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ABSTRACT: The quality control (QC) of assembled modules is an essential process when constructing modular 
buildings such as hotels and hospitals. Defects that go undetected during module assembly may result in lost 
productivity in the form of unnecessary transportation, rework or project delays. QC has traditionally been 
performed using specialized tools and carried out a posteriori in an inspection station dedicated solely to this task. 
Nowadays, large-scale 3D metrology technology provides a more efficient alternative since it enables accurate 
measurements to be taken in situ. Additionally, mixed reality (MR) supports the immersive projection of 
information and guidance instructions. This paper introduces a proof of concept of a framework that combines 
industrial photogrammetry with the HoloLens 2 MR headset to assist with assembly and QC during the off-site 
construction phase of modular construction. Many tests were conducted in a laboratory and a factory setting to 
evaluate the system’s user-friendliness and possible challenges associated with its future implementation. The 
experiments conducted confirmed that combining 3D metrology with MR offers an interesting solution for 
integrating QC into the assembly process. However, further work is needed to enhance the measurement workflow 
and optimize the measurement system’s accuracy. 
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1. INTRODUCTION 

In modular construction, volumetric building units, or modules, are factory-built with almost complete interiors 
including plumbing, electricity, insulation and even furniture. They are then transported to the construction site for 
final building assembly, which basically involves stacking the pre-assembled modules together. The modules’ 
structure can be made of wood, steel or a combination thereof depending on the customer’s requirements and the 
final height of the assembled building. 

During module assembly in the factory, the control of key characteristics (e.g., overall dimensions, squareness 
error, parallelism of the ceiling and floor) is essential to ensure the module complies with the specifications and 
estimate the adjustment shims needed when stacking modules on-site. Traditionally, this process has been carried 
out manually using tools like measuring tapes and levels in the assembly stage and controlled a posteriori at an 
inspection station dedicated solely to this task. If necessary, adjustments and corrections are then made, which 
leads to lost productivity in the form of unnecessary transportation, rework or project delays. 

The advent of contactless 3D metrology provides a valuable alternative since it makes it possible to take accurate 
measurements in situ, while building information modeling (BIM) provides a 3D digital representation of as-
designed buildings. This combination of technologies thus automates inspection and digitalizes QC information. 
QC automation in the prefabricated construction industry has been addressed in recent research. Bae and Han 
(2021) proposed a vision-based approach to off-site quality inspection that reconstructs 3D point clouds using a 
projector camera system and computes how much scans deviate from the virtual model to generate quality 
assessment error maps. Kim et al. (2019) proposed to use a registration-free mirror-aided laser scanning approach 
to inspect the dimensions and geometric requirements of planar prefabricated elements. Xu, Kang, and Lu (2020) 
used laser scanning reconstruction technology to inspect surface defects in prefabricated concrete elements. The 
information they collected during QC was then stored in accordance with the Industry Foundation Classes (IFC) 
standard and integrated in a BIM platform. 

In industry, advances in 3D measurement systems have made it possible to incorporate inspection in the assembly 
process, which is referred to as measurement-assisted assembly (MAA). The term MAA is used to describe any 
process that involves measurements being used to guide assembly and QC (Muelaner, Kayani, Martin, & 
Maropoulos, 2011) 

MAA was first introduced as a paradigm shift for the assembly of high-quality large-scale complex structures like 
aircraft frames to eliminate the monolithic jigs and manual specialized tools that were usually involved in large 
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flexible-component assembly (Maropoulos, Muelaner, Summers, & Martin, 2014). This paradigm shift was 
motivated by advances in large-scale 3D metrology systems that made it possible to take measurements during 
fabrication or in situ. This is particularly beneficial because large-scale structures are often too big to fit into 
conventional measuring devices or be transported to calibration laboratories (Schmitt et al., 2016). While the 
construction industry requires less accuracy than the aerospace industry, the same concept can be used to integrate 
QC in the assembly process of modular and prefabricated structures. 

On the other hand, workers need to keep their hands free during assembly to move around and carry their tools. 
Augmented reality (AR) and mixed reality (MR) technology can make a significant contribution here. They merge 
computer-generated information with real-world sensations using a device (e.g., a head-mounted screen, a 
projector, or a tablet) that provides an immersive user experience and eliminates the need to constantly look at 
fixed screens for information. In the case of MR, the user can interact with the virtual objects (Peddie, 2017). MR 
can be seen as an evolution of AR that has been made possible by technological advances in sensors and imaging 
techniques (Park, Bokijonov, & Choi, 2021). 

