFCCARTESIANPOINT((-5053.,-3235.)); 

#55=IFCCARTESIANPOINT((-5051.,-3229.)); 

#56=IFCCARTESIANPOINT((-5051.,-3229.)); 

#57=IFCCARTESIANPOINT((-5051.,-3229.)); 

#58=IFCCARTESIANPOINT((-4037.,-2023.)); 

#59=IFCCARTESIANPOINT((-388.,1042.)); 
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#60=IFCARBITRARYCLOSEDPROFILEDEF(.AREA.,'Profile Slab',#35); 

#61=IFCEXTRUDEDAREASOLID(#60,#64,#62,100.); 

#62=IFCDIRECTION((0.,0.,1.)); 

#63=IFCCARTESIANPOINT((0.,0.,1495.0869565217392)); 

#64=IFCAXIS2PLACEMENT3D(#63,$,$); 

#65=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#61)); 

#66=IFCPRODUCTDEFINITIONSHAPE($,$,(#65)); 

#67=IFCLOCALPLACEMENT($,#68); 

#68=IFCAXIS2PLACEMENT3D(#69,#71,#70); 

#69=IFCCARTESIANPOINT((0.,0.,0.)); 

#70=IFCDIRECTION((1.,0.,0.)); 

#71=IFCDIRECTION((0.,0.,1.)); 

#72=IFCSLAB('0wf5FBsiXANBWjjIOk5a27',#7,'A Standard slab',$,$,#120,#119,$,$); 

#73=IFCPROPERTYSET('2Ki_$R4rz23BaH9JelZBWd',#7,'Geometry Fit to Points 

(mm)',$,(#75,#76)); 

#74=IFCRELDEFINESBYPROPERTIES('2gen6xzgz8kR5PEXP3spr6',#7,$,$,(#72),#73); 

#75=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(0.),$); 

#76=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(6.),$); 

#77=IFCPOLYLINE((#78,#79,#80,#81,#82,#83,#84,#85,#86,#87,#88,#89,#90,#91,#92,

#93,#94,#95,#96,#97,#98,#99,#100,#101,#102,#103,#104,#105,#106,#107,#108,#109

,#110,#111,#112)); 

#78=IFCCARTESIANPOINT((1656.,2508.)); 

#79=IFCCARTESIANPOINT((4374.,4777.)); 

#80=IFCCARTESIANPOINT((4482.,4860.)); 

#81=IFCCARTESIANPOINT((6711.,6546.)); 

#82=IFCCARTESIANPOINT((6793.,6552.)); 

#83=IFCCARTESIANPOINT((6801.,6544.)); 

#84=IFCCARTESIANPOINT((7287.,5934.)); 

#85=IFCCARTESIANPOINT((7421.,5765.)); 

#86=IFCCARTESIANPOINT((7443.,5736.)); 

#87=IFCCARTESIANPOINT((7445.,5728.)); 

#88=IFCCARTESIANPOINT((7083.,2124.)); 

#89=IFCCARTESIANPOINT((7078.,2115.)); 

#90=IFCCARTESIANPOINT((7072.,2109.)); 

#91=IFCCARTESIANPOINT((7046.,2085.)); 

#92=IFCCARTESIANPOINT((6866.,1929.)); 

#93=IFCCARTESIANPOINT((6300.,1441.)); 

#94=IFCCARTESIANPOINT((921.,-3193.)); 

#95=IFCCARTESIANPOINT((456.,-3585.)); 

#96=IFCCARTESIANPOINT((373.,-3653.)); 

#97=IFCCARTESIANPOINT((367.,-3658.)); 

#98=IFCCARTESIANPOINT((-2876.,-5623.)); 

#99=IFCCARTESIANPOINT((-2876.,-5624.)); 

#100=IFCCARTESIANPOINT((-2882.,-5623.)); 
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#101=IFCCARTESIANPOINT((-4675.,-3952.)); 

#102=IFCCARTESIANPOINT((-4682.,-3944.)); 

#103=IFCCARTESIANPOINT((-5034.,-3525.)); 

#104=IFCCARTESIANPOINT((-5043.,-3513.)); 

