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ABSTRACT

A DECISION FRAMEWORK FOR THE SELECTION OF 3D SCANNING
TECHNIQUE IN H-BIM : AHP METHOD

Kulubecioglu, Ecem
Master of Architecture, Building Science in Architecture
Supervisor: Assoc. Prof. Dr. Mehmet Koray Pekericli

April 2024, 118 pages

While BIM is mainly used for new building design, HBIM is used as a reverse
engineering process to model the current condition of a heritage site or building.
HBIM means an as-built BIM as a structure described with a BIM representation by
using laser scanning or photogrammetry to collect data. Although some degree of
economic, technical, and time efficiency criteria are considered during the scanning
stage as a data collection process, the challenge of selecting the most suitable
technique still remains. This research will frame the benefits, interactions, and
impacts of photogrammetry and laser scanning on project performance. Since
adopting the Analytic Hierarchy Process (AHP) as an assessment method to identify
the critical factors that have the most affecting implications on others, the AHP
model will be created for alternatives such as photogrammetry, laser scanning, and
the hybrid technique that consists of both. A subcriteria prioritization survey based
on experts' decisions will be conducted to define the importance level of the criteria
more objectively. The approach provides an interactive way for developers to
identify critical factors across the selection of 3D data-collecting techniques and

improve project performance.



Keywords: Heritage BIM (H-BIM), As-built BIM, Photogrammetry, Laser
Scanning, Analytic Hierarchy Process (AHP)
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0z

T-YBM'DE 3B TARAMA TEKNIKLERININ SECIMI iCIN BIR KARAR
CERCEVESI : AHP YONTEMI

Kulubecioglu, Ecem
Yuksek Lisans, Yap1 Bilimleri, Mimarlik
Tez Yoneticisi: Dog. Dr. Mehmet Koray Pekericli

Nisan 2024, 118 sayfa

Yap1 Bilgi Modellemesi (YBM) esas olarak yeni bina tasarimi i¢in kullanilirken,
Tarihi Yap1 Bilgi Modellemesi (TYBM) bir miras alani veya binanin mevcut
durumunu modellemek igin tersine bir sireci izler. TYBM, veri toplamak igin lazer
tarama veya fotogrametri kullanilarak varolan (yerlesik) bir YBM i¢in yap1 adayinin
YBM temsili ile tanimlanmasidir. Bir veri toplama siireci olarak tarama agamasinda
bir dereceye kadar ekonomik, teknik ve zaman verimliligi kriterleri gbz oniinde
bulundurulsa da, en uygun teknigi segcme zorlugu hala devam etmektedir. Bu
arastirma, fotogrametri ve lazer taramanin proje performansi iizerindeki fayda
etkilesimlerini ve etkilerini ¢ergeveleyecektir. Digerlerini en c¢ok etkileyen kritik
faktorlerin belirlenmesi amaciyla Analitik Hiyerarsi Siireci (AHP) bir degerlendirme
yontemi olarak benimsendiginden, fotogrametri, lazer tarama ve her ikisini de igeren
hibrit teknik gibi alternatifler icin AHP modeli olusturulacaktir. Kriterlerin dnem
diizeyinin daha objektif olarak belirlenmesi amaciyla uzman kararlarma dayali bir
alt kriter onceliklendirme arastirmasi yapilacaktir. Yaklasim, gelistiricilere 3 boyutlu
veri toplama tekniklerinin segiminde kritik faktorleri belirlemeleri ve proje

performansini iyilestirmeleri i¢in etkilesimli bir yol saglar.
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation

Cultural Heritages are significantly important in terms of history, cultures, and
economy worldwide. However, Heritage buildings are in danger of continual
deterioration due to weathering, damage inflicted by human activities, and
environmental threats (Radanovic et al., 2020). In this sense, recording heritage
accurately has critical importance in terms of the lifetime of the heritage. As a BIM
methodology applied to historic buildings, H-BIM represents comprehensive 3D
recording options with analysis tools. To obtain these recording opportunities, H-
BIM needs 3D data acquisition taken from the heritage's surfaces, and there are
available scanning techniques like laser scanning and photogrammetry used for
doing that. While these techniques enhance data accuracy and complexity, selecting
the appropriate technique for each situation remains challenging. This study is
motivated by the need to address this challenge and provide a systematic approach
for selecting the most suitable scanning technique by utilizing AHP. By employing
AHP, this research aims to facilitate informed decision-making and improve
efficiency in H-BIM documentation projects.

1.2 Research Problem

As a BIM methodology applied to historic buildings, H-BIM represents
comprehensive 3D recording options with analysis tools. To obtain these recording
opportunities, H-BIM needs 3D data acquisition taken from the heritage's surfaces,

and there are available scanning techniques like laser scanning and photogrammetry



used for doing that. Cutting-edge instruments such as Laser Point Clouds and
Photogrammetric information enhance the accuracy and complexity of the data, but

these techniques also have pros and cons.

Which kind of technique should be used for which kind of situation? How can the
project team decide which techniques are best suitable in terms of economic,
technical, and time efficiency parameters? This study has value in deciding the most
suitable scanning technique to avoid wasting time and cost while achieving the most
appropriate scanning quality. This study proposes an objective decision method by
benefitting as a tool of the Analytic Hierarchy Process, a technique for arranging and
evaluating intricate decisions. It will be the answer to the question of whether the
suitability of scanning techniques can be evaluated in the framework of the Analytic

Hierarchy Process. At this point, the research question is:

Can the suitability of 3D scanning techniques be evaluated in the framework of the

Analytical Hierarchy Process?

1.3  Aim and Objectives

In the literature, the objective decision system of the AHP method has been primarily
used in construction projects to classify and prioritize risks and create precautionary
strategies for critical risks. The use of the AHP method is focused on management
part of construction projects. However, there are not many studies on its use in other
types of projects that require high costs and are long-term and quality-oriented, such
as cultural heritage development, historic environmental conservation, and heritage

recording phases.

The aim of this proposal is to conduct a study on a decision framework utilizing the
Analytic Hierarchy Process (AHP) to determine the most suitable scanning
technique, either photogrammetry or laser scanning, for Historic Building

Information Modeling (H-BIM) documentation. The principal focus of this research



is to benefit from an objective assessment procedure in the decision stage of the

scanning techniques used for H-BIM. The primary objectives include:

e Developing an objective assessment procedure using AHP for decision-
making in selecting scanning techniques for H-BIM documentation.

e Evaluating the economic, technical, and time efficiency parameters to
determine the most suitable scanning technique for different situations.

e Providing recommendations for project teams to optimize scanning quality
while minimizing time and cost.

e Providing an interactive way for developers to identify critical factors in
selecting 3D data-collecting techniques and improve project performance by

developing management strategies for critical factors.






CHAPTER 2

LITERATURE REVIEW

Throughout this division, an extensive review of existing literature was carried out

about BIM, H-BIM, Photogrammetry, and Laser scanning techniques.

2.1  Heritage BIM ( H-BIM)

The inception of Building Information Modeling (BIM) started its initial evolution
circa 1970, reaching a pivotal point in 1974 within an internal report from the
Georgia Institute and later in an AIA Journal article advocating a sophisticated three-
dimensional framework for building design, eventually termed BIM. This system
enables the production of 2D drawings from a consolidated model, inclusive of
material schedules and various analyses, guaranteeing that any action or adjustment
made to a model component automatically revises all interconnected information
(Scianna et al., 2021).

Succar (2019) defines Building Information Modelling (BIM) as an emerging
technological modification within the Architecture, Engineering, Construction
(AEC) industry. Yang et al. (2019) state that given the prevailing trend in
information technology, the development of Building Information Modeling (BIM)
has expanded significantly to oversee geometric, semantic, attribute, energy, and
relational data. BIM has started a new transition process in the architecture sector
worldwide. The Architecture-Engineering-Construction (AEC) industry in most
countries has a fragmented sector. Because of that, they are looking for a reformative
change. The BIM concepts have given a chance to change for the AEC industry.

According to Logothetis et al. (2015), BIM technology, serving as a 3D



representation of a building, offers complete clarity to all project participants and,
simultaneously, provides valuable utilities throughout the entire building's lifecycle.
In addition to creating a shared working platform, BIM provides control tools that
prevent shielding designers against mistakes, conserving both time and financial
outgoings during the construction period (Citta, 2022). Within these information
concepts, the portrayal of the structure not only constitutes a consistent geometric
interpretation of the physical world but also encompasses supplementary particulars
inherent in the semantic, parametric, and relational explanations of its constituent
elements (Yang et al., 2019). Garagnani (2015) points out that Building Information
Modeling relies on "smart objects" - parametric architectural components with built-
in awareness of their identity and interactions. He adds, also, that these objects,
containing morphological definitions and logical connections, enable the creation of
valuable digital models, facilitating simulations and calculations. Accordingly,
Salvador-Garcia et al. (2020) emphasize that BIM models aggregate data concerning
geometry (3D), scheduling (4D), cost (5D), sustainability (6D), and facility
management (7D). BIM has modified how construction projects are designed,
constructed, and operated (Azhar et al., 2012). In this regard, Hull and Ewart (2020)
state Building information modeling (BIM) as a procedure of generating, handling,
and disseminating information among project collaborators from other disciplines
and project owners. Liu et al. (2023) add that BIM provides a comprehensive digital
representation of a building's attributes across its entire lifecycle, encompassing
strategizing, conception, building, functioning, upkeep, and modification stages. In
a more detailed perspective, BIM utilization can optimize expert refurbishment or
deconstruction processes by improving decision-making in complex facilities,
streamlining schedules, lowering costs, ensuring job site safety, and promoting
improvement in cooperation, documenting drawings, information administration,

and visual representations (Volk et al., 2014).

To recapitulate so far, BIM empowers the generation of parametric elements with
rich data, establishing topological links among 3D objects for streamlined

architectural project management. Ciribini et al. (2015) accentuate that the adoption



of the BIM approach in renovation and revitalization projects is increasingly
recognized on a global scale. Internal database of BIM fosters cognitive models of
existing structures, encouraging stakeholder collaboration and specialized analyses,
proving especially useful in historical contexts (Gargaro et al., 2018). In addition,
Garagnani, (2015) expresses that Building Information Modeling (BIM) optimizes
building design by preventing conflicts, reducing rework time, and minimizing costs,
applicable not only in new constructions but also in existing architectural contexts
due to its data collection from self-aware, semantically connected components.
Although BIM has provided appreciable advantages mainly for new construction in
the AEC industry, in the area of intervention to existing buildings — and especially
heritage buildings — the actual impact is still limited (Acierno and Simeone, 2019).
BIM could have the potential both to illustrate the present condition of ancient
structures but also to serve as an informational framework aimed at restoring
historical origins, re-enacting evolutionary phases, and compiling material and
technical data from the construction era (Morganti et al., 2019). On the other hand,
Yang et al. (2019) emphasize that the unconventional and distinct architectural
features constituting historic buildings render Historic Building Information
Modeling (HBIM) exceptionally exceptional and intricate when contrasted with
traditional BIM modeling and models. Osello et al. (2015) attribute situation to
challenges in managing diverse data sources obtained from historical research,
measurements using various tools (such as disto, total station, and laser scanner), and
collecting information in diverse presentation styles (hard copy, computer-aided
design, imagery) associated with the structure and its condition. The term of "HBIM™
mentioned is referred to as Heritage Building Information Modelling, a more
comprehensive phrase encompassing historical information, preservation
regulations, and significance factors (Jordan-Palomar et al., 2018). Yang et al.
(2019) impart that in contrast to traditional geometric models, the HBIM model
establishes a unified framework for semantic and parametric components, as well as

2D and 3D representation, alongside a spatial and attribute database.



Heritage buildings, with their strong connection to the past and unique construction
using diverse materials and structures, provide a distinct local character and history,
demanding specialized approaches that acknowledge their irreplaceable qualities
(Khodeir et al.,2016). In this sense, structures of historical significance bear
substantial ethnic, traditional, time-honored, and monetary value, recognized
worldwide; simultaneously, they face continuous deterioration due to various
environmental harms from weather conditions, damage caused by human activities,
and ecological perils of nature (Radanovic et al., 2020). Moreover to that, Nagy and
Ashraf (2021) express that over time, swift climate shifts have profoundly impacted
the environment, severely affecting heritage buildings. In this sense, recording

heritages accurately has critical importance in terms of the lifetime of the heritage.

Citta (2022) defines H-BIM as the standard BIM methodology applied to historic
buildings. At the same time, Khodeir et al. (2016) plead that built heritage, reflecting
evolving values, serves as a vital connection to history and local identity, offering
aesthetic and communal benefits, necessitating specialized approaches due to its
unique historical and contextual importance. Dore and Murphy (2013) explain that
BIM with the current features is not suitable for documenting regions of historic
structures, relying solely on the concept drawings of an existing edifice is not
sufficient to accurately model a BIM representation of a historical region's or
facility's present condition. The concept of BIM for existing buildings or Heritage
BIM (H-BIM) includes both as-constructed or current-state in various dimensional
information depictions of a structure via BIM. Recently, BIM for heritage buildings
attracts the attention in the realm of research since it enables practitioners to create a
digital twin that closely resembles the real world (Osello et al., 2015). H-BIM
provides accurate data representation and records in the conservation of cultural
legacy buildings and artifacts with meticulous 3D models, which are grounded in the
real context, and encompass precise depiction of current structural states,
visualization, and the walkthrough scenario in the virtual mirror of a real-world
environment (Logothetis et al., 2015). As Nagy and Ashraf (2021) stated, HBIM
unlike BIM introduces a recording stage to generate 3D models encompassing all



building characteristics, making it a novel technology for the management and

preservation of heritage buildings, ensuring easy and intelligent data interpretation.

As an example, the geometric representation maintains the existing form of the
heritage item, tracks potential alterations, and restores them, even in the presence of
significant transformations or harm to historical structures. (Yang et al., 2019).
Accordingly, the essential advantages of as-built 3D model creation within a
Building Information Modeling (BIM) setting:

» Remote access to outer and inner building information review.

« Investigation opportunity to the contemporary part of the structure within the

existing environmental condition.
* Allow surveying alterations emerged in various epochs of the building’s lifecycle

» More meticulous judgment in structural assessment benefiting from images to

identify textural, volumetric, and formal values

* Provide an opportunity to assess the approach that is considered appropriate for
alterations or adjustments before finalizing the strategy and completing the

comprehensive building documentation.

« A three-dimensional model generated by the volumes and masses can be perceived
more clearly in human vision than flat and separated two-dimensional drawings
generated by lines (Maddigan, 2012).