Various studies have evaluated applying AR and MR to assembly tasks and inspection processes. Qin et al. (2021) 
investigated whether it was possible to use head-mounted AR displays for wood frame assembly tasks. Ahn, Han, 
and Al-Hussein (2019) proposed to use a projection-based AR system to provide workers with visual guidance 
during manual panel assembly. Their system projected as-designed models (panel drawings) into the assembly 
station. Kwiatek et al. (2019) demonstrated that using a mobile AR application in conjunction with 3D scanning 
during pipe section assembly and inspection improved productivity, reduced the amount of work that needed to be 
redone, and enhanced workers’ spatial skills. Talamas (2017) evaluated using MR interfaces to automate the 
metrology process flow for in-line assembly process inspection and found that each volunteer made fewer errors 
when using the MR interface than paper or laptop instruction guides. 

The aim of this paper is to propose a proof of concept of a framework that combines 3D measurement technology 
and MR to integrate QC in off-site module structure assembly. The purpose is to enhance productivity during the 
assembly process, provide more accurate measurements, and ensure quality output traceability. 

2. MATERIALS AND METHODS 

2.1 Measurement Equipment 

In this research, we focus on assembling a cuboid wood frame structure formed of a floor, four walls and a ceiling. 
We suppose that the quality of these six parts was previously controlled. To control the quality of the assembly 
process, we measure the 3D position of a set of points that will make it possible to control the key characteristics, 
(KCs) the overall dimensions, squareness error, parallelism of the ceiling and floor, etc. These positions will then 
be compared to the data represented in the computer-aided design (CAD) model. Fig. 1 illustrates the wood frame 
structure and the set of control points. 

 

Fig. 1: Wood frame structure 
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Photogrammetry is a technology that is based on the principle of optical triangulation. An element is positioned in 
3D space by at least two cameras that are used to identify targets from different viewpoints. The targets reflect 
infrared light. The cameras can then capture the position of the targets and position them in relation to the 
measurement system reference. Multiple targets can be perceived simultaneously, and their positions can be 
determined dynamically for real-time target tracking (≥ 10 Hz). Photogrammetry is used in many sectors for 
dimensional inspection. In our research, we use its tracking capability to provide 3D measurement data to assist 
with the assembly process. C-Track is a photogrammetry device from the company Creaform® that has a 
measurement volume of up to 16 m3. Its measurement range can be extended by combining up to four devices to 
form a measuring system around assembly stations. This eliminates the need to transport measuring equipment 
from one station to another. Additionally, C-Track can be integrated with portable scanners to probe or scan specific 
geometric elements as required. 

However, the retroreflective targets that are commonly used with C-Track, such as stickers and magnetic artifacts, 
are unsuitable for wood framing and cannot be accurately calibrated in the CAD model. To address this limitation, 
customized artifacts have been developed. The artifacts are designed to be easily attached to a wood frame. Each 
artifact is composed of three retroreflective targets (C1, C2, C3) to locate a point in 3D space. The targets have 
different spacing to be able to easily differentiate them. Fig. 2 shows a sample artifact developed for tracking the 
upper corner of a wall. 

 

 

Fig. 2: Sample artifact 

2.2 Measurement System Setup 

Prior to initiating the inspection process, certain preliminary operations must be conducted to prepare the 
measurement system. These operations are: environmental referencing, alignment (or registration), and tracking 
model creation. 

Environmental referencing: This step serves to establish a frame of reference for C-Track within the real 
environment. The working environment is identified using retroreflective targets (the targets shown in blue in Fig. 
3 (a)). These targets are then registered using the primary C-Track (if multiple C-Tracks are used) and exported as 
a reference file. Once this has been done, measurements can be taken by moving C-Track within the referenced 
environment.  

Alignment: To be able to compare measured point coordinates with the CAD model, the C-Track needs to be 
aligned within the 3D CAD volume. This involves creating reference entities that align the instrument in the 
metrology software workspace with the real-world instrument. We utilized the floor as a centerpiece. 
Three perpendicular planes were probed and used to define the measurement coordinate system (as illustrated in 
Fig. 3 (b)), which was then aligned with the CAD model. Creaform’s HandyPROBE portable probe was used with 
C-Track for this alignment process. 