#105=IFCCARTESIANPOINT((-5091.,-3444.)); 

#106=IFCCARTESIANPOINT((-5096.,-3434.)); 

#107=IFCCARTESIANPOINT((-5102.,-3424.)); 

#108=IFCCARTESIANPOINT((-5077.,-3253.)); 

#109=IFCCARTESIANPOINT((-5017.,-3191.)); 

#110=IFCCARTESIANPOINT((-3454.,-1787.)); 

#111=IFCCARTESIANPOINT((-3426.,-1761.)); 

#112=IFCCARTESIANPOINT((1656.,2508.)); 

#113=IFCARBITRARYCLOSEDPROFILEDEF(.AREA.,'Profile Slab',#77); 

#114=IFCEXTRUDEDAREASOLID(#113,#117,#115,100.); 

#115=IFCDIRECTION((0.,0.,1.)); 

#116=IFCCARTESIANPOINT((0.,0.,-1438.9411764705883)); 

#117=IFCAXIS2PLACEMENT3D(#116,$,$); 

#118=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#114)); 

#119=IFCPRODUCTDEFINITIONSHAPE($,$,(#118)); 

#120=IFCLOCALPLACEMENT($,#121); 

#121=IFCAXIS2PLACEMENT3D(#122,#124,#123); 

#122=IFCCARTESIANPOINT((0.,0.,0.)); 

#123=IFCDIRECTION((1.,0.,0.)); 

#124=IFCDIRECTION((0.,0.,1.)); 

#125=IFCWALLSTANDARDCASE('0RFFGx1dH1MeYywT8$AJkY',#7,'A Standard rectangular 

wall 15548 x 93',$,$,#139,#138,$); 

#126=IFCPROPERTYSET('2OXeB6fiH9E8PCUyNywuxZ',#7,'Geometry Fit to Points 

(mm)',$,(#128,#129)); 

#127=IFCRELDEFINESBYPROPERTIES('1LQZxf6M1D0u9wjjM1RlHw',#7,$,$,(#125),#126); 

#128=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(0.),$); 

#129=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(9.),$); 

#130=IFCRECTANGLEPROFILEDEF(.AREA.,$,#132,93.,15548.); 

#131=IFCCARTESIANPOINT((0.,0.)); 

#132=IFCAXIS2PLACEMENT2D(#131,$); 

#133=IFCEXTRUDEDAREASOLID(#130,#136,#134,2934.0281329923273); 

#134=IFCDIRECTION((0.,0.,1.)); 

#135=IFCCARTESIANPOINT((0.,0.,0.)); 

#136=IFCAXIS2PLACEMENT3D(#135,$,$); 

#137=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#133)); 

#138=IFCPRODUCTDEFINITIONSHAPE($,$,(#137)); 

#139=IFCLOCALPLACEMENT($,#140); 

#140=IFCAXIS2PLACEMENT3D(#141,#143,#142); 

#141=IFCCARTESIANPOINT((762.18476841065467,1644.5337746105665,-1339.)); 

#142=IFCDIRECTION((-0.63895498806063267,0.76924412460053071,0.)); 
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#143=IFCDIRECTION((0.,0.,1.)); 

#144=IFCWALLSTANDARDCASE('1rBWeG70P3tPh5e3HnkhLD',#7,'A Standard rectangular 

wall 8646 x 259',$,$,#158,#157,$); 

#145=IFCPROPERTYSET('3yXSVPEHDFPB$Vr3rgagL6',#7,'Geometry Fit to Points 

(mm)',$,(#147,#148)); 

#146=IFCRELDEFINESBYPROPERTIES('0xfRvH6GT7fhd$j8PM1ZvK',#7,$,$,(#144),#145); 

#147=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(-1.),$); 

#148=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(8.),$); 

#149=IFCRECTANGLEPROFILEDEF(.AREA.,$,#151,259.,8646.); 

#150=IFCCARTESIANPOINT((0.,0.)); 

#151=IFCAXIS2PLACEMENT2D(#150,$); 

#152=IFCEXTRUDEDAREASOLID(#149,#155,#153,2934.0281329923273); 