A BIM project for an existing building needs meticulous dimensions taken from the
components of the current standing structure to produce a 3D BIM representation.
Martinelli et al. (2022) expound that there exist various methods for modeling,
contingent on data acquisition. Typically, when the geometric survey yields a point
cloud, a Scan-to-BIM technique is favored: even if not a standardized process, it
involves utilizing the point cloud, integrated into the BIM software, as a foundational
framework upon which BIM elements are directly shaped. There are available

scanning techniques like laser scanning and photogrammetry used for 3D data



acquisition from the heritage building for use in H-BIM. Murphy et al. (2009)
referred to as a component of the reverse engineering process, the representing BIM
object via 3D point cloud in space, complete 3D models that encompass detailed
information about an object's construction methods and material composition.
Additionally, the utilization of 3D scanning techniques encompassing a backward
engineering approach, in which adjustable virtual objects symbolizing building-
related components are created in the BIM model, is a development in the recording
of cultural heritage sites. With this approach, Historic Building Information
Modeling (HBIM) creates detailed three-dimentional representation and engineering
drawings, streamlining the conservation process for historical structures (Khodeir et
al.,2016). In this light, advanced technology such as 3D Point Clouds acquired from
laser scanner and photogrammetry enhance the accuracy and complexity of the data
stored inside an H-BIM model (Citta, 2022). Detailed point clouds from these
methods often pose challenges due to their large file size and resource demands.
Various strategies, like decimating raw point clouds or segmenting files based on
building sections, address the size issue. To choose the best method, a precise survey
scope, including necessary measurements, accuracy, and file format, should align

with the model's purpose (Martinelli et al., 2022).

2.2 Level of Development (LOD)

In the realm of HBIM, it's not always imperative to depict architectural objects with
utmost precision. The detail level of a BIM object, dictated by the graphical accuracy
necessary according to the scale range and intended application of the model, is
established by its Development level. The Level of Development, commonly known
as LOD, outlines the least required spatial, qualitative, quantitative, and dimensional
characteristics of a Model Element, determining the reliability of the Element for
Project Participants. In every AlA contract, LOD consistently denotes the Level of
Development (AIA Contract Documents, 2022). This level encompasses both

geometric and semantic facets, underscoring the significance of harmonizing the
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model's intended purpose with the selected level of development (Scianna et al.
2021). Following this approach, implementing BIM involves defining the Level of
Development (LOD) for model information at different stages of a facility's life

cycle.

LOD is occasionally misconstrued as the Level of Detail. On the contrary, LOD is
the abbreviation for Level of Development. These two terms have significant
differences. The Level of Detail concerns a degree of detail quantity in a model
element, while Level of Development indicates the depth of consideration given to
the element's geometry, providing reliable output for project team members. It's
important to acknowledge that international terminology for these levels differs
across countries (Bimforum et al., 2022). For instance, various countries have
distinct and specialized standards for LOD, contributing to an intricate global
scenario where the acronym 'LOD' holds diverse interpretations (Karlapudi et al.,
2021). Additionally to that, it's crucial to emphasize that both Italian and
international standards encompass more development levels than those outlined.
Specifically, the Italian standard incorporates seven development levels (from A to
G), whereas the AIA employs a scale ranging from 100 to 500 (Cassano and Trani,
2017).

Country | LOD means Subtype Scale
. ; LOD 100, LOD 200, LOD 300, LOD
USA ]ISZ‘:,: ;)tment LOD: As Designed 350, LOD 400
p LOD: As Built LOD 500
LOD: Level of De- | LOD 1, LOD 2, LOD 3, LOD 4,
UK Level of tail LOD 5,LOD 6
Definition LOI: Level of Infor- | LOI 1, LOI 2, LOI 3, LOI 4, LOI 5,
mation LOI6
Level of LQG — Geometrical LOG A, LOG B, LOG C, LOG D,
Thaly Develnpment Objects . LOGE,LOGF,LOGG
of Oijects LQI — Information LOI A,LOIB,LOIC, LOI D, LOI
Objects E,LOIF,LOIG

Figure 2.1. LOD standards of the different countries (Karlapudi et al., 2021)
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With a little retrospect, AIA originally crafted Level of Development (LOD)
explanations for E202-2013, subsequently revising them for G202-2013. In 2011, a
pact with BIMForum resulted in the formation of LOD Specification, utilizing AIA's
explanations. Preceding the launch of AlA's 2022 BIM documents, a diverse industry
assembly fine-tuned the LOD explanations, drawing on almost a decade of practical
application and acknowledging that distinct building systems advance through the
design process at varied paces but often converge on shared milestones (AIA
Contract Documents, 2022).

LOD A (ITA)
Symbolic object
LOD B (ITA) LOMD 1 (UK)
Generic object Preparation & Brief
LOD C(ITA) LOMD 2 (UK)
Defined object Concept Design
LOMD 3 (UK) LOD 100 (USA)
Developed Design Symbolic representation
LOD D (ITA)
Detailed object LOD 200 (USA)
Generic system
LOMD 4 (UK)
Technical Design
LOD 300 (USA)
Specific system
LOD D (ITA)
Detailed object
LOMD 5 (UK)
Construction
LOD 350 (USA)
speciﬁq system with
environment LODE (ITA)
Specific object
LODF (ITA)
LOMD 5 (UK) Executed object (as built)
Construction
LOMD 6 (UK)
LOD 400 (USA) Handover (as built)
Fabrication
LOD 500 (USA) LOD G (ITA)

verified representation

(as built) Updated object

Figure 2.2. LOD (Level of Development) Standards across the countries

The American Institute of Architects (AIA) recognizes six levels of development,
starting from pre-design phase and progressing to final as-built models in standard
BIM applications. Also, Bimforum et al., (2022) add that the Levels of Development
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(LODs) present five phases portraying the transformation of an element from

conceptual to detailed, with several intermediary stages between the specified LODs.

Table 2.1 LOD levels interpretation of Bimforum et al., (2022)

LOD Bimforum et al., (2022) interpretation

LOD100 This level elements do not represent geometry; instead, they encompass
data linked to another model components or representative items signifying
the presence of an element without specifying its form, dimensions, or
precise position. It is advisable to consider any information derived from
LOD 100 elements as an approximation.

LOD200 At this Level of Development, elementsfunction as general substitutes,
symbolizing components or serving as keeping space volumes. Information
obtained from LOD 200 elements should be viewed as an approximation.

LOD300 The model provides direct measurements for the element's volume,
dimensions, form, position, and alignment as designed, obviating the
necessity for external details such as notes or dimension annotations.
Accurate positioning of the element is guaranteed according to defined the
project's starting point.

LOD350 Elements crucial for aligning the element with neighboring or linked
components are integrated into the model, including features like support
elements and items how to connect. The specified volume, dimensions,
form, position, and alignment of the element can be precisely gauged from
the model, obviating the necessity for external particular detail drawings
including notes or dimension annotations.

LOD400 An object of LOD 400 is crafted with the requisite intricacy and accuracy
for the production of the depicted component. The intended volume,
dimensions, form, position, and alignment of the object can be precisely
reached from the model, eliminating the necessity for external particulars
such as notes, dimension annotations or call-outs.

LOD500 LOD 500 is associated with the field confirmation and doesn't signify
advancement to a more detailed level of model element geometry or non-

graphic information; as such it is unillustrated in the document.
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It's essential to regard the LOD requirements as the baseline standards; an element
is deemed to have attained a particular LOD only when it satisfies all the criteria

outlined in defined requirements.

For heritage structures, a minimum LOD of 300 is required due to their existing
nature, and refurbishment projects demand an LOD of 500 to represent the precise
"as-built" condition. Challenges arise in achieving these standards due to limited
construction data, evolving building materials, and historical architectural
modifications. Integrating laser scanning and photogrammetry into BIM for heritage
structures results in textured point clouds converted into 3D models with parametric

objects.

Liu et al. (2023) support that to assist users in comprehending necessary tools,
technological components, expenditures, and assets to constitute the suitable
intricacy of the Heritage BIM initiative, ensuring efficient resource utilization by
suggesting an addition to Heritage BIM complementing and identifying standard
guidelines for BIM Levels of Detail (LOD).

2.3 Scan to BIM

2.3.1 Traditional Survey

The traditional survey methods such as hand measurements, the total station, and
manual measurement methods cause intense labor, complicated execution process,

time-consuming, and effort-intensive (He and Li,2020).

Manual measurements represent the most economical method for capturing and
detailing the architectural form of a structure. It is suitable for small and less
complicated objects to provide dimensions and relative positions, but it is not

suitable for larger objects in terms of accuracy and cost.
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The total station is primarily utilized during data acquisition, along with establishing
a network to site control for precisely identifying the scanning points for other survey
techniques (Khalil and Stravoravdis, 2019).

Furthermore, conventional surveying techniques also incorporate GNSS tools for
gathering and measuring the coordinates of registering structures or residential
properties. On the other hand, traditional methods have low efficiency; in addition,
recording high-quality data is hard to manage. There exist numerous villages valued
as heritage sites. If the conventional approach is preferred for documenting or
recording, It results in an unacceptable waste of economic resources and time (He
and Li, 2020).

2.3.1.1  Advantages of Traditional Survey

The total station demonstrates a notably high level of accuracy (Ismail et al., 2022).

2.3.1.2  Disadvantages of Traditional Survey

The total station faces challenges due to its slow measurement speed affecting overall
efficiency, limitations in measurable cross-section points, environmental factors like
suboptimal lighting impacting accuracy, and challenges associated with high cost

and the requirement for skilled personnel (Ismail et al., 2022).

2.3.2 Photogrammetry

Photogrammetry is one of the scanning techniques used in H-BIM technology
(Pirchio et al., 2021). The technique of Photogrammetry provides the extraction of
precise dimension records of the components and three-dimensional data from
images (Khalil and Stravoravdis, 2019). In addition, Construction Research
Congress (2012) confirms that photogrammetry measures real-world objects in

images. Photogrammetry utilizes non-active sensors (such as digital cameras) that
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provide image data processed through mathematical formulations to deduce three-
dimensional information from the two-dimensional measurements in the images
(Remondino, 2011). Photogrammetry involves the three-dimensional reconstruction
of a scene from a suite of two-dimensional images (Wilkinson et al., 2016). Images
of a scene from different locations are captured via a standard digital camera in
digital photogrammetry (Adam Technology, 2008). Completeness, overlap, and
redundancy are considered while the photographic acquisition is performed (Pirchio
et al.,2021). In more detail, photogrammetry operates with the triangulation
fundamentals wherein sight vectors (rays) coming from two separate camera aspects
intersect at a shared point on a surface of the object. The overlap of the rays forms
3D data, specifying the point's position (Dore and Murphy, 2017). At the end, the
digital photogrammetric system builds up a Digital Model of the scene by
automatically locating common points in images (Adam Technology, 2008). In
summary, photogrammetry generates an image-based point cloud created by

overlapping images (Wilkinson et al., 2016).

Other significant features of photogrammetry are passive sensors, advanced,
precisely aligned detection, typically involving frame or linear sensors with
perspective geometry, comprehensive coverage of the entire area, and the indirect
capture or encoding of 3D coordinates; images of superior geometric and radiometric
quality with the ability to capture multispectral data and no ability to see objects

behind the vegetation, power lines, etc (Remondino, 2011).

Accuracy in structure-from-motion procedures is influenced by factors like
photographic equipment quality; amateur cameras require careful calibration
evaluation or self-calibration. Proper design, execution of photos, their number,
position, and alignment of optical axes are vital; inadequate computational procedure
consideration leads to unreliable data with few photos (Ippoliti et al., 2015). In
Ippoliti et al.'s (2015) photography project, station points for snapshots were
carefully positioned, emphasizing the alignment of optical axes and the
horizontal/vertical overlap between adjacent photos. Various factors, including
object morphology, survey geometry, space utilization, photographic equipment
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features, and lighting conditions, were taken into account during the project.
Photogrammetry has advantages and disadvantages faced during the processing
period. For example, the complete procedure might demand extensive processing
time, yet photogrammetry proves to be a cost-effective method feasible with
affordable digital cameras. Nevertheless, its foremost benefit lies in the excellent

quality of the imagery and color data obtained (Khalil and Stravoravdis, 2019).

2.3.2.1  Advantages of Photogrammetry

Photogrammetry provides the precise calculation of measurements in addition to 3D
data extraction of images in a cheaper way (Khalil and Stravoravdis, 2019). It is a
more budget-friendly approach compared to laser scanning, utilizing affordable
digital cameras; therefore, this technique can be used in both small and big projects.
Another significant advantage of photogrammetry is that it generates the resulting
data with high-quality imagery and color information (Khalil and Stravoravdis,
2019). For example, the surface with significant texture can be scanned with full
color and imagery quality in photogrammetry. Also, photogrammetry equipment is
more accessible: as a result, in case of a defect in the kit, it can be fixed quickly and
in a cheaper way. Enhancing the hardware of photogrammetry to align with

advancements is easy and fast compared to laser scanning.

Table 2.2 Advantages of Photogrammetry

Advantages of Photogrammetry

Reproduction the surface of an object in full color and texture
Cheap equipment and software

Longer lifetime

Very robust, stable, well calibrated

Large storage capacity

More accurate object boundries
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2.3.2.2  Disadvantages of Photogrammetry

The analysis of intricate buildings' geometry using only images does not assure the
dependable reconstruction and supervision of the fundamental components. Shadow
and textureless object problems affect the performance of three-dimensional
recreation procedures. Aligning successfully close-spaced photographs poses a
challenge for extensive and intricate systems. Prolonged image sequences featuring
substantial-scale structures may lead to the propagation of errors and the creation of
point clouds with high noise. Radiometric variations between photographs create
matching failures. Some problems like the challenges encountered in the
photogrammetric recreation of 3D virtual interiors, encompassing surfaces with
limited texture, considerations of visibility among spaces, and also challenges related
to scalability, which in the case of the necessity to acquire point references of objects
at various resolutions are may be faced (Alshawabkeh et al., 2021). In addition,
adverse lighting situations (like weak or intense sunlight) and weather conditions
impacting the acquired data from images are common problems with cameras

employed in photogrammetry (Benedek et al., 2021).