Tracking model creation: The tracking model refers to the collection of retroreflective targets that the C-Track 
system dynamically tracks. To create this model, the targets comprising the tracked artifacts are registered using 
the C-Track. Fig. 3 (c) illustrates this process. The acquired targets are then exported as a text file for future use 
during the inspection process. 
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Fig. 3: Measurement system setup 

2.3 Data Processing  

The raw data collected by C-Track has to be processed and interpreted in order to extract KCs and interpret the 
measurements in line with the technical specifications. VxElements® software was used with C-Track for data 
acquisition. For data post-processing, inspection software offers a wider range of tools. In this project, 
PolyWorks Inspector® was used to extract dimensions from a CAD model, import measurement data and compare 
the measurement data with the CAD data. Moreover, macro scripting was used to automate the dynamic 
measurement process workflow. 

For each artifact (see Fig. 2), C-Track provides the (𝑥𝑥,𝑦𝑦, 𝑧𝑧) positions of the three targets (C1, C2, C3). It is thus 
possible to create a local coordinate system (ℓ) attached to the artifact. Once the geometry of the artifact is known, 
the position of a point of interest (for example, an upper corner of a wall) can be determined in the local coordinate 
system. Geometric transformation makes it possible to determine the point of interest’s position in the global 
coordinate system (the measurement coordinate system). This logic is computed via macro scripts in 
PolyWorks Inspector®. The detailed method is explained below. 

The first step is to identify the targets, which involves associating them with each point of interest and 
distinguishing each artifact’s different targets. To identify the targets that correspond to each artifact, we calculate 
the Euclidean distances between the nominal position of the corresponding point of interest and the targets. The 
three targets that lie within a sphere of radius 10 cm around a point of interest are considered the targets associated 
with the relevant artifact. If one or more targets are missing, an error message is displayed. This approach is based 
on the assumption that the part (the wall, for example) is positioned roughly at its nominal (CAD) position. Once 
the three targets associated with each artifact have been identified, the three targets are distinguished by comparing 
the distances between the targets based on the artifact’s geometry. Equation 2.1 provides the vector calculations 
for creating a local coordinate system ℓ�𝚤𝚤ℓ, 𝚥𝚥ℓ,𝑘𝑘�⃗ ℓ� around each artifact using the positions of the three targets (C1, 
C2, C3). 

𝚤𝚤ℓ � 𝐶𝐶� � 𝐶𝐶�
∥ 𝐶𝐶� � 𝐶𝐶� ∥ ;  𝚥𝚥ℓ � 𝐶𝐶� � 𝐶𝐶�

∥ 𝐶𝐶� � 𝐶𝐶� ∥ ;  𝑘𝑘ℓ���⃗ � 𝚤𝚤ℓ˄𝚥𝚥ℓ 2.1 

The position of the point of interest in the global coordinate system g, 𝑃𝑃� � �𝑥𝑥�,𝑦𝑦� , 𝑧𝑧��, is calculated by geometric 
transformation from the position of the point of interest in the local coordinate system ℓ (𝑃𝑃ℓ � �𝑥𝑥ℓ,𝑦𝑦ℓ, 𝑧𝑧ℓ�). This 
transformation is represented by Equation 2.2: 
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𝑃𝑃� � T�/ℓ ∙ 𝑃𝑃ℓ 2.2 

where 𝑇𝑇�/ℓ is the transformation matrix from the local coordinate system (ℓ) to the global coordinate system (𝑔𝑔). 
To represent this transformation using homogeneous coordinates, Equation 2.2 is equivalently expressed as 
Equation 2.3: 

�
𝑥𝑥�𝑦𝑦�𝑧𝑧�
1
� � �

𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟�� 𝑡𝑡�𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟�� 𝑡𝑡�
𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟�� 𝑡𝑡�0 0 0 1

� ∙ �
𝑥𝑥�𝑦𝑦�𝑧𝑧�1
� 2.3 

Equation 2.4 donates the rotation matrix: 

�
𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟��𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟��𝑟𝑟�� 𝑟𝑟�� 𝑟𝑟��

� �
⎣
⎢⎢
⎡𝑥𝑥𝑥𝑥� 𝑥𝑥𝑥𝑥� 𝑥𝑥𝑥𝑥�⃗ �
𝑦𝑦𝑥𝑥�̅ 𝑦𝑦𝑥𝑥� 𝑦𝑦𝑥𝑥�⃗ �
𝑧𝑧𝑥𝑥� 𝑧𝑧𝑥𝑥� 𝑧𝑧𝑥𝑥�⃗ �⎦

⎥⎥
⎤
 2.4 

The translation vector corresponds to the coordinate of the origin of the local coordinate system in the global 
coordinate system as donated by Equation 3.1: 