#153=IFCDIRECTION((0.,0.,1.)); 

#154=IFCCARTESIANPOINT((0.,0.,0.)); 

#155=IFCAXIS2PLACEMENT3D(#154,$,$); 

#156=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#152)); 

#157=IFCPRODUCTDEFINITIONSHAPE($,$,(#156)); 

#158=IFCLOCALPLACEMENT($,#159); 

#159=IFCAXIS2PLACEMENT3D(#160,#162,#161); 

#160=IFCCARTESIANPOINT((1134.7728455189756,-123.74714370838295,-1339.)); 

#161=IFCDIRECTION((-0.639886740282656,0.76846923140125567,0.)); 

#162=IFCDIRECTION((0.,0.,1.)); 

#163=IFCWALLSTANDARDCASE('1BVn2HD9bB6fFbJczNEiWA',#7,'A Standard rectangular 

wall 3253 x 132',$,$,#177,#176,$); 

#164=IFCPROPERTYSET('3OsWJ37KPAV9NcaSRYGrfR',#7,'Geometry Fit to Points 

(mm)',$,(#166,#167)); 

#165=IFCRELDEFINESBYPROPERTIES('2cv5hzQIX9Nvatfs_yrlMZ',#7,$,$,(#163),#164); 

#166=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(-1.),$); 

#167=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(9.),$); 

#168=IFCRECTANGLEPROFILEDEF(.AREA.,$,#170,132.,3253.); 

#169=IFCCARTESIANPOINT((0.,0.)); 

#170=IFCAXIS2PLACEMENT2D(#169,$); 

#171=IFCEXTRUDEDAREASOLID(#168,#174,#172,2934.0281329923273); 

#172=IFCDIRECTION((0.,0.,1.)); 

#173=IFCCARTESIANPOINT((0.,0.,0.)); 

#174=IFCAXIS2PLACEMENT3D(#173,$,$); 

#175=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#171)); 

#176=IFCPRODUCTDEFINITIONSHAPE($,$,(#175)); 

#177=IFCLOCALPLACEMENT($,#178); 

#178=IFCAXIS2PLACEMENT3D(#179,#181,#180); 

#179=IFCCARTESIANPOINT((-1576.6223350358389,-4659.5213099573866,-1339.)); 

#180=IFCDIRECTION((-0.63354231741766764,0.7737080405689547,0.)); 

#181=IFCDIRECTION((0.,0.,1.)); 
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#182=IFCWALLSTANDARDCASE('0243GQPTv4AOBwPoHjNAPg',#7,'A Standard rectangular 

wall 2169 x 132',$,$,#196,#195,$); 

#183=IFCPROPERTYSET('2oTHZAHoPEs8vcglWEEofT',#7,'Geometry Fit to Points 

(mm)',$,(#185,#186)); 

#184=IFCRELDEFINESBYPROPERTIES('0I3WUkk79E5u6RFbF95vi9',#7,$,$,(#182),#183); 

#185=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(-1.),$); 

#186=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(9.),$); 

#187=IFCRECTANGLEPROFILEDEF(.AREA.,$,#189,132.,2169.); 

#188=IFCCARTESIANPOINT((0.,0.)); 

#189=IFCAXIS2PLACEMENT2D(#188,$); 

#190=IFCEXTRUDEDAREASOLID(#187,#193,#191,2934.0281329923273); 

#191=IFCDIRECTION((0.,0.,1.)); 

#192=IFCCARTESIANPOINT((0.,0.,0.)); 

#193=IFCAXIS2PLACEMENT3D(#192,$,$); 

#194=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#190)); 

#195=IFCPRODUCTDEFINITIONSHAPE($,$,(#194)); 

#196=IFCLOCALPLACEMENT($,#197); 

#197=IFCAXIS2PLACEMENT3D(#198,#200,#199); 

#198=IFCCARTESIANPOINT((6345.4092458860468,1838.2024403998519,-1339.)); 

#199=IFCDIRECTION((-0.63320867272118819,0.77398112172757239,0.)); 

#200=IFCDIRECTION((0.,0.,1.)); 