Table 2.3 Disadvantages of Photogrammetry

Disadvantages of Photogrammetry

Affected by weather conditions

Constraints on scale related to the ability of camera lenses to uphold clarity across
considerable distances due to environmental restrictions

A more manual procedure introduces a higher potential for user mistakes, and
outcomes significantly rely on the operator's proficiency level

Much more data acquisition duration on the site

Less advanced software for automatic extraction and meshing
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Table 2.3 (Cont’d)

Mistakes encountered with reflective or transparent surfaces during creation
point cloud phase

Object Occlusion

Lightning-Shadow issue

The need for trained employees

Minimal disruption

2.3.3 Laser Scanning

Although emerging laser scanning for commercial purposes corresponds to the
1960s, its functional implementation by the project size and variety of uses following
its adoption has surged significantly in the last twenty years (Stanley and Laefer,
2021). In the last decade, laser scanning has attracted attention as a predominant
technology for precise and trustworthy 3D environmental understanding (Benedek
et al., 2021). Ciribini et al. (2015) support that the terrestrial laser scanning (TLS)
technique, commonly known as BIM surveying, is currently a central focus of
research. They append that while this approach ensures precise and swift surveys, it
demands substantial efforts in point cloud processing within the BIM framework.
Boehler and Marbs (2004) defined laser scanning as a surface-based three-
dimensional measurement technique. It operates by releasing a burst of laser light
toward a surface and following, calculating the distance to the surface based on the
piece of time it takes for the laser light to make the round trip. Laser scanning uses
active sensors (e.g., laser scanner or radar) which can straightforwardly offer
information for three-dimensional details or extents (Remondino, 2011). As a result,
Detailed and precise point clouds of high resolution are obtained (Construction
Research Congress, 2012). In this way, laser scanning automatically generates raw
X, Y, Z data (Baltsavias, 1999). Even one scan results in a large number of points

made of X, Y, Z data in a systematic pattern which is point cloud (Boehler and
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Marbs, 2004). After processing the raw data, the final results are line drawings, CAD
models, and 3D surface models (Boehler and Marbs, 2004). As a result, laser
scanning technology offers benefits such as increased productivity, adaptability,
dependability, and precision, addressing the demands of assignments and timetables
that are challenging to fulfill using conventional measurement approaches (He and
Li, 2020). Laser scanning is essential for importing 3D surface data into BIM
software to build the elements as a reference and reconstruct existing heritage (YYang
et al., 2020). Murphy et al. (2009) assert that laser scanner point cloud data provides
the foundational structure for capturing a historic building's geometry and is
correlated with images to precisely identify its texture and features. Also, Ciribini et
al. (2015) utter that thru views recorded by the TLS while the scanning phase, the
conservation circumstances of building faces can be assessed. In addition, 3D
scanning offers other exciting applications, for example, a deformation analysis
(Boehler and Marbs, 2004). Also, It possesses penetration capabilities through the
reception of numerous signal reflections, facilitating the reconstruction of vertical

elements such as trees (Hu et al., 2011).

In general outline, 3D laser scanning achieves much acquisition of 3D points, scans
various complicated sites, records non-uniform, intricate, extensive actual-world 3D
datasets, and uses the technological devices and associated software applications to
construct 3D point cloud model of the building surfaces (He and Li, 2020).
Consequently, laser scanning should be preferred when the heritage includes very
complex and irregular objects like sculptures, reliefs, or archaeological findings to
document because those objects can be captured by a 3D scanner accurately and in
detail thanks to its surface-based working principle (Boehler and Marbs, 2004).
However, laser scanning is not reasonable for small projects since this technology
causes expensive equipment investment, resulting in its unviability for small
projects, where the expected savings scarcely rationalize utilization such an

expensive technique (Construction Research Congress, 2012).

In summary, significant features of laser scanning are: active, high-power,

monochromatic sensing, usually point detectors with polar configuration, pointwise

20



sampling, direct acquisition or encoding of three-dimensional point coordinates, no
imaging, or monochromatic images of inferior quality, and seeing objects much

smaller than the footprint.

2.3.3.1  Advantages of Laser Scanning

Three-dimensional (3D) digital models of indoor environments are advantageous to
professionals from various engineering, architecture, and archaeology (Karam et al.,
2021). As aresult, laser scanning technology has become very popular for generating
as-built BIM models (Dore and Murphy, 2013).

Table 2.4 Advantages of Laser Scanning

Advantages of Laser Scanning

Accuracy over large spaces

Automated process, less chance for user error due to environmental restrictions
Availability of auto-extraction / meshing software for point clouds

Very little training required for the surveyors

Low requirements for light

No deformation due to object occlusion

Intuitively determination of the position due to the vector point cloud

High sample density

No geometry distortions

Minimal human supervision

Less affected by weather conditions

The reason for this is that rapid data acquisition and the degree of intricacy and
precision present in generating 3D point cloud data. (Dore and Murphy, 2013).
Significant advantages of laser scanning are listed briefly;
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o Lidars can provide reliable information much less depending on external

illumination and weather conditions (Benedek et al., 2021).

o 3D laser scanning offers other exciting applications, for example, a
deformation analysis (Boehler and Marbs, 2004). Also, it has penetration
capability with multiple signal echoes that enable the recovery of vertical
structures like trees (Hu et al., 2011).

« Although image matching causes inferior results in manual measurements,
laser scanning is good at mapping surfaces with smooth or no texture poor
definition, such as icer snow surfaces, sand coasts, dunes, deserts, swamps,
and wetlands (Baltsavias, 1999).

e Laser scanners can be hand-held, mounted on backpacks, tripod-based,
vehicle-mounted, or airborne (usually referred to as Lidar derived from Light
Detection and Ranging) (Khalil and Stravoravdis, 2019).

« Laser scanning exhibits exceptional certainty and resolution, enabling rapid
and precise data collection across extensive areas (Ismail et al., 2022).

2.3.3.2  Disadvantages of Laser Scanning

While laser scanning has many advantages, it is undeniable that it has some
disadvantages at the same time (Table 2.4). The main disadvantage of laser scanning,
besides the cost factor, is in the post-processing phase, which can be very time and
effort-consuming to achieve the level of results required. Also, laser scanners are not
as versatile or flexible as cameras regarding data capture. Each position can take over
an hour if higher resolutions and qualities are required (Khalil and Stravoravdis,
2019), and due to too many datasets collection of laser scanning, a long time is
required for competitive analysis and interpretation before all the data analysis. In
addition, point clouds may often have noisy data and miss data such as texture
resulting in a time-consuming and tedious process (Lu and Lee, 2017). Also, it
should be noted that this technique does not work perfectly in conditions with high
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sun angles and reflections due to the laser pulses relying on reflections and image
acquisition through the self-illumination of the laser scanner (Atik et al., 2023). In
addition to environmental depencies, laser scanning has technical depencies because
of the demand extensive memory space beyond the capacity of standard computers
(Ismail et al., 2022).

Laser scanning is required to collect data over vast land areas. Laser scanning is not
reasonable for small projects since this technology causes high equipment costs,
leading to its infeasibility for small projects, where the projected savings hardly
justify employing such an expensive technique (Construction Research Congress,
2012).

Another disadvantage is defect risk in the device, and the budget resulting from the
defect. Condensation and high temperature, the latter being caused by the very low
efficiency of lasers and the transformation of the lost pumped energy in heat, can
impair laser performance and should be controlled much tighter. Power requirements
for laser scanning are also higher (Baltsavias,1999), and in the case of an error in the

device, the error budget in laser scanning is higher than photogrammetry.

Table 2.5 Disadvantages of Laser Scanning

Disadvantages of Laser Scanning

Expensive equipment

Need to upgrade physical equipment to keep up with progress

Too much data

Affected by high sun angles and reflections

Noisy point cloud- fuzzy point cloud on highly textures / reflective surfaces
Infeasibility for small projects

Much tighter controlling schedule

Higher power requirements

High defect cost
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2.3.4 Hybrid Scanning Technique of Laser Scanning & Photogrammetry

2.3.4.1  Advantages of Hybrid Technique

In the research conducted by Gspurning et al. (2022), site-specific difficulties
emerged due to the intricate floor plan, building height, and limitations of the TLS
system. Consequently, in the project, the SfM method to capture external walls and
roofs was utilized, alongside UAV-based camera systems for inaccessible roof areas,
complementing the TLS technology. In addition, Bruno et al. (2018) mention that
the examination of current advancements suggests potential in integrating laser
scanning and photogrammetry (hybrid system), particularly in addressing challenges
related to the identification of transparent, reflective, or dark surfaces through

photogrammetric acquisitions.

2.3.4.2  Disadvantages of Hybrid Technique

Analysis searched by Gspurning et al. (2022) suggests that improving the
comparison between the two point clouds could be achieved by ensuring a more
uniform distribution of reflectors visible to both TLS and UAV, or by equalizing the
size of the point clouds for a more accurate comparison using CloudCompare. In the
research, the TLS-generated point cloud comprises 14 million points, a substantial
difference from the initial UAV data version containing about three hundred
thousand points. In this scenario, not all reflectors were meticulously scanned by the
TLS system. Gspurning et al. (2022) emphasize that enhancing precision is feasible
through a more precise selection of the reflector centers. Bruno et al. (2018) add that
another approach involves resource-intensive data processing and three-dimensional
modeling of scanned point clouds, demanding costly technical resources and
considerable time for data management, which differs from the tools used in 3D

photo reconstruction requires photogrammetry software while laser scanning data
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also requires proprietary LiDAR software registering scans in the project's reference

system.
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CHAPTER 3

RESEARCH DESIGN

Within this chapter, methodological paths and approaches are framed following the
research materials which are defined clearly. The framework of the methodology
chosen for the research provides a comprehensive overview of the steps directing the
research.

3.1  Material of Research
This research leveraged literature reviews focused on H-BIM keywords and

terminology. Keywords explored included H-BIM (Heritage Building Information

AHP Method 3D Modeling of Three Scanning Technigues

Acqusition of Information Acqusition of Geometric Information

Survey Scan Data Processing

Data Processing H-BIM Model

AHP Comparing H-BIM Models

Output Output

Comparing H-BIM Models
results to AHP results

Figure 3.1. Two branches of the research (Author’s work)
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Modeling), scan to BIM, 3D point cloud, laser scanning, photogrammetry, and
hybrid scanning techniques, along with LOD (Level of Development). This research
is conducted throughout two methodoligical ways carried out simultaneously as
shown in Figure 3.1. In the AHP model as the first way, the data from a
comprehensive literature review and survey taken from the experts are used as a
research material in this study. In 3D modeling of three scanning technique as
second way, the data from a comprehensive literature review and 3D point cloud of
scanning data which acquired by laser scanning and photogrammetry scanning

techniques are research materials of this study.

3.11 Data from Literature Review

This study benefited from papers related to H-BIM keywords and terms from
literature review. Keyword that were searched are Heritage BIM (H-BIM), As-built
BIM, Photogrammetry, Laser Scanning, Analytic Hierarchy Process (AHP). Various
case studies and researches are considered while conducting this study. Case studies
include scanning techniques which are concentrated on photogrammetry and laser
scanning used in H-BIM worldwide. In addition, disadvantages of photogrammetry
and laser scanning are defined by benefiting from these case studies and surveys.

The advantages of the techniques are used as potential benefits in this study.

3.1.2 Data from Questionnaire and Interview Surveys

Using the advantages and disadvantages information of photogrammetry, laser
scanning, and hybrid technique that is the combination of laser scanning and
photogrammetry techniques acquired from the literature review, a survey with short
interviews is designed to attain judgments of experts and researchers who were
involved in the 3D scanning stage of an HBIM project. Also, Interviews will be
conducted along with questionnaire survey to get information detailly. As a 3D

scanning case situation, a space is selected in Architecture Faculty building of
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Middle East Technical University. Physical feature of this space is described in the
questionnaire survey. Respondents will be tasked with scaling impacts affected by
each subcriteria on each project criteria, which are economic, technical, and time
efficiency, ranging from minimal to substantial, where 1 point refers to the lowest
score, and 9 point refers to the highest score. Following this rating procedure, the
judgments of experts are exposed to the standardization process for an objective
approach of which decision will be the most appropriate result on the objectives of
the project.

3.1.3 3D Point CLoud Data from 3D scanning Techniques

As a case situation, the selected space in Architecture Faculty building of Middle
East Technical University is firstly scanned by a Terrestrial Laser Scanning (TLS).
After 3D point cloud is collected via Laser Scanner called Faro Focus S150, 3D point
cloud model is created by FARO SCENE software.

Then secondly, the same space is scanned via terrestrial photogrammetry technique.
Images are taken from the place in different angles via a camera called Fujifilm X-

E4. 3D point cloud model of this place is created by RealityCapture software.

Hybrid scanning technique as a third situation is applied to same space to create 3D
scanning data. For this situation, both laser scanner and camera are used. 3D point
cloud model is created by FARO SCENE software for laser scanning data, and by
RealityCapture software for photogrammetric data. At the end, to create the hybrid
3D scanning model these two models are combined. In short, three 3D point cloud
models are created for three scanning technique alternatives as a research material.

3.2 Method of Research

The study followed the steps seen in Figure 3.2 while reaching the conclusion;
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Figure 3.2. Steps of two methodoligical ways (Author’s work)

3.2.1 Study Space: Gobektas1 Area in Architecture Faculty Building of
Middle East Technical University (METU)

Established in 1956, the Middle East Technical University (METU) initiated campus
education. Recognized as a thriving instance among post-war campus universities,
METU has played a role in shaping both national and global architectural heritage.
The design of the Faculty of Architecture building, Designed by the winning
architects Altug and Behruz Cinici of the design competition in 1961, predates the
pivotal shift in contemporary architectural theory, transcending the conventional
boundaries of the International Style (inan, 2019). The METU Faculty of
Architecture facility located in Ankara, a structure of modest height built in 1963,
accommodates classrooms, studios, and academic/administrative offices (Cakir,
2006). In the process that follows, the METU campus stands out as a notable
representation of modernism in Turkey, subsequent to the design competition

(Erkog, 2022). The Architecture Faculty Building edifice is positioned amid a
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diverse array of modernist methodologies, movements, also with discourses (Inan,
2019). So that's why the university with the establishment of the Faculty of
Architecture, making a substantial impact on the cultural spirit and community
influence linked to the architectural unity of the campus (Erkog, 2022). The case area
is selected as the south part of the Architecture Faculty Building, generally

acknowledged by nickname as “Gdbektas1”.
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Figure 3.3. Borderlines of the selected scanning and modeling area in ”’Gobektasi”

space (Base plans taken from https://arch.metu.edu.tr/gallery/faculty-plans)

The “Gobektasi” has valuable features in aspect of architectural components. Special
wooden door frame and joinery with visual connection to the classrooms,
“Gobektasr” as an artwork, railing system, waffle slab geometry, unique pattern and
texture of the walls and columns, and various floor finishes are the main reason for
selection this space as the case study area. These unique architectural geometries
provide an oppurtunity to compare three scanning methods in terms of accuracy and
modeling feasibility degree. In addition, light transitions and different parts of the
space receiving different amounts of light are another important situation that affects

scanning quality and application.
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Figure 3.4. Spatial values of the “Gobektasi” (Author’s work)

3.2.2 Research Method for AHP Model

3.2.2.1  Finding Disadvantages of the Techniques from Literature Review

1. Collect the data from Literature Review and process them

The research frame comprehends a literature review to define decision path of
photogrammetry and laser scanning implementation at H-BIM 3D scanning
stage. Also, background reasons for the decision are defined. Case studies in the
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literature review provide an assessment of the response of experts and worker in
the project that have adopted H-BIM and used photogrammetry or laser scanning.
In this way, the advantages and disadvantages of photogrammetry and laser
scanning in the case studies are defined to classify as criteria and
subcriteria firstly, and then them to form questions of questionnaire and

interview surveys.