�
𝑡𝑡�𝑡𝑡�
𝑡𝑡�
� � �

𝑥𝑥𝑥𝑥1�
𝑦𝑦𝑥𝑥1�
𝑧𝑧𝑥𝑥1�

� 2.5 

2.4 User Interface 

As mentioned above, this project uses MR to project dynamic measurements for a user during wood frame structure 
assembly. The HoloLens 2 headset is a completely standalone head-mounted display (HMD), which means that it 
doesn’t need to be connected to a separate computing device. In addition, it is MR-based, which means that it 
enables users to interact in real time with digital content that is superimposed on the real world. The content takes 
the form of holograms, and the holograms interact simultaneously with the user and the real world. Furthermore, 
HoloLens 2 enables users to interact with holograms using voice commands, hand gestures or eye movement. 
What’s more, the technology makes it possible for two users in different locations to see what the other sees, which 
enables one to guide the other through a process or simply interact with the world the other sees. This feature has 
the potential to make remote collaboration easier, more efficient and far more interactive. In addition, an MR plug-
in exists for PolyWorks Inspector that makes it possible to manipulate an inspection project directly on HoloLens 2. 
Macro scripting can also be used to customize the user interface displayed by HoloLens 2. 

The user interface must provide the operator with the values of the KCs measured to guide the adjustments to be 
made and ensure the geometric quality of the assembly. In addition, it must enable the operator to perform certain 
control commands, such as exporting results and navigating between different inspection stages. 

The user interface proposed has two components (Fig. 4): (i) the menu or toolbar, which is composed of 
three buttons that are each associated with a command Button 1 launches dynamic measurement, Button 2 exports 
the measurement results, and Button 3 shows or hides the CAD hologram; and (ii) annotations to display the 
measured value’s deviation from the nominal value along the 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 axes. The annotations are displayed at 
the nominal position of the corresponding point of interest and change color depending on whether the measured 
value is within or outside of the tolerance interval. Note that the functionalities of the PolyWorks AR plug-in for 
HoloLens 2 were used to align the CAD hologram with the real environment. 
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Fig. 4: User interface created for the HoloLens 2 headset 

3. LABORATORY TESTING  

In order to conduct tests in a laboratory setting, a scaled-down module had to be constructed that adhered to spatial 
and ergonomic limitations. The scaled module replicates a typical wood frame structure and is around 1/8th the 
size of an actual module. The module was designed using CAD software. Dimensional and geometric data was 
present in the CAD model and served as reference information for the nominal (as-designed) model. The measured 
data was subsequently compared with this nominal data. 

3.1 Experimental Setup 

The floor was placed on a granite surface plate and secured to the table with a weight to prevent it from moving 
(see the picture on the right in Fig. 5). Next, we acquired the reference targets, performed alignment and acquired 
the tracking model as explained in § 2.2. 

In an industrial context, adjustable braces are used while assembling walls. A turnbuckle system was built to 
replicate this for the experiment and allow the operator to easily adjust the position of the wall while tracking the 
position of the point of interest (see the picture on the left in Fig. 5). 

 

Fig. 5: Experimental setup 
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3.2 Gage Repeatability and Reproducibility Study 

A measurement may be influenced by various sources of variation during the inspection process, which results in 
there being uncertainty associated with each measurement result. Measurement uncertainty is a quantitative 
assessment of the unreliability associated with a measurement result based on probability distributions. The 
dispersion of a set of measurements of a quantity can be characterized using the estimator of its standard deviation, 
which is also known as standard uncertainty (𝜎𝜎). 

Studying the overall uncertainty of the measurement system and evaluating whether the system is able to accurately 
detect quality defects requires more in-depth study that is beyond the scope of this project. In this study, we intend 
only to evaluate the amount of variation in the measurement data that is attributable to the measurement system in 
the configuration proposed. Measurement system variation consists of two important factors, repeatability and 
reproducibility (R&R). Repeatability is related to equipment variation, whereas reproducibility is related to 
inspector or operator variation. Measurement system variation can be assessed by conducting a Gage R&R study, 
which involves data being collected by having multiple operators measure the same set of parts in a random order. 
Several methodologies can be used for statistical analysis of the data obtained from the Gage R&R study. We chose 
to use the ANOVA method, which breaks down the sources of measurement system variation as follows:(1) part-
to-part: variation originating from the parts being studied; (2) reproducibility: variation originating from the 
operator(s); (3) operator/part: variation arising from the operator(s) interacting with the parts; and (4) repeatability: 
variation that originates from the measuring system and cannot be attributable to other sources of variation. The 
purpose of measuring multiple parts is to evaluate manufacturing method variation, which is also beyond the scope 
of our research. Therefore, only one part is measured in this study and, thus, variation sources (1) and (3) listed 
above (which are usually provided by ANOVA) are not taken into consideration in our analysis results. 