#201=IFCWALLSTANDARDCASE('1padFzxMr7ZfUW3NB0hIYO',#7,'A Standard rectangular 

wall 2450 x 100',$,$,#215,#214,$); 

#202=IFCPROPERTYSET('33SwWHBZn7t9K5UoSW5GSU',#7,'Geometry Fit to Points 

(mm)',$,(#204,#205)); 

#203=IFCRELDEFINESBYPROPERTIES('1TbFsmUGz5UBUGUBS3Pbhc',#7,$,$,(#201),#202); 

#204=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(0.),$); 

#205=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(6.),$); 

#206=IFCRECTANGLEPROFILEDEF(.AREA.,$,#208,100.,2450.); 

#207=IFCCARTESIANPOINT((0.,0.)); 

#208=IFCAXIS2PLACEMENT2D(#207,$); 

#209=IFCEXTRUDEDAREASOLID(#206,#212,#210,2934.0281329923273); 

#210=IFCDIRECTION((0.,0.,1.)); 

#211=IFCCARTESIANPOINT((0.,0.,0.)); 

#212=IFCAXIS2PLACEMENT3D(#211,$,$); 

#213=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#209)); 

#214=IFCPRODUCTDEFINITIONSHAPE($,$,(#213)); 

#215=IFCLOCALPLACEMENT($,#216); 

#216=IFCAXIS2PLACEMENT3D(#217,#219,#218); 

#217=IFCCARTESIANPOINT((6450.3112456433628,3369.902089971391,-1339.)); 

#218=IFCDIRECTION((-0.76124188707031437,-0.648468032650513,0.)); 

#219=IFCDIRECTION((0.,0.,1.)); 

#220=IFCWALLSTANDARDCASE('3f1ud9UEDFeRh19zyHlXI9',#7,'A Standard rectangular 

wall 247 x 100',$,$,#234,#233,$); 
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#221=IFCPROPERTYSET('2wIYdUA5nBOeGQ4L1lDkFc',#7,'Geometry Fit to Points 

(mm)',$,(#223,#224)); 

#222=IFCRELDEFINESBYPROPERTIES('2M2UdCaob5ju1A5RzKvdJD',#7,$,$,(#220),#221); 

#223=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(2.),$); 

#224=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(9.),$); 

#225=IFCRECTANGLEPROFILEDEF(.AREA.,$,#227,100.,247.); 

#226=IFCCARTESIANPOINT((0.,0.)); 

#227=IFCAXIS2PLACEMENT2D(#226,$); 

#228=IFCEXTRUDEDAREASOLID(#225,#231,#229,2934.0281329923273); 

#229=IFCDIRECTION((0.,0.,1.)); 

#230=IFCCARTESIANPOINT((0.,0.,0.)); 

#231=IFCAXIS2PLACEMENT3D(#230,$,$); 

#232=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#228)); 

#233=IFCPRODUCTDEFINITIONSHAPE($,$,(#232)); 

#234=IFCLOCALPLACEMENT($,#235); 

#235=IFCAXIS2PLACEMENT3D(#236,#238,#237); 

#236=IFCCARTESIANPOINT((-4295.8520173555607,-3941.75310654201,-1339.)); 

#237=IFCDIRECTION((-0.640798181960949,0.76770937860335053,0.)); 

#238=IFCDIRECTION((0.,0.,1.)); 

#239=IFCWALLSTANDARDCASE('0veIICslL1vhUMbEPMqC8i',#7,'A Standard rectangular 

wall 2141 x 100',$,$,#253,#252,$); 

#240=IFCPROPERTYSET('0AiURLVZbC$QxIDj7paF8h',#7,'Geometry Fit to Points 

(mm)',$,(#242,#243)); 

#241=IFCRELDEFINESBYPROPERTIES('0zLOqv1E95A9JFbWlU3jBI',#7,$,$,(#239),#240); 

#242=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(0.),$); 

#243=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(6.),$); 

#244=IFCRECTANGLEPROFILEDEF(.AREA.,$,#246,100.,2141.); 

#245=IFCCARTESIANPOINT((0.,0.)); 