Factors affecting 3D scanning technique decision

Economic
Factors

Technical
Factors

B> T,: Quality of output data

Time Management
Factors

TM,: Efficient scanning
duration

> E,: Affordability of

license cost

P> E.: Affordability of > I,: Automation TM,: Efficient modeling
technical device cost duration

1> E.: Affordability of > T: Level of accuracy

worker cost
P> T,: Management level of
data size

L T.: Rare displacement need

Figure 3.5. A hierarchy of factors affecting the scanning technique decisionvalues
of the “Gobektas1” (Author’s work)

2. Organize and summarize the information with descriptive statistics

Factors affecting the scanning techniques are classified under criteria level and
called as subcriteria. Items creating subcriteria cluster are taken from the
literature to evaluate the three situations which are for three different techniques
(photogrammetry, laser scanning, and hybrid technique). The subcriteria items
are categorized under Economic, Technical, and Time management criteria
cluster. The scope of each sub-criterion is explained to the participants. Sub-
criteria and their detailed explanations are expressed in the table below.
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Table 3.1 Factors affecting 3D scanning data are categorised under criteria and the

related subcriteria

Criteria Subcriteria Explanation
Economic Affordability of license cost Cheaper software license
cost

Affordability of technical device cost Cheaper device cost
Affordability of worker cost Cheaper worker cost
Technical Quality of output data Easily processable
detailed data

Automation Scaling & file export
options
Level of accuracy Detailed output data with

little deformation

Management level of data size Small scale of file size
and small amount of noisy
point data

Rare displacement need Less number of device

Factors affecting 3D scanning techniques

replacement
Time Efficient scanning duration Short scanning time

Management Efficient modeling duration Short modeling time

3. Identify research patterns and factors

It is looked at whether there are any relationships between criteria and subcriteria
categories or not. Their impact on each other is analyzed.

3.2.2.2  Questionnaire and interview surveys

A survey questionnaire will be conducted to collect data from experts and researchers
involved in the 3D scanning and modeling stage of an HBIM project. Also,

interviews will be conducted with a questionnaire survey to get detailed information.
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Respondents will be tasked with rating the degree of impacts sourced from sub-
criteria items on project criteria items such as economic, technical, and time
efficiency from minimal to substantial, where 1 point refers to the lowest score, and
9 illustrates the highest score. As a result, experts' judgments can be converted into
an objective decision via a standardization process to reach how much the impact

degree of criteria and sub-criteria on the objectives of the project.

Table 3.2 Mean scores regarding project criteria items.

1
MV = I 2?:1 Ei(E,T,TM)

Economic | Technical | Time Rounded
(E) (T) Management MVs
(TM)
E Economic
T Technical
™ Time
Management

The standardization process is applied to the values attained from scores that experts
identified by ranging the impact degree. The score values of criteria items and their
related sub-criteria items derived from the questionnaire survey are placed in the
related part of Table 3.2, and classified into clusters, and sub-criteria variables are
placed under related criteria categories. Importance values as the input data for the
AHP method will be used after calculating mean scores with an arithmetic mean

formula as illustrated below.
— 1 n
MV =— Yiz1 Eigrrm

In accordance with the equation above;
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e MV is the mean score of importance degree.

e E; refers to the score regarding economic criteria.

e T;refers to the score regarding technical criteria.

e TM,; refers to the score regarding time management criteria.

e nillustrates the participant number of the survey.

3.2.2.3  Criteria prioritisation

1. Analytic Hierarchy Process (AHP)

Saaty introduced the Analytic Hierarchy Process (AHP) in 1980 for decision-
making, employing it to assess options considering factors affecting the decision
(Mehra et al., 2023). Likewise, Alam et al., (2015) described the Analytical
Hierarchy Process (AHP) as an approach to decision-making by breaking down
the problem. In AHP, the initial phase involves specifying the levels of a goal,
criteria, sub-criteria, and alternatives in the decision case. The rating systems are
systematically paired. In confirmation of these approaches, Ahadi et al. (2023)
state that The Analytical Hierarchy Process has been accepted as one of the
exhaustive decision-making tools in alternative scenarios. AHP, known for its
adaptability, simplicity, and sensible aspect, is the method chosen in the situation
encompassing a set of decision criteria that pose challenges in selecting among
the alternatives.

The utilization of a measurement criterion or an indicator is essential for the
scientific scrutiny of an issue. Constructing dependable indicators aids
researchers in conducting genuine comparisons between alternatives.
Nevertheless, grappling with numerous assessment indicators adds complexity
to the evaluation process. The intricacy escalates when hybrid multi-criteria of
diverse natures clash. Consequently, the evaluation and comparison evolve into
complex tasks. Effective analytical tools, like AHP, become indispensable for

advancing the evaluation. AHP is the decision-making approach in versatile
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multi-criteria tool widely applicable across various disciplines, distinguished by

its fundamental aspect of dual judgment (Ahadi et al., 2023).

The extensive literature exploring AHP applications across diverse fields, such
as Environmental and Energy Management, encompasses subjects like recycling
waste energy, centralizing electricity generation, water heating, implementing
green initiatives, assessing petrochemical projects, evaluating nuclear endeavors,
recognizing energy efficiency, deciding on natural gas heating investments,
regulating power distribution systems, analyzing electricity generation and
supply, utilizing hydrogen technologies, selectingsewage treatments,
implementing intelligent constructions, upgrading energy efficiency, and
formulating strategies for sustainable development. Many researchers have
focused on prioritizing strategies or alternatives in various industrial sectors,

utilizing a succinct decision-making methodology (Ahadi et al., 2023).

In selecting the most appropriate alternative, influential criteria are defined and
assessed using AHP in SuperDecisions software. The software's "Goal" is the
fundamental branch, and "the criteria” are its secondary branches, each with
abbreviations and explanations. The weighting of criteria, sub-criteria, and
alternatives is determined through various methods, including numerical,
graphical, conversational, and pairwise comparison using data from a

questionnaire survey with experts.

AHP involves pairwise comparisons and uses crucial scale values for evaluating
criteria (Mehra et al., 2023). The Analytical Hierarchy Process (AHP) utilizes
these crucial scale values to establish the importance coefficient (weight) for
each criteria and sub-criteria, predominantly relying on pairwise comparison. In
this methodology, Saaty's approach is commonly applied, assigning numbers in

the 1-9 range to denote the level of importance during pairwise comparisons.

According to Saaty’s 1 — 9 scale system, when the two elements are compared
and their importance degree is equal, their score is 1. With the same approach, if

one of the two compared elements is slightly more important than the other,
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Figure 3.6. Hierarchy (AHP) structure (Boateng et al., 2015)

its score is 3. Continuing in this way, each time the importance of an element
increases compared to another element, its score also increases. The element with
the greatest importance has a score of 9. A score of 9 illustrates that the element has

an extremely important impact on the project compared to the others.

Table 3.3 Saaty’s 1 — 9 fundamental scale system for pairing experts’ judgements
as absolute numbers (Saaty, 2006)

Intensity of importance Description
1 Equal importance
3 Moderate importance
5 Strong or essential importance
7 Very strong or demonstrated importance
9 Extreme importance
2.4.6,8 Intermediate values
Reciprocals Values for inverse comparison
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Normalization of weights, often achieved by dividing each weight by the total
weights of the same column, is a typical practice. The comparison matrix (aij)nxn,
depicting scales in relation to scores, facilitates determining the relative significance

between criteria.

Table 3.4 Pairwise comparison matrix for comparing criteria and subcriteria

elements (Mimovic and Krstic, 2016)

(@;)nxn Element, Element; o Elementy,

(a) (a2) (n)

Element;

(1)

Element;

(a2)

Element,

(an)

The comparison for a judgement in AHP is a absolute numerical expression of the
correlation between two elements within the same cluster. These kind of judgments
is captured in a square matrix. In this way, a criteria item is compared another criteria
item within the same cluster. Each judgment signifies the superiority of an element
in the left column over an element in the top row, answering questions about relative
importance and strength based on Saaty's 1—9 scale illustrated in Table 3.3. If the
component in the left column holds lesser importance than the one in the top row,
the value is placed in the related cell within the matrix.

AHP adeptly adjusts consistency measures, providing both subjective and objective
computations, and ensures a consistency ratio (CR) below 0.1 in adaptability
analysis. The result of AHP manifests as prioritized rankings or weights assigned to

alternatives or variables (Ahadi et al., 2023).

39



Wy WY W A r 1 Wy Wy
X1 X2 vt Xy Lid B Wy Wy Wy
Wa  Wa Wo Wi Wa
Ax K22 ot KXoy r r s F -~ 1 can 11_
X = [-'TJ.'.‘ = ) ) ) ) = - = " - 1 '
Xl X2 0 Xaw Wy Wy Wy Wy Wy 1
LWy W9 Wy 4 LWy, Wa .

Figure 3.7. Form of xij matrix (Stefan et al., 2021)

2. Modelling in AHP

A hierarchical decision model (AHP) encompasses a goal, criteria, and
alternatives, each denoted as nodes in the model. Pairwise evaluations occur
between the goal and criteria, as well as among criteria and alternatives, leading
to multiple sets of comparisons. In addition, The decision clusters are represented
by nodes. If clusters are depicted as linked by a line, it signifies that the elements
within them are interconnected. In SuperDecisions, models are structured with
clusters of elements rather than explicit levels, and the basic model comprises
goal, criteria, and alternatives clusters. Interconnections between clusters signify
linked nodes, and for efficient structuring in calculations, it's named nodes and

clusters alphabetically by using prefixed numbers.

According to the AHP diagram (Fig. 3.8), the creation of the AHP model for
criteria importance prioritization starts classifying decision elements into criteria
cluster which has 3 criteria items (economic, technical, and time management).
In this approach, comparing an economic subcriteria item to another economic
subcriteria item means a prioritization between these two items. This application
creates a new net in the AHP diagram. Accordingly, each comparison means a

new net in the diagram.

Comparisons between elements of the same cluster create inner nets and
comparisons between elements of the different clusters generate outer nets which

are generally emerging between criteria and subcriteria cluster comparisons.
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These dependence nets referred to as weight values over each other defined by
experts' judgments provide an objective determination of the subcriteria item
which has the highest impact on economic, technical, and time management

criteria.

The three criteria clusters' inner comparisons made in each criterion cluster have
significance in that each cluster's subcriteria variables are related to each one
within the AHP diagram. Following this sense, each subcriteria item has some
degree of weight effect over other variables that project economic, technical, and
time management criteria. These weight values direct the analysis results to the

most appropriate alternative.

In this paper, the decision problems for all 3D scanning alternatives, which are
laser scanning, photogrammetry, and hybrid technique composed of both, are
classified according to three cluster levels, which are the goal, criteria, and
subcriteria. As a result, the goal in the context of this research is to decide the
most appropriate 3D scanning technique considering the case area. In this way,
firstly criteria and subcriteria items are defined and classified. In the following
step, importance prioritization is started to calculate the weight values of criteria
and subcriteria items in each alternative node through the AHP diagram. The
diagram includes AHP nets for cluster criteria(a), (b) project subcriteria in the
related cluster, and (c) calculating the most appropriate alternative (see Fig. 3.9).
This hierarchy structure illustrates how the project criteria and the subcriteria
values play a role in the overall structure to reach objective, fair synthesized

importance values of alternatives in the research.

This research benefits from the AHP method which offers modeling and
prioritizing essential values and provides an analysis of attributes of alternatives

without complicating the decision probabilities.
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Figure 3.8. AHP model structure for criteria and subcriteria prioritisation (Author’s

work)
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3. Pairwise comparison

Firstly the AHP structure is created. Then, the pairwise comparisons for each
criteria and subcriteria node are applied and each comparison generates a matrix.
The PairWiser approach gives the mean scores of importance. These converted
values are used as input data of the Super Decisions software to calculate the
criteria and subcriteria weight values for the alternatives. In the pairwise
comparison procedure, subcriteria variables are compared to each other to find
which of each variable has the greatest amount of influence on the project
performance through experts' judgments. In the comparisons, Saaty’s 1 — 9 scale

system is considered to score judgments.

As indicated in Table 3.5, inner nets are created through pairwise comparison in
the “criteria” cluster. It concerns potential impacts on "economic criteria,
technical criteria, and time management criteria” and “Goal”. In addition to that,
other inner nets are created for the elements in the cluster “subcriteria” itself. As
an example, which criteria item in the criteria cluster has a more important value
than other criteria items considering ‘“goal: criteria prioritization™?
SuperDecisions software offers all these weight values by including each
pairwise comparison between subcriteria and criteria items in the case of each
alternative and calculates their overall result weight values. The objective

decision can be made according to the output data of SuperDecisions software.

In the AHP computation, project economic, technical, and time management
criteria should be synthesized with each priority weight. This suggests how
importance of these criteria to experts who participated in the survey during the
creation of the project diagram. The local priorities values for subcriteria are

placed in the economic, technical, and time management criteria columns.
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Figure 3.9. AHP nets diagram for prioritizing criteria (a). AHP nets diagram for
prioritizing each project subcriteria in the related cluster (b). AHP Model for

calculating the most appropriate scanning technique alternative (c). (Author’s work)
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Table 3.5 Pairwise comparison of the “criteria” cluster from questionnaire survey

to collect experts’ judgments

o

g S g2 | o

- (7]
a > 3 2 Qo > S
& 3| g |2 Els |3 |¢
> 1218 |> >|2|2|%
T |2 |28 | |B |28 |2
s 22|85 |8|2|2 |6
= [ o = > = o < =
< () = =) o = b= o <
(i > n = L = n > w

Economic criteria is
................. important

than technical criteria.

Economic criteria is
................. important
than time management

criteria.

Technical criteria is
................. important
than time management

criteria.

The generated priority weights (W) for the subcriteria items for economic (WEe),
technical (Wr), and time management (Wwm) is the multiplication of the weight value
of each criteria by their corresponding local priority weights for subcriteria for

economic (we), technical (wt) and time management (wwm) (Table 3.5 and 3.6).

To verify the reliability of values derived from a comparison, a commonly employed
method for testing consistency is the Consistency Ratio (CR) within the Analytical
Hierarchy Process (AHP). In the technique, experts who answer questions in the

survey are required to undergo the consistency test.

The justifications stem from the fact that the ultimate evaluation and decision

analysis may be imprecise if the comparison weight values are generated from an
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Table 3.6 Summary of criteria priorities in AHP model

Criteria priorities
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inconsistent, in other words, contradictory matrix. Should the consistency test not
pass, it becomes imperative to pinpoint and amend the elements causing

inconsistency, or else, the outcomes of the decision analysis may lack reliability.

A -n CI
Cl=fme2  CR==
n-1 RI

In accordance with these equations:
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e Cl is an abbreviation for Consistency Index. “The consistency index is a

number, which tells us how far we are from the consistent matrix” (Pant et

al., 2022, p. 4).
e “Amax is the largest eigenvalue of the matrix” (Saaty, 1999, p. 30).

e CRis Consistency Ratio. A consistency ratio (CR) is an assessment tool to
indicate the inconsistency of the judgments in the matrix compared to what
it would be if the judgments and corresponding reciprocals were randomly

selected from the scale (Saaty, 1999).

e Rl is Random Index. “When the consistency has been calculated, the result
is compared with those of the same index of a randomly generated reciprocal
matrix from the scale 1 to 9, with reciprocals forced. This index is called the
random index (R.1.)” (Saaty, 1999, pp. 30, 31).

« nrefers to participants number to the survey.

Table 3.7 Values of Random Index (RI) defined according to elements number (n)

RI 0.00 0.58 0.90 112 1.24 132 141 1.45 1.49

While pairwise comparisons, the consistency ratio of each judgment is calculated
automatically with the SuperDecisions software. Following this, the CR value is
checked with a threshold value which is 0.1. If CR <0.1, judgments are consistent
and reliable. If CR > 0.1, comparisons are not consistent, and results are not reliable
due to the presence of conflict. Table 3.8 is prepared to present the Amax, CI, RI,
and CR values which will be calculated for each subcriteria and criteria comparison

via SuperDecision software.
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Table 3.8 Inconsistency assessment via constructing the pairwise comparison

matrix
Subcriteria Criteria Values
Amax | CI | RI | CR | Inconsistency
Economic Economic
(Es, B2 ) Time Management
Technical Economic
Subcriterias Technical

(Ts, T2, Ts, Ta, Ts) Time Management

Time Economic

Management Technical

Subcriterias
(TM1, TMy)

Time Management

3.2.24  Concluding hypothesis and predictions

The research conclusion is drawn in the final step according to AHP results and
analysis, and the study is summarized. Then, according to the most critical
subcriteria of photogrammetry, laser scanning and hybrid implementations in the

AHP structure, the most appropriate scanning technique is decided.
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3.2.3 Research Method for 3D Modeling of Three Scanning Techniques

3.2.3.1  Acquisition of Geometric Information

As a case situation, the selected space in Architecture Faculty building of Middle
East Technical University is firstly scanned by a Terrestrial Laser Scanning (TLS).

3D point cloud is collected via Laser Scanner called Faro Focus S150.

Then secondly, the same space is scanned via terrestrial photogrammetry technique.
Images are taken from the place in different angles via a camera called Samsung
NX300M.

Hybrid scanning technique as a third situation is applied to same space to create 3D

scanning data. For this situation, both laser scanner and camera are used.

3.2.3.2  Scan Data Processing

Laser scan 3D point cloud model is created by FARO SCENE software.

Photogrammetry scan 3D point cloud model of this place is created by

RealityCapture software.

3D point cloud model is created by FARO SCENE software for laser scanning data,
and by RealityCapture software for photogrammetric data. At the end, to create the

hybrid 3D scanning model these two models are combined.

In short, three 3D point cloud models are created for three scanning technique

alternatives.

3.2.3.3 H-BIM Model

Three 3D point cloud models are created for three 3D scanning technique

alternatives.
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CHAPTER 4

RESULTS

4.1 3D Modeling of Three Scannng Techniques

4.1.1 Modeling via Laser Scanning (TLS) Point Cloud

The case area is scanned by a Faro Focus S150 laser scanner. The laser scanner
operates from six different locations to capture the pieces of the space from separate
aspects. Six data files are imported to FARO SCENE software, and combined in this
interface. The combined version of these six-point clouds is converted to rcs file

format for insertion into REVIT software.

4111 Results under Economic Criteria Cluster

Economic criteria cluster includes two factors which are affordability of licence cost
and affordability of technical devices. In this part, licence cost of laser scanning
software (FARO SCENE), cost of laser scanner (Faro Focus S150) and cost of

worker are examined.

1. Cost of laser scanning software

The cost of FARO SCENE software license is 6110 $.

2. Cost of laser scanner

The cost of the Faro Focus S150 laser scanner is 54000%.
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3. Cost of worker

The cost of the worker who uses the laser scanner is 1250$ per day.

411.2 Results under Technical Criteria Cluster

Technical criteria cluster includes five factors which are quality of output data,
automation, level of accucary, management level of data size and rare displacement

need.

1. Quality degree of output data

The setting of the laser scanner (FARO S150) is 1/4 as a resolution value.

Quality is set as 3x in the laser scanner setting.

Table 4.1 Quality and resolution settings of the terrestrial laser scanner

Time Resolution Quality

8 minutes and 19 seconds | 1/4 6,1 ~6,3mm 3x

Six laser scan point clouds are created through laser scanning process. Six laser
scan point clouds are imported to REVIT software. The fact that point clouds
provide information with selectable clarity affects the perception level of the
modeler during modelling. If the modeler can complete the modeling with
existing information without the need for additional information material, the
output data is defined as detailed and high-quality data that can be easily
processed. Six laser scanning point clouds are represented with different colors
when transferred to Revit (Figure 4.1.a). Although the point cloud is not selected
while modeling, when the mouse arrow comes near to the point cloud, it shines

as if the selection process has been made, as shown in Figure 4.1.b. This reduces
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the readability of visual information during the modeling phase. However, when
looking at the output data in Figure 4.1, the edges of the floor finish tiles can be
clearly distinguished. It provides easily perceived and processed information
about the dimensions of the floor finish tiles during the modeling phase.

a) Laser scan view of the floor pattern

b) Laser scan data of the floor pattern

Figure 4.1. Flooring pattern view in laser scan point cloud (Author’s work)
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a) Laser scan view of the wall pattern

b) Laser scan data of the wall pattern

Figure 4.2. Wall pattern view in laser scan point cloud (Author’s work)
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With the same approach, comments can be made regarding the dimensions of
wall elements, column dimensions and shear walls. As seen in Figure 4.2, the
same glare occurs when the point cloud is approached, but the dimensions and
boundaries of the wall units, columns and shear walls can still be distinguished.
Laser scanning provides high-quality output in terms of obtaining information
about the dimensions of geometries. Little information about the waffle slab

could be obtained with this scanning technique.

2. Automation options

Laser scanning data is imported to FARO SCENE software. Six point cloud data
is combined in the software. All data dimensions are on a real-world scale; as a
result, there is no need for a scaling process. The files should be in rcs format to
be inserted into REVIT. FARO SCENE files can be directly converted to rcs file
format in FARO SCENE software. So, it does not need another software for

converting the file process.

3. Level of accuracy

In laser scanning, lengths are created on a real-world scale. To evaluate the
accuracy of the laser scanning length values, manually measured length values

of 4 static columns are recorded.

Table 4.2 Deviation differences to assess accuracy level of laser scan data

Dimension Dimension Difference

in real-world in point cloud between two values
245mm 262mm 17mm

1320mm 1319mm 1mm
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Table 4.2 (Cont’d)

2550 mm 2538mm 12mm
250mm 271mm 21mm
1720mm 1712 mm 8mm
245mm 252mm mm
1520mm 1540mm 20mm

Deviation differences between real measurements and measurements taken from

laser scanning are examined. The range of deviation differences is Imm — 21mm.

B M

Figure 4.3. Dimensions of four structural elements in the laser scan point cloud

(Author’s work)
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4. Data Size

The six-point clouds is converted to rcs file format for insertion into REVIT
software. Table represents the size of rcs files. The sum of these value is
represented as “data size”. As the data size increases, the manageability level of

data size decreases.

Table 4.3 File size of laser scanning point clouds at each displacement

File(.rcs) at location

1

2

3

4

5

6

Total

File Size (KB)

285,837

596,135

722,763

652,185

658,577

653,434

3568,931

5. Number of displacement

The laser scanner operates from six different locations to capture the pieces of

the space from separate aspects. Each displacement is placed so that it sees as

wide as possible angle of the interior wall surfaces.

Figure 4.4. A displacement viewing as wide as possible angle of the interior

wall surfaces in laser scanning (Author’s work)

Six sessions as a minimum number are held to obtain a point cloud of sufficient

quality and sufficiency to be used as a base for the HBIM model.
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Point Cloud
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Point Clouds (6) ~ | B8 Edit Type
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Phasing

Phase Created Existing
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Figure 4.5. Six — point clouds inserted into REVIT (Author’s work)

Every relocation is a waste of extra time and energy. Therefore, the number
displacement is a substantial factor in the decision of a three-dimensional

scanning technique.

4.1.1.3  Results under Time Efficiency Criteria Cluster

Time efficiency criteria cluster includes two factors which are efficient scanning

duration and efficient modeling duration.

1. Scanning Duration

This procedure covers the sum of the scanning duration and processing duration
of point clouds until it is ready to insert into REVIT. The laser scanner operates
from six different locations to capture the pieces of the space from separate
aspects. Scanning time in each displacement lasted 8 minutes and 19 seconds.

The time spent moving the device is 1 minute in displacements.

After importing the six data files into the FARO SCENE software, combining
process of all files takes time. It takes about 5 minutes to align 2 files. So, 25
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Table 4.4 Total laser scanning time spent in the case area

Location

Time

Scanning time at location 1

8 minutes and 19 seconds

Moving device

1 minute

Scanning time at location 2

8 minutes and 19 seconds

Moving device

1 minute

Scanning time at location 3

8 minutes and 19 seconds

Moving device

1 minute

Scanning time at location 4

8 minutes and 19 seconds

Moving device

1 minute

Scanning time at location 5

8 minutes and 19 seconds

Moving device

1 minute

Scanning time at location 6

8 minutes and 19 seconds

TOTAL

54 minutes and 54 seconds

minutes are spent for combining six files. To sum up, total scanning duration is
79 minutes and 54 seconds. As a result, scanning duration of laser scanning for

the case area is about 80 minutes.

Table 4.5 Scanning duration in laser scanning

Stages Duration

On the case area Scanning 54 minutes and 54 seconds

In EARO SCENE | Combining & aligning | 25 minutes

software

Total 79 minutes 54 seconds

(~80 minutes)
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2. Modelling Duration

Modeling duration covers the amount of spent time during 3D modeling through
REVIT. While modeling the space in LOD300 by using the point cloud of laser
scanning as a base (Figure 4.6), this value represents the sum of each time pieces
spent in modelling. This also reflects the difficulty level of the software in
running the point cloud file during the modeling phase. 31 hours and 54 minutes
(~32 hours) are spent in modelling duration.

Figure 4.6. LOD300 HBIM model of the “Gobektas” (TLS point cloud)
(Author’s work)
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Due to the large file size of the point clouds, the program became very slow during
modeling. This situation also affected the model duration. Since the door-opening
system frame types, wall and floor finish patterns of the case area are unique,
separate modeling studies were carried out for each of them.

4.1.2 Modeling via Terrestrial Photogrammetry Point Cloud

Images are captured from the case area via digital camera. After images are imported
to RealityCapture software to create a point cloud model, the point cloud converted
to meshed and colored model. Dimensions of the model are not on the real-world
scale. As a result, the model is scaled to the real-world dimensions by using an actual
dimension of one column as a base. RealityCapture cannot be converted directly a
file format adaptable to REVIT. After the file is converted xyz format in
RealityCapture, xyz file format is converted to rcs file format in Autodesk ReCap.
After this procedure, the rcs file can be inserted into Autodesk REVIT.

4121 Results under Economic Criteria Cluster

Economic criteria cluster includes two factors which are affordability of licence cost
and affordability of technical devices. In this part, licence cost of the software
processing photogrammetry data (RealityCapture & ReCap), cost of digital camera

(Fujifilm X-E4) and cost of worker are examined.

1. Cost of the software processing photogrammetry data

RealityCapture and Autodesk ReCap are operated as software for creating the
photogrammetric point cloud. Image quality is 6240x4130 pixels in
photogrammetry scanning. Each image has 25.96 meagapixels value. Because of
1345 images, the total megapixel value is 34916,2. So, unlimited megapixels

credits of RealityCapture is selected for photogrammetry scanning.
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Table 4.6 License cost of the softwares used in photogrammetry

Software License Cost
RealityCapture 3500 PPI Credits 108%

8000 PPI Credits 20%

Unlimited Credits 3750 $
Autodesk ReCap 3 years 1140 $

1 year 380%

1 month 50%

2. Cost of the digital camera

Fujifilm X-E4 is used to capture images from the case area. The cost of the digital

camera is 1897,29 $. Because of the lens requirement, the cost of Fujifilm

Fujinon 14mm /2.8 lens is 709,50 $. Total cost is 2606,79 $.

3. Cost of worker

The cost of the worker who takes images is 250$ per day.

4122 Results under Technical Criteria Cluster

Technical criteria cluster includes five factors which are quality of output data,

automation, level of accucary, management level of data size and rare displacement

need.

1. Quality degree of output data

Since the case area has a complex relationship between its spaces, 1345 images
were imported into RealityCapture software. Thus, the missing information is

reduced and so, the formation of irregular triangulation shapes are prevented.
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a) Photogrammetry scan view of the floor pattern

b) Photogrammetry scan data of the floor pattern

Figure 4.7. Flooring pattern view in photogrammetry scan point cloud
(Author’s work)

The photogrammetry scan point cloud is imported to REVIT software. The fact
that point cloud provides information with selectable clarity affects the

perception level of the modeler during modelling. If the modeler can complete
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the modeling with existing information without the need for additional

information material, the output

b) Photogrammetry scan data of the wall pattern

Figure 4.8. Wall pattern view in photogrammetry scan point cloud (Author’s

work)
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data is defined as detailed and high-quality data that can be easily processed. The
point cloud is represented with real image colors when transferred to Revit
(Figure 4.7.a). Although the point cloud is not selected while modeling, when
the mouse arrow comes near to the point cloud, it shines as if the selection
process has been made, as shown in Figure 4.7.b. This reduces the readability of
visual information during the modeling phase. As seen in Figure 4.7, there are
parts where the tile sizes and boundaries are barely distinguishable or even
indistinguishable. It provides hardly perceived and processed information about
the dimensions of the floor finish tiles during the modeling phase. This will create
difficulties in the modeling phase and will require additional materials to obtain
information. The reason for this problem is that the scanned area is a dimly lit

area.

With the same approach, comments can be made regarding the dimensions of
wall elements, column dimensions and shear walls. As seen in Figure 4.8, the
same glare occurs when the point cloud is approached. Some of the shear wall
information is lost due to glare, but the dimensions and boundaries of the wall
units can still be distinguished. Photogrammetry scanning provides quality
output in terms of obtaining information about the dimensions of geometries with
little lost. A detailed dimension information about the waffle slab could be

obtained with this scanning technique.

2. Automation options

Photogrammetry scan data is required to be scaled to the actual dimensions of

the object. The scaling process is applied manually, not automatically.