#246=IFCAXIS2PLACEMENT2D(#245,$); 

#247=IFCEXTRUDEDAREASOLID(#244,#250,#248,2934.0281329923273); 

#248=IFCDIRECTION((0.,0.,1.)); 

#249=IFCCARTESIANPOINT((0.,0.,0.)); 

#250=IFCAXIS2PLACEMENT3D(#249,$,$); 

#251=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#247)); 

#252=IFCPRODUCTDEFINITIONSHAPE($,$,(#251)); 

#253=IFCLOCALPLACEMENT($,#254); 

#254=IFCAXIS2PLACEMENT3D(#255,#257,#256); 

#255=IFCCARTESIANPOINT((6511.9254727274547,5009.3243809828946,-1339.)); 

#256=IFCDIRECTION((-0.63817846088868124,0.76988846728455029,0.)); 

#257=IFCDIRECTION((0.,0.,1.)); 

#258=IFCWALLSTANDARDCASE('1kjbDF8ZT14R9_PaBh39fF',#7,'A Standard rectangular 

wall 1816 x 100',$,$,#272,#271,$); 

#259=IFCPROPERTYSET('2JWgxh9FP00hWZwUcVDj5K',#7,'Geometry Fit to Points 

(mm)',$,(#261,#262)); 
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#260=IFCRELDEFINESBYPROPERTIES('0_Qw1k0A91cBAkckVtRfVD',#7,$,$,(#258),#259); 

#261=IFCPROPERTYSINGLEVALUE('Mean Fit',$,IFCLENGTHMEASURE(0.),$); 

#262=IFCPROPERTYSINGLEVALUE('Std Dev. of Fit',$,IFCLENGTHMEASURE(5.),$); 

#263=IFCRECTANGLEPROFILEDEF(.AREA.,$,#265,100.,1816.); 

#264=IFCCARTESIANPOINT((0.,0.)); 

#265=IFCAXIS2PLACEMENT2D(#264,$); 

#266=IFCEXTRUDEDAREASOLID(#263,#269,#267,2934.0281329923273); 

#267=IFCDIRECTION((0.,0.,1.)); 

#268=IFCCARTESIANPOINT((0.,0.,0.)); 

#269=IFCAXIS2PLACEMENT3D(#268,$,$); 

#270=IFCSHAPEREPRESENTATION(#21,'Body','SweptSolid',(#266)); 

#271=IFCPRODUCTDEFINITIONSHAPE($,$,(#270)); 

#272=IFCLOCALPLACEMENT($,#273); 

#273=IFCAXIS2PLACEMENT3D(#274,#276,#275); 

#274=IFCCARTESIANPOINT((4942.338238239563,2055.8568437295953,-1339.)); 

#275=IFCDIRECTION((-0.767815741085383,-0.64067073270245778,0.)); 

#276=IFCDIRECTION((0.,0.,1.)); 

#277=IFCRELCONTAINEDINSPATIALSTRUCTURE('0W8FAROWD79wzPdOAm3rKd',#7,$,$,(#125,

#144,#163,#182,#201,#220,#239,#258,#30,#72),#25); 

ENDSEC; 

END-ISO-10303-21; 
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APPENDIX V – CODE ON DISK 

Below is a brief overview of the contents of the disk at the back of this 

thesis shown in Figure V.1. The disk contains all of the source code written 

for the automated routines described in Chapter 6 contained in the 

following files which are named after the thesis sections in which they are 

described. The source code files are numbered in the order in which they 

are executed. 

Folder 6.4.1 contains two files: one C++ file that automatically extract wall 

candidates from an input point cloud (1) and one C# file that constructs 

the IFC geometry from these candidates (2). 

Folder 6.4.2 contains two files: one C# file that extracts the IFC geometry 

bounding boxes (1) and one C++ file that takes the bounding boxes and 

extracts the bounded points from an input point cloud (2). 

Folder 6.5.1 contains the C# code that was used to calculate the quality 

metric comparisons between the benchmark and automatically generated 

models. 

 

Figure V.1 – Structure of data stored on disk. 