Photogrammetry software (RealityCapture) cannot export the point cloud
directly in rcs file format. Autodesk ReCap should be used as a converting file

software.
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3. Level of accuracy

The scaling process is applied manually in photogrammetry data. While scaling
the point cloud, the actual column dimension is referenced. As seen in Table 4.7,
the first two data were used as reference actual scale dimensions. Other

measurements and deviations are then checked and recorded.

Table 4.7 Deviation differences to assess accuracy level of photogrammetry data

Dimension Dimension Difference

in real-world in point cloud between two values
245mm 245mm Omm

1320mm 1320mm Omm

2550 mm 2600mm 50mm

250mm 260mm 10mm

1720mm 1749mm 29mm

245mm 266mm 21mm

1520mm 1533mm 13mm

A problem that may be encountered in photogrammetry scanning is that even if
the measurements of elements such as columns are close to reality, the distance
between two columns may be very deviated. This may be due to the insufficient
number of photographs in the distance. Photogrammetry scanning data may need
to be checked in detail and reprocessed with additional images from the field
when necessary. In this case, it affects the reliability and precision of

photogrammetry data.

4. Data Size

The file size of the point cloud obtained by photogrammetry scanning process is
1168 KB. Creating a high number of 3D points in laser scanning and additional

support from photographic information results in large file sizes.
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Figure 4.9. Dimensions of four control structural elements in photogrammetry

scan point cloud (Author’s work)

5. Number of displacement

1345 images are captured in acquisition of photogrammetry data. At some points,
images are captured from 3 different angles; up, down and straight forward. So,
there are 738 displacements. One point cloud is created with these images.
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Point Cloud
photogrammetry.rcp

Point Clouds (1) | BB Edit Type

Identity Data

Name photogrammetry...
Phasing

Phase Created

Phase Demolish... None

Figure 4.10. One point cloud inserted into REVIT (Author’s work)

4.1.2.3  Results under Time Efficiency Criteria Cluster

Time efficiency criteria cluster includes two factors which are efficient scanning

duration and efficient modeling duration.

68




1. Scanning Duration

This procedure covers the sum of the scanning duration and processing duration
of point clouds until it is ready to insert into REVIT. For photogrammetry scan,
1345 images are captured in the case area. This process takes 91 minutes. After
importing images into RealityCapture software, 18 hours 10 minutes are spent to
combine images and create point cloud. In addition, there are meshing process
(7 hours 56 minutes) and coloring process (2 hours). Total duration of creating

point cloud file in RealityCapture is 28 hours and 6 minutes (~28 hours).

Table 4.8 Scanning duration in photogrammetry

Stages Duration

On the case area Capturing images 1 hour 31 minutes

) Combining & processing | 18 hours 10 minutes
In RealityCapture

Meshing 7 hours 56 minutes
software i
Coloring 2 hours
Total 29 hours 37 minutes (~30
hours)

2. Modelling Duration

Modeling duration covers the amount of spent time during 3D modeling through
REVIT. While modeling the space in LOD300 by using the point cloud of laser
scanning as a base, this value represents the sum of each time pieces spent in
modelling. This also reflects the difficulty level of the software in running the
point cloud file during the modeling phase. 24 hours and 21 minutes (~24 hours)

are spent in modelling duration.
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Figure 4.11. LOD300 HBIM model of the “Gobektasi” (photogrammetry point
cloud) (Author’s work)

4.1.3 Modeling via Point Clouds of Terrestrial Photogrammetry and
Laser Scanning (TLS)

For laser scanning, the case area is scanned by a Faro Focus S150 laser scanner. The
laser scanner operates from four different locations to capture the pieces of the space
from separate aspects. Four data files are imported to FARO SCENE software, and
combined in this interface. The combined version of these four-point clouds is

converted to rcs file format for insertion into REVIT software.

For photogrammetry process, images are captured from the case area via digital
camera. Images are imported to RealityCapture software to create a point cloud
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model. The created point cloud converted meshed and colored model. Dimensions
of the model are not on the real-world scale. As a result, the model is scaled to the
real-world dimensions by using an actual dimension of one column as a base.
RealityCapture cannot be converted directly a file format adaptable to REVIT. After
the file is converted xyz format in RealityCapture, xyz file format is converted to rcs
file format in Autodesk ReCap. After this procedure, the rcs file can be inserted into
Autodesk REVIT.

413.1 Results under Economic Criteria Cluster

Economic criteria cluster includes two factors which are affordability of licence cost,
affordability of technical devices and affordability of worker cost. In this part,
licence cost of the softwares processing photogrammetry data (RealityCapture and
ReCap) and laser scanning data (FARO SCENE) are examined; in addition, market
research was conducted on the cost of digital camera (Samsung NX300M), the cost

of laser scanner (Faro Focus S1509) and the cost of worker are examined.

1. Cost of the softwares

RealityCapture and Autodesk ReCap are operated as software for creating the
photogrammetric point cloud. FARO SCENE software runs to create a 3D point
cloud of laser scanning data. Below Table 4.9 includes the license cost of the
softwares. Image quality is 6240x4160 pixels in photogrammetry phase of hybrid
scanning. Each image has 25.96 meagapixels value. Because of 427 images, the
total required megapixel value is 11084,92. So, unlimited megapixels credits of
RealityCapture is required for photogrammetry data processing phase of the
hybrid scanning technique. Perpetual license of FARO SCENE software is also
required for the laser scan data processin phase of the hybrid scanning technique.

License cost of hibrid technique is sum of these two licanse cost.
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Table 4.9 License cost of the softwares used in hybrid technique

Software License Cost
RealityCapture 3500 PPI Credits 108$
8000 PPI Credits 20%
Unlimited Credits 3750 $
Autodesk ReCap 3 years 1140 $
1 year 380 $
1 month 50 %
FARO SCENE Perpetual 6110 $

2. Cost of the technical devices

The cost of the Faro Focus S150 laser scanner is 54000 $.

Fujifilm X-E4 is used to capture images from the case area. The cost of the
digital camera is 1897,29 $. The cost of Fujifilm Fujinon 14mm /2.8 lens is
709,50 $. Total cost is 2606,79 $. The total cost of technical devices used in

hybrid scanning technique is 56606,79 $.

3. Cost of worker

The total cost of the workers who uses the laser scanner and take images is

7508 per day.

4132 Results under Technical Criteria Cluster

Technical criteria cluster includes five factors which are quality of output data,

automation, level of accucary, management level of data size and rare displacement

need.
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1. Quality degree of output data

The setting of the laser scanner is 1/16 as a resolution value. Quality is set as 3x
in the laser scanner setting. The resolution setting of laser scanning used in the
hybrid method is much lower than the setting in the laser scanning method. Image

quality is 3648x3648 pixels in photogrammetry phase of hybrid scanning.

Table 4.10 Resolution setting of scanning data used for hybrid scanning

Time Resolution Quality
4 minutes and 58 | 1/16 24,5 ~ 25mm 3x
seconds

Four laser scan point clouds are created through laser scanning process. Four
laser scan point clouds are imported to REVIT software. The fact that point
clouds provide information with selectable clarity affects the perception level of
the modeler during modelling. If the modeler can complete the modeling with
existing information without the need for additional information material, the
output data is defined as detailed and high-quality data that can be easily
processed. Four laser scanning point clouds are represented with different colors
when transferred to Revit (Figure 4.12.a). Although the point cloud is not
selected while modeling, when the mouse arrow comes near to the point cloud,
it shines as if the selection process has been made, as shown in Figure 4.12.c.
This reduces the readability of visual information during the modeling phase.
However, when looking at the output data in Figure 4.12c, the edges of the floor
finish tiles can be distinguished, but there are also parts where the tile boundaries
are not clear. It provides hardly perceived and processed information about the

dimensions of the floor finish tiles during the modeling phase.

427 images are imported into RealityCapture software in the photogrammetry

scanning pahse of the hybrid technique. Thus, the missing information is reduced
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a) Hybrid scan view of the floor pattern

b) Photogrammetry scan data of the floor pattern

c¢) Laser scan data of the floor pattern

Figure 4.12. Flooring view in superposed laser and photogrammetry point clouds
inserted into hybrid model (a). The flooring pattern view quality of
photogrammetry scan point cloud (b). The flooring pattern view quality of laser
scan point cloud (c). (Author’s work)
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and so, the formation of irregular triangulation shapes are prevented. The
photogrammetry scan point cloud is imported to REVIT software. The point
cloud is represented with real image colors when transferred to Revit (Figure
4.12.a). Although the point cloud is not selected while modeling, when the mouse
arrow comes near to the point cloud, it shines as if the selection process has been
made, as shown in Figure 4.12.b. This reduces the readability of visual
information during the modeling phase. As seen in Figure 4.12b, there are very
few parts where the tile boundaries are clear. It provides hardly perceived and
processed information about the dimensions of the floor finish tiles during the
modeling phase. This will create difficulties in the modeling phase and will
require additional materials to obtain information. The reason for this problem is
that the scanned area is a dimly lit area. The performance comparison of the two
scanning techniques in a dimly lit environment can be seen in Figure 4.12.a.
Laser scanning gives more distinct boundaries, while photogrammetry scanning

provides less distinct boundaries.

With the same approach, comments can be made regarding the dimensions of
wall elements, column dimensions and shear walls. As seen in Figure 4.13.c, the
same glare occurs when the point cloud is approached, but the dimensions and
boundaries of the wall units, columns and shear walls can still be distinguished .
Laser scanning provides high-quality output in terms of obtaining information
about the dimensions of geometries. Little information about the waffle slab

could be obtained with this scanning technique.

As seen in Figure 4.13.b, the same glare occurs when the point cloud is
approached. Some of the shear wall information is lost due to glare, but the
dimensions and boundaries of the wall units can still be distinguished.
Photogrammetry scanning provides quality output in terms of obtaining
information about the dimensions of geometries with little lost. A detailed
dimension information about the waffle slab could be obtained with this scanning

technique.
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c¢) Laser scan data of the wall pattern

Figure 4.13. Wall view in superposed laser and photogrammetry point clouds
inserted into hybrid model (a). The wall pattern view quality of photogrammetry
scan point cloud (b). The wall pattern view quality of laser scan point cloud (c).
(Author’s work)
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When output data of these two scanning technique is combined, the information
acquired from the space has more quality. The hybrid method aims to create a

good-quality model base using low-resolution laser scanning and a smaller

number of image information.

Figure 4.14. Hybrid scannig data as a good quality and precision basis (Author’s

work)

2. Automation options

Unlike photogrammetry scan data, laser scanning data is automatically created
on a real-world scale. All dimensions of laser scan data are actual measurements
of the object; however, photogrammetry data is required to be scaled to the actual

dimensions of the object.

Autodesk REVIT requires rcs file format for point cloud import. Laser scanning
software (FARO SCENE) can export the point cloud data directly in rcs file
format. On the other hand, photogrammetry software cannot export directly in
rcs file format. Autodesk ReCap should be used as a converting file software.
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From this aspect, the hybrid technique has a moderate degree of automation as it
includes laser scanning automation features but also includes manual processes

of photogrammetry.
3. Level of accuracy

The scaling process is applied manually in photogrammetry data. While scaling
the point cloud, the actual column dimension is referenced. As seen in Table 4.7,

the first two data were used as reference actual scale dimensions. Laser scanner

creates a real-world scale data.

Figure 4.15. Dimensions of four structural elements in hybrid scan point cloud

(Author’s work)
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These point clouds are superposed (Figure 4.15). Other components dimensions and

deviations are then checked and recorded (Table 4.11).

Table 4.11 Deviation differences to assess accuracy level of hybrid scan data

Dimension Dimension Difference
n real-world in point cloud between two values
245mm 245mm 0
1320mm 1320mm 0
2550 mm 2530mm 20mm
250mm 250mm Omm
1720mm 1710mm 10mm
245mm 270mm 25mm
1520mm 1520mm Omm
4. Data Size

The four laser scan point clouds are converted to rcs file format for insertion into

REVIT software. In addition, photogrammetry scan data also is converted to rcs

file to insert into REVIT. Table 4.12 represents the size of rcs files.

Table 4.12 File size of laser scanning and photogrammetry point clouds at each

displacement

File(.rcs) at

. TLS-1 | TLS-2 | TLS-3 | TLS-4 | Photogrammetry | Total
location
File Size (KB) 53,389 | 54,839 | 55,183 55,125 | 877 1095,536
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5. Number of displacement

The laser scanner operates from four different locations to capture the pieces of
the space from separate aspects. Each displacement is placed so that it sees as

wide as possible angle of the interior wall surfaces (Figure 4.17).
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Figure 4.16. A displacement viewing as wide as possible angle of the interior

wall surfaces in laser scanning part of the hybrid technique (Author’s work)

427 images are captured in acquisition of photogrammetry data. 427 images
mean 427 displacements. Each image is 6240x4160 pixels (25,96 megapixels).
In total, displacement number of hybrid scanning is 431. A point cloud is
generated with captured images. The number of laser scanning and

photogrammetry point clouds is five in total (Figure 4.16).

4.1.3.3  Results under Time Efficiency Criteria Cluster
Time efficiency criteria cluster includes two factors which are efficient scanning

duration and efficient modeling duration.

1. Scanning Duration

This procedure covers the sum of the scanning duration and processing duration

of point clouds until it is ready to insert into REVIT.
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The laser scanner operates from four different locations to capture the pieces of
the space from separate aspects. Scanning time in each displacement lasted 4
minutes and 58 seconds. The time spent moving the device is 1 minute in

displacements.

Table 4.13 Total laser scanning time of hybrid technique spent in the case area

Location Time

Scanning time at location 1 4 minutes and 58 seconds
Moving device 1 minute

Scanning time at location 2 4 minutes and 58 seconds
Moving device 1 minute

Scanning time at location 3 4 minutes and 58 seconds
Moving device 1 minute

Scanning time at location 4 4 minutes and 58 seconds
TOTAL 22 minutes and 52 seconds

After importing the four data files into the FARO SCENE software, combining
process of all files takes time. It takes about 5 minutes to align 2 files. So, 15
minutes are spent for combining four files. To sum up, laser scanning duration

of hybrid technique for the case area is about 38 minutes.

In photogrammetry stage, 427 images are captured in the case area. This process
takes 53 minutes. After importing images into RealityCapture software, 6 hours
and 32 minutes are spent to combine images and create point cloud. In addition,
there are meshing process (2 hours 33 minutes) and coloring process (8 minutes).
Total duration of creating point cloud file in RealityCapture is 9 hours 13

minutes.

The total scanning duration of the hybrid technique is 10 hours 44 minutes, as
seen in Table 4.14.
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Table 4.14 Scanning duration in the hybrid scanning technique

Stages Duration

Capturing images 53 minutes
On the case area

Laser scanning 23 minutes

Combining & processing | 6 hours 32 minutes

In RealityCapture software | Meshing 2 hours 33 minutes

Coloring 8 minutes
In FARO SCENE software | Combining & aligning 15 minutes

Total 10 hours 44 minutes
(~11 hours)

2. Modelling Duration

|

Figure 4.17. LOD300 HBIM model of the “Go6bektas1” (photogrammetry and
laser scan point clouds) (Author’s work)
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Modeling duration covers the amount of spent time during 3D modeling through
REVIT. 20 hours and 32 minutes (~21 hours) are spent in modelling duration.
Modeling detail level is considered as per BIM LOD300 level (Figure 4.17).

According to LOD300, the model provides direct measurements for the

element's volume, dimensions, form, position, and alignment as designed.

4.2 Results of AHP Model

A questionnaire survey is conducted with five experts. The mean value of their
responses is calculated. These values are used by creating priority matrices. Results
are calculated by SuperDecisins software. Each matrix includes the local priority
weight value of its elements, and the CI value is calculated to provide inconsistency
value for reliability. Matrices are first created under criteria and subcriteria clusters.
Then, alternative matrices are set to calculate the priority weight value of each
subcriteria within each alternative cluster. The results of priority matrices are listed

below.

Table 4.15 Matrix for prioritization of criteria under the “Goal” of the most

appropriate 3D scanning technique

Criteria Economic | Technical Time Local Cl
efficiency Priority
Economic 1 1/5 1/8 0,06703
Technical 5 1 1/3 0,27178
0,04237
Time 0,66120
o 8 3 1
efficiency
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Table 4.16 Matrix for prioritization of subcriteria under “Economic” criteria cluster

Economic E1 E> Es Local Cl
Priority

E1 1 2 7 0,33322

E2 1/2 1 5 0,07506 0,01361

Es 1/7 1/5 1 0,59173

Table 4.17 Matrix for prioritization of subcriteria under “Technical” criteria cluster

Technical | Ty T2 T3 T4 Ts Local Priority Cl

T1 1 1 1/3 2 5 0,18918

T2 1 1 1/3 2 5 0,18918

T3 3 3 1 4 8 0,46779 0,01844
T4 1/2 | 12 1/4 1 4 0,11402

Ts 1/5 | 1/5 1/8 1/4 1 0,03984

Table 4.18 Matrix for prioritization of subcriteria under “Time Efficiency” criteria

cluster
Time Efficiency | TM; TM2 Local Cl
Priority
TM1 1 2 0,33333
0,0
T™M: 1/2 1 0,66667
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Table 4.19 Matrix for prioritization of “Alternatives” considering E1 subcriteria

E1 — Affordability of TLS TP HYBRID | Local Cl
Licence Cost Priority

TLS 1 1/3 5 0,27178

TP 3 1 8 0,66120 0,04237
HYBRID 1/5 1/8 1 0,06703

Table 4.20 Matrix for prioritization of “Alternatives” considering E2 subcriteria

E> — Affordability of TLS TP HYBRID | Local Cl
Technical Device Cost Priority

TLS 1 17 2 0,13493

TP 7 1 8 0,78377 | 0,03356
HYBRID 1/2 1/8 1 0,08130

Table 4.21 Matrix for prioritization of “Alternatives” considering E3 subcriteria

Es — Affordability of TLS TP HYBRID | Local Cl
Worker Cost Priority

TLS 1 1/8 1/4 0,07015

TP 8 1 4 0,70712 0,05156
HYBRID 4 1/4 1 0,22273
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Table 4.22 Matrix for prioritization of “Alternatives” considering T1 subcriteria

T1 —Quality of | TLS TP HYBRID | Local Cl
Output Data Priority

TLS 1 1/6 0,14676

TP 1/2 1/8 0,08400 0,01759
HYBRID 6 1 0,76924

Table 4.23 Matrix for prioritization of “Alternatives” considering T2 subcriteria

T2 — TLS TP HYBRID | Local Cl
Automation Priority

TLS 1 4 0,70712

TP 1/8 1/4 0,07015 0,05156
HYBRID 1/4 1 0,22273

Table 4.24 Matrix for prioritization of “Alternatives” considering T3 subcriteria

Ts — Level of TLS TP HYBRID | Local Cl
Accuracy Priority

TLS 1 2 0,58608

TP 1/8 17 0,06079 0,03356
HYBRID 1/2 1 0,35313
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Table 4.25 Matrix for prioritization of “Alternatives” considering T4 subcriteria

T4 —Management | TLS TP HYBRID | Local Priority | Cl
Level of Data Size

TLS 1 1/3 5 0,27178

TP 3 1 8 0,66120 0,04237
HYBRID 1/5 1/8 1 0,06703

Table 4.26 Matrix for prioritization of “Alternatives” considering Ts subcriteria

Ts — Rare TLS TP HYBRID | Local Priority | Cl
Displacement Need

TLS 1 8 2 0,58608

TP 1/8 1 17 0,06079 0,03356
HYBRID 1/2 7 1 0,35313

Table 4.27 Matrix for prioritization of “Alternatives” considering TM; subcriteria

TM: — Efficient TLS TP HYBRID | Local Priority | Cl
Scanning Duration

TLS 1 3 3 0,60000

TP 1/3 1 1 0,20000 0,0
HYBRID 1/3 1 1 0,20000
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Table 4.28 Matrix for prioritization of “Alternatives” considering TM> subcriteria

TM: — Efficient TLS TP HYBRID | Local Priority | ClI
Modeling Duration

TLS 1 8 5 0,74184

TP 1/8 1 1/3 0,07520 0,04237
HYBRID 1/5 3 1 0,18295
Table 4.29 End results calculated by SuperDecisions

Scanning Technique Ideals Normals

Terrestrial Laser Scanning 1,000000 0,575306

Terrestrial Photogrammetry 0,328210 0,188821

Hybrid Scanning 0,409997 0,235874
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CHAPTER 5

ANALYSES

5.1  Analysis of Three - HBIM Models

511 Affordability of License Cost

The software license cost of the hybrid scanning is the most expensive one, as all
types of software (RealityCapture, Autodesk ReCap, and Autodesk REVIT) must be
included in the project to process both laser scanning and photogrammetry data;
therefore, license costs must be paid for two separate software. The software license
cost of photogrammetry is the cheapest one. As the license cost increases, the level
of affordability decreases. As a result, the most affordable license cost belongs to

photogrammetry, and the less affordable one belongs to hybrid scanning technique.

Table 5.1 Comparion of three scanning techniques in aspect of license cost

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
License Cost ($) | 6110 3750 9860
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51.2 Affordability of Technical Device Cost

The device cost of photogrammetry is the cheapest alternative, and the most
expensive one belongs to the hybrid scanning technique because ofthe two types of
scanning techniques. As the device cost increases, the level of affordability
decreases. As a result, the most affordable device cost belongs to photogrammetry,

and the less affordable one belongs to the hybrid scanning technique.

Table 5.2 Comparion of three scanning techniques in aspect of technical device cost

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Device Cost ($) 54000 2606,79 56606,79
513 Affordability of Worker Cost

The worker cost of photogrammetry is the cheapest alternative, and the most
expensive one belongs to the laser scanning technique. As the device cost increases,
the level of affordability decreases. As a result, the most affordable worker cost

belongs to photogrammetry, and the less affordable one belongs to the laser scanning

technique.

Table 5.3 Comparion of three scanning techniques in aspect of worker cost

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Worker Cost ($) 1250 250 750
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514 Quiality of Output Data

The output data quality described in Chapter 4 is summarized in the Table 5.4. The
word 'no' has been added to the scanning technique that provides insufficient
information about the modeling of the elements mentioned in the table, and the word
'yes' has been added to the scanning technique that provides sufficient information
for the relevant element. Thus, the scanning technique with the highest data quality
is the hybrid scanning technique. Photogrammetry data has the lowest quality due to

two 'no’ statements.

Table 5.4 Comparion of three scanning techniques in aspect of output data quality

Terrestrial Terrestrial Hybrid
Laser Photogrammetry | Scanning
Scanning
Quality of Shear Wall Yes No Yes
Output Data Wall Yes Yes Yes
Floor Finish
Tile Yes No Yes
Waffle Slab No Yes Yes

5.15 Automation

The 3D scanning alternative with the most automation features is laser scanning.
However, photogrammetry has fewer automation features and requires more manual
processing than other scanning techniques. The hybrid scanning alternative is at the
intermediate level in aspect of automation, as it includes automatic features in the

laser scanning part and manual processes in the photogrammetry part.
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Table 5.5 Comparion of three scanning techniques in aspect of automation ability

Terrestrial Terrestrial Hybrid
Laser Scanning | Photogrammetry | Scanning
Automation | Automatic
real-world Yes No Partially yes
scale
Directly
export of rcs Yes No Partially yes
file format
5.1.6 Level of Accuracy

Table 5.6 summarizes the deviations of the scanning techniques from the actual

measurement. As a result, the least accurate point cloud belongs to the

photogrammetry scanning technique, and the most accurate one belongs to the

terrestrial laser scanning technique.

Table 5.6 Comparion of three scanning techniques in aspect of accuracy level

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Accuracy Level 1-21mm 0-50mm 0-25mm

5.1.7

Management Level of Data Size

As the file size of the point cloud increases, the operating performance of the

modeling software decreases. This reduces the efficiency of the modeling software.
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As the file size increases, the manageability of the data size decreases. Accordingly,

the hybrid scanning technique has the highest data manageability level, and laser

scanning technique has the lowest one.

Table 5.7 Comparion of three scanning techniques in aspect of data size

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Data Size (KB) 3568,931 1168 1095,536

518

The scanning alternative that requires the rarest displacement need is laser scanning.

Rare Displacement Need

Photogrammetry scanning has the highest number of displacements.

Table 5.8 Comparion of three scanning techniques in aspect of device displacement

number
Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Number of 6 738 431
Displacement
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Efficient Scanning Duration

Table 5.9 outlines the results of the scanning duration values of 3D scanning

techniques. Time efficiency decreases as scanning time increases. While laser
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scanning has the most efficient scanning time, photogrammetry ranks last in terms

of time efficiency.

Table 5.9 Comparion of three scanning techniques in aspect of scanning duration

Terrestrial Terrestrial Hybrid Scanning

Laser Scanning | Photogrammetry

Scanning Duration ~2 hours 20 ~29 hours 37 ~10 hours 44

minutes minutes minutes

5.1.10 Efficient Modeling Duration

As the modeling duration increases, time efficiency decreases. Hybrid scanning
exhibits the most efficient modeling duration, whereas laser scanning ranks lowest

in terms of modeling time effectiveness.

Table 5.10 Comparion of three scanning techniques in aspect of modeling duration

Terrestrial Laser | Terrestrial Hybrid Scanning
Scanning Photogrammetry
Modeling
) ~32 hours ~24 hours ~21 hours
Duration

5.2  Analysis of AHP Results

According to SuperDecisions results, the most appropriate 3D scanning technique

for the selected case area is terrestrial laser scanning. As the second alternative
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hybrid scanning technique is appropriate for the case area while considering all
mentioned subcriteria. When priorities of criteria items or the case area are changed,

the most appropriate 3D scanning technique changes.

Table 5.11 Sorting of scanning alternatives according to the degree of suitability

calculated by SuperDecisions

Scanning Technique Ideals Normals
Terrestrial Laser Scanning 1,000000 0,575306
Hybrid Scanning 0,409997 0,235874
Terrestrial Photogrammetry 0,328210 0,188821
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CHAPTER 6

DISCUSSION OF RESULTS

In this section, the results obtained from HBIM models are compared with the results
obtained from the AHP method. When the comparison tables listed below are

examined;

e It is seen that there is compatibility between HBIM results and AHP results
on output data quality, automation, accuracy level, management level of data
size, rare dispalcement need and efficient scanning duration.

e There is an incompatibility between HBIM results and AHP results regarding

the management level of data size, and efficient modeling duration.

This study sought an answer to the question of whether the most appropriate three-
dimensional scanning technigue for an existing building for which an HBIM model
will be created can be determined by the AHP method before the project begins. The
results of the AHP technique are mostly consistent with the results of the HBIM
model. The AHP method calculated that the most suitable scanning technique is laser

scanning. Hybrid scanning comes second and photogrammetry comes last.

Before asking survey questions, the case area is shown to experts and its spatial
features are mentioned. The case area is a place where experts have been before and
experienced the place. Considering the previously mentioned cost, time and quality
criteria, the experts' first decision is to scan the case area with photogrammetry.
However, when the importance scores given by the same experts to the survey
questions are calculated with the AHP method, the most appropriate scanning
technique is calculated as laser scanning. There are prejudices, priorities and
preferences, but when in-depth questions are asked about these and details begin to
emerge, differences begin to emerge. This study reaches the following conclusion:
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something changes when the factors that are effective in forming this opinion begin
to be analyzed instead of the opinion of experts based on their direct experience. It
can be called a type of factor analysis. These factors are parameters such as criteria
or subcriteria detailed in each question. When these factors are analyzed, results can
actually be obtained regardless of their biases. The AHP method purifies the experts'
experiences from their stereotypical preferences, mathematically formulates the

importance scores they give to the factors and reaches an objective decision.

6.1 Discussion of Economic Subcriterias

Economic subcriteria values are data obtained through market research and are not
included in the AHP model as they are independent of judgment. These data, which
are independent of expert judgments, are placed in their own points system. The
reason why economic criteria are included in the AHP method is the importance
score of the economic criteria compared to technical and time efficiency. When the
priority importance value is multiplied by the point system, it will affect the target

answer.

Table 6.1 Comparison of HBIM and AHP results in aspect of E1

E:1 — Affordability of Licence | License Cost of Local Priority in AHP
Cost HBIM Model method
Terrestrial Laser Scanning 6110 $ 0,27178
Terrestrial Photogrammetry 3750 $ 0,66120
Hybrid Scanning 9860 $ 0,06703

Laser scanning is the most expensive scanning technique, with license cost, device

cost, and employee cost. It is generally considered more cost-effective to use laser
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scanning in large projects with large areas. Although the case area is a narrow area
of a small-scale project, according to the AHP results, laser scanning is the most
suitable option. This result may be surprising because, in this case, laser scanning is
not expected to be the most suitable technique for the case area due to its small-scale
project nature. The main reason for this result is that experts evaluate the economic

criterion as less priority than the other two criteria in criterion priority scoring.

Table 6.2 Comparison of HBIM and AHP results in aspect of E>

E> — Affordability of Device Cost of Local Priority in AHP
Technical Device Cost HBIM Model method
Terrestrial Laser Scanning 54000% 0,13493
Terrestrial Photogrammetry 2606,79% 0,78377
Hybrid Scanning 56606,79% 0,08130

According to Table 4.15, the criteria priorities of the experts are as follows, from the
most important to the least important: Time efficiency, Technical, and Economic.

Since the economic criterion is less important, time and technical parameters appear

Table 6.3 Comparison of HBIM and AHP results in aspect of E3

Es — Affordability of Worker | Worker Cost of Local Priority in AHP
Cost HBIM Model method
Terrestrial Laser Scanning 1250% 0,07015
Terrestrial Photogrammetry 250% 0,70712
Hybrid Scanning 750% 0,22273
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to have better performance in the laser scanning alternative compared to other
scanning alternatives. It can be observed from the end result that the high score
values from the time and quality criteria balance the low score values of laser

scanning from the economic criterion.

6.2 Discussion of Technical Subcriterias

According to AHP results for output data quality (Table 6.4), experts predicted that
the output data quality would be highest in the hybrid technique. Experts' quality
ranking predictions match the HBIM model results. In the quality ranking of both

cases, laser scanning comes second and photogrammetry comes last.

Table 6.4 Comparison of HBIM and AHP results in aspect of Ty

T1 — Quality of Output Data Output Data Quality | Local Priority in AHP
of HBIM Model method

Terrestrial Laser Scanning 1 ‘No’ 0,14676

Terrestrial Photogrammetry 2 ‘No’ 0,08400

Hybrid Scanning Yes 0,76924

According to AHP results for automation (Table 6.5), experts predicted that the
automation would be highest in the laser scanning. Experts' automation ranking
predictions match the HBIM model results. In the quality ranking of both cases,

hybrid scanning comes second and photogrammetry comes last.
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Table 6.5 Comparison of HBIM and AHP results in aspect of T»

T2 — Automation Automation in HBIM | Local Priority in AHP
Model method

Terrestrial Laser Scanning Yes 0,70712

Terrestrial Photogrammetry No 0,07015

Hybrid Scanning Partially yes 0,22273

According to AHP results for accuracy level (Table 6.6), experts predicted that the
accuracy level would be highest in the laser scanning. Experts' accuracy level
ranking predictions match the HBIM model results. In the quality ranking of both

cases, hybrid scanning comes second and photogrammetry comes last.

Table 6.6 Comparison of HBIM and AHP results in aspect of T3

T3 — Level of Accuracy Deviation Difference | Local Priority in AHP
of HBIM Model method

Terrestrial Laser Scanning 1-21mm 0,58608

Terrestrial Photogrammetry 0-50mm 0,06079

Hybrid Scanning 0-25mm 0,35313

According to AHP results for management level of data size (Table 6.7), experts
predicted that the management level of data size would be highest in the
photogrammetry scanning. Experts' data size ranking predictions don’t match the
HBIM model results. In the HBIM model results, the management level of data size

is highest in the hybrid scanning.
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Table 6.7 Comparison of HBIM and AHP results in aspect of T4

T4 —Management Level Data Size in HBIM Model

Local Priority in

of Data Size AHP method
Terrestrial Laser Scanning | 3568,931 KB 0,27178
Terrestrial

1168 KB 0,66120
Photogrammetry
Hybrid Scanning 1095,536 KB 0,06703

According to AHP results for rare displacement need (Table 6.8), experts predicted
that the laser scanning would require the least number of displacements. In other
words, laser scanning has the highest rare displacement need value. Experts' rare
displacement need ranking predictions match the HBIM model results. In the quality

ranking of both cases, hybrid scanning comes second and photogrammetry comes

last.

Table 6.8 Comparison of HBIM and AHP results in aspect of Ts

Ts — Rare Displacement Need

Displacement number

Local Priority in

of HBIM Model AHP method
Terrestrial Laser Scanning 6 0,58608
Terrestrial Photogrammetry 738 0,06079
Hybrid Scanning 431 0,35313

The HBIM models whose results are discussed are in the LOD300 standard. The

results will change as the development level increases or decreases. The case area is
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an indoor space, but for an outdoor space the parameters will change. However,
project size is one of the important factors affecting the results. Combining sub-
spaces in different volumes of the case area will make a significant difference in
combining scanning data. The spatial characteristics of the case area are an important
point where the advantages and disadvantages of scanning techniques will make a
difference. In the case area in this study, waffle slabs are architectural elements that
are difficult to scan. In order for the laser scan to fully record the waffle slabs, a laser
scan must be taken from under each waffle slab sub-volume. This contradicts the
advantage of laser scanning in obtaining more accurate data with fewer dispalcement
need of the device and shorter duration. Since a large number of photographs are
taken in photogrammetry, each sub-volume of waffle slab recording information is
obtained more easily. However, when combining photographs in photogrammetry,
the occurrence of scale deformation between some points is very high. This situation
reduces the reliability of phorogrammetry data. In order to prevent scale deviations,
it is necessary to work very controlled and with additional tools such as total stations
and to check model lengths at frequent intervals.

6.3  Discussion of Time Efficiency Subcriterias

According to AHP results for efficient scanning duration (Table 6.9), experts
predicted that the efficient scanning duration would be highest in the laser scanning.
It means that laser scanning has the shortest scanning and point cloud creation
duration among the three scanning techniques. Experts' efficient scanning duration
ranking predictions partially match the HBIM model results. While photogrammetry
and hybrid scanning has the same value in the AHP method results, hybrid scanning
comes second and photogrammetry comes last in the HBIM model results.
Ultimately, since laser scanning is the primary option in both cases, this situation can

be considered as a match.
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Table 6.9 Comparison of HBIM and AHP results in aspect of TM;

TM: - Efficient Scanning

Scanning Duration of

Local Priority in

Duration HBIM Model AHP method
Terrestrial Laser Scanning ~2 hours 20 minutes 0,60000
Terrestrial Photogrammetry ~29 hours 37 minutes | 0,20000
Hybrid Scanning ~10 hours 44 minutes | 0,20000

According to AHP results for efficient modeling duration (Table 6.10), experts
predicted that the efficient modeling duration would be highest in the laser scanning.
Experts' efficient modeling duration ranking predictions don’t match the HBIM

model results. In the HBIM model results, the efficient modeling duration is highest

in the hybrid scanning.

Table 6.10 Comparison of HBIM and AHP results in aspect of TM>

TM: — Efficient Modeling

Modeling duration of

Local Priority in

Duration HBIM Model AHP method
Terrestrial Laser Scanning ~32 hours 0,74184
Terrestrial Photogrammetry ~24 hours 0,07520
Hybrid Scanning ~21 hours 0,18295
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CHAPTER 7

CONCLUSION

7.1  Summary of the Research

Although Cultural Heritages are important worldwide in terms of history, culture,
and economy, they are in danger due to various damages and environmental threats.
In this sense, it is important to record the inheritance correctly. In this sense, H-BIM
offers a 3D recording option. State-of-the-art tools such as Laser Point Clouds and
Photogrammetrics increase the accuracy and complexity of the data, but these

techniques have their pros and cons.

Which technique should be used for which situation? A detailed study was carried
out on a decision framework with AHP for the use of photogrammetry and laser
scanning techniques in H-BIM documentation. The project was examined in detail
in terms of economic, technical, and time efficiency parameters. This study aimed to
determine the most appropriate scanning technique to avoid wasting time and cost
while achieving optimal scanning quality. Analytical Hierarchy Process, a technique
for organizing and evaluating complex decisions, was used as an objective decision-
making method. It sought to answer the question of whether the suitability of
scanning techniques can be evaluated within the framework of the Analytical
Hierarchy Process. To conclude this research, the results of the AHP technique are
mostly consistent with the results of the HBIM model. The research findings show
that before starting an HBIM project, the most appropriate scanning technique can
be reached with the AHP method in order to realize the project under optimal
conditions. In order to measure the reliability of the AHP method in reaching the
most appropriate scanning technique, the research was conducted through two
research methods. The first method is a survey conducted with experts to provide

input to the AHP structure. The second method is to actually scan the specified case
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area with three scanning techniques, create point clouds and create HBIM models

separately for three different scanning techniques. HBIM models will be evaluated

based on the specified criteria, and as a result of the research, it is discussed whether

the AHP model based on expert judgments and the HBIM model data created by

scanning tecniques are actually consistent with each other.

7.2

Main Results and Discussion

The main results of the research are as follows:

It is seen that there is compatibility between HBIM results and AHP results
on output data quality, automation, accuracy level, management level of data
size, rare dispalcement need and efficient scanning duration.

There is an incompatibility between HBIM results and AHP results regarding

the management level of data size, and efficient modeling duration.

However, other important results that can be obtained from the research are as

follows:

Analyzing the factors that influence expert opinions, rather than relying
solely on their direct experience, reveals a shift in perspective. The Analytic
Hierarchy Process (AHP) method removes bias by mathematically
quantifying the importance of these factors, leading to objective decision-
making.

The number of noise points resulting from three-dimensional scanning will
increase not only the quality of the point cloud but also the size of the file
and therefore the modeling time, and there are cross-relationships between
the subcriteria or criteria clusters.

In this case, changing a single input will change the result. Choosing the case
area to be outdoor rather than indoor or choosing a case area with simpler
and more ordinary architectural features will change the results. The results

are very open to change depending on the conditions.
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e Depending on the change in conditions, the factors in the criteria or

subcriteria sets should be questioned in accordance with the new situation.

To conclude this research, the results of the AHP technique are mostly consistent
with the results of the HBIM model. The research findings show that before starting
an HBIM project, the most appropriate scanning technique can be reached with the

AHP method in order to realize the project under optimal conditions.

7.3  Potentials and Limitations of the Study

The aim of this study is to achieve the most economical, highest quality and least
time-consuming 3D scanning technique by using the objective decision-making
method. Thus, project performance is contributed by using the most optimal option.
This approach has its limits. First of all, HBIM models and AHP results are not
completely compatible. There are mostly compatible. There are points that are not
predicted correctly. However, in this study, the point clouds of the three techniques
were used in their rawest versions in order to see the comparison results clearly.
However, cleaning noise points in point clouds will greatly affect technical and time
efficiency subcriteria. The literature contains many studies to obtain point clouds as
clean as possible in a short time. With various automation techniques and plug-ins,
a disadvantage of any scanning technique can be eliminated and this can cause
changes in the results. Of course, this will also affect the economic criterion. The
fact that the case area was indoors caused problems with light exposure. If an outdoor
space is scanned in three dimensions, less light problems will be encountered.
Creating a model of a building by scanning its facades will be an easier task for the
program to perceive. Scanning the exterior is like looking from the whole to the part,
but scanning the interior is like trying to look at the whole from a small piece.
Therefore, creating the point cloud of the interior will be a more challenging project.
The uniqueness and complexity of the architectural or static elements of the space

necessarily affect the result to a great extent.
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This study offers a framework that aims to identify the problems that may be
encountered in cultural structures conservation projects before starting the project,
to analyze these problems, to choose the most appropriate scanning technique, and
to create a strategy against the problems. In the literature, the AHP method has not

been used for such conservation projects. This study is valuable in this respect.

Through this study, the potentials and limits of three different screening techniques
were experienced and an efficient result was obtained by comparing them.

The limits and potential aspects encountered while creating a digital twin that can be
accessed throughout the life of the building, whose information records can be
accessed within the existing buildings in the century when the BIM adaptation

transition took place, are discussed.

7.4 Recommendations for Further Research

This research opens the door to many projects that can be developed in the future.
Creating a library by collecting expert judgments for a wide variety of case areas can
be useful in using this library to select the case area features with the help of an
application and find the most appropriate scanning technique directly. This can
prevent application or simulation users from wasting time during the survey phase
and enable them to directly access the most appropriate scanning technique. A report
on the problems that may be encountered regarding the most appropriate scanning

technique and coping strategies can also be added to this simulation.

Another finding encountered during the research is that experts working in the
relevant sector are in search of a method that can transform point cloud data into a
smart BIM object in order to create an HBIM model. The common method is to use
the point cloud as a base and do manual modeling in BIM software. However, the
method needed is a method that will determine the task of the element in the point
cloud and convert it into a BIM smart object for the relevant task. For example, an

approach that has the capacity to detect whether the vertical element in the point
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cloud is a wall or a column and transform it into a wall or column smart object
defined in BIM.
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APPENDICES

A. Consent Participation Form

Ekim 2023

ARASTIRMAYA GONULLU KATILIM FORMU

Bu aragtirma, ODTU Mimarlik Bélimi égretim iyelerinden Dog.Dr. Mehmet Koray Pekerigli tarafindan
yuratilen, kilttrlerarasi bir calismadir. Bu form sizi arastirma kosullari hakkinda bilgilendirmek igin

hazirlanmistir.
Caligmanin Amaci Nedir?

Arastirmanin amaci, katimcilarin ankette ifade edilen baglama yonelik tutum ve egilimleriyle ilgili bilgi

toplamaktir.
Bize Nasil Yardimci Olmanizi isteyecegiz?

Arastirmaya katilmayi kabul ederseniz, sizden beklenen, ankette yer alan bir dizi soruyu derecelendirme

Olgegi Uzerinde yanitlamanizdir. Bu galismaya katilim ortalama olarak 30 dakika stirmektedir.
Sizden Topladigimiz Bilgileri Nasil Kullanacagiz?

Arastirmaya katiliminiz tamamen gontllilik temelinde olmalidir. Ankette, sizden kimlik veya kurum
belirleyici higbir bilgi istenmemektedir. Cevaplariniz tamamiyla gizli tutulacak, sadece arastirmacilar
tarafindan degerlendirilecektir. Katiimcilardan elde edilecek bilgiler toplu halde degerlendirilecek ve
bilimsel yayimlarda kullanilacaktir. Sagladiginiz veriler gonulli katiim formlarinda toplanan kimlik bilgileri

ile eslestiriimeyecektir.
Katiiminizla ilgili bilmeniz gerekenler:

Anket, genel olarak kisisel rahatsizlik verecek sorular icermemektedir. Ancak, katilim sirasinda sorulardan ya
da herhangi baska bir nedenden 6tiirii kendinizi rahatsiz hissederseniz cevaplama isini yarida birakip
¢ikmakta serbestsiniz. Boyle bir durumda anketi uygulayan kisiye, anketi tamamlamadiginizi séylemek
yeterli olacaktir.

Arastirmayla ilgili daha fazla bilgi almak isterseniz:

Anket sonunda, bu ¢alismayla ilgili sorulariniz cevaplanacaktir. Bu ¢alismaya katildiginiz igin simdiden
tesekkir ederiz. Calisma hakkinda daha fazla bilgi almak icin Mimarlhk Bolimi 6gretim tyelerinden Dog.Dr.
Mehmet Koray Pekerigli (E-posta: koray@metu.edu.tr) ya da Yapi Bilimleri Yiiksek Lisans 6grencisi Ecem

Kulubecioglu (E-posta: ecem.kulubecioglu@metu.edu.tr) ile iletisim kurabilirsiniz.

Yukaridaki bilgileri okudum ve bu ¢alismaya goniillii olarak katiliyorum.

(Formu doldurup imzaladiktan sonra uygulayiciya geri veriniz).

isim Soyad Tarih imza
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