 

3.3 Test Sequence 

Two operators were asked to repeat the positioning of a wall while tracking the position of the wall’s two upper 
corners. An operator begins by wearing the MR headset and opening the project. The interface displays a hologram 
of the CAD file with the wall in its nominal position along with a three-button menu, the latter of which is described 
in § 2.4. The operator then positions the wall approximately in its nominal position and attaches it to the floor and 
the adjustable assembly brace system. They then fasten the artifacts to the top corners of the wall. Afterwards, they 
start dynamic measurement by pressing Button 1. The annotations are displayed to indicate each point of interest’s 
positioning error on the 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 axes. 

The operator begins by adjusting the wall’s position along the x-axis in accordance with the deviation values 
displayed in the annotations for Points 1 and 2 (see Fig. 5). Once the 𝑥𝑥 coordinate is within tolerance, the operator 
adjusts the position of Point 1 along the 𝑦𝑦 and 𝑧𝑧 axes by adjusting the adjustable brace. When Point 1’s position 
is within tolerance along all three axes, the annotation changes from red to green. The operator then moves on to 
Point 2 and adjusts its position along the 𝑦𝑦 and 𝑧𝑧 axes. Once both annotations are green (see Fig. 5), the operator 
stops dynamic measurement by pressing Button 2, which automatically exports the values to a text file. Each 
operator repeated the sequence 37 times, with six measurements captured each time: Point1_x, Point1_y, Point1_z, 
Point2_x, Point 2_y and Point2 _z. 

3.4 Results and Discussion 

The data collected was analyzed using the ANOVA method. Table 1 indicates the repeatability and reproducibility 
standard deviation of 𝑥𝑥 , 𝑦𝑦  and 𝑧𝑧  for Points 1 and 2. The precision-to-tolerance ratio 𝑃𝑃 𝑃𝑃   is expressed by 
Equation 3.1:  

𝑃𝑃 𝑃𝑃 �  6𝜎𝜎
𝑈𝑈𝑈𝑈𝑈𝑈 � 𝑈𝑈𝑈𝑈𝑈𝑈 3.1 

 

where 𝑈𝑈𝑈𝑈𝑈𝑈 is the upper specification limit, 𝑈𝑈𝑈𝑈𝑈𝑈 is the lower specification limit, and 𝜎𝜎 is the standard deviation 
of the measurement error. 
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Table 1: Gage R&R results 
 Point 1 Point 2 

 𝑥𝑥 𝑦𝑦 𝑧𝑧 x 𝑦𝑦 𝑧𝑧 

𝜎𝜎�������������  0.335 0.487 0.152 0.325 0.413 0.089 

𝜎𝜎��������������� 0.000 0.019 0.028 0.000 0.237 0.029 

𝜎𝜎�&�  0.335 0.487 0.154 0.325 0.476 0.093 

𝑃𝑃 𝑃𝑃  33.5% 49% 15% 33% 48% 9% 

 

The results show that the maximum total standard deviation is 0.487 mm. This means that 95% of the time, the 
measurement value varies by no more than 4𝜎𝜎�����  = 1.948 mm (�2𝜎𝜎�����  = ±0.974 mm), which is below the 
maximum allowed tolerance range of 6 mm (±3 mm) indicated in the technical specification. However, for a 
measurement system to be considered “good”, its precision-to-tolerance ratio must be ≤10%. (Note that 
10%<𝑃𝑃 𝑃𝑃 ≤30% is borderline, and 𝑃𝑃 𝑃𝑃 >30% is unacceptable). 

It should be noted, however, that system variation is influenced by the fact that the operator is asked to position 
each point within an interval of ±1 mm. This can be confirmed by the fact there is less variation along the axis-𝑧𝑧 
since this value is the least impacted by the positioning interval. In fact, when the operator adjusts the braces, the 
wall’s position along the 𝑧𝑧 -axis almost doesn’t change. In addition, given the experimental setup, the 𝑦𝑦 -axis 
corresponds to C-Track’s depth axis. A study of the effect C-Track’s depth of field has on measurement system 
variation showed that the depth of field has a significant effect on system repeatability (Émond-Girard, 2022). In 
all cases, the system repeatability error is greater than the reproducibility error, which means that the greatest 
source of variation is the measurement system itself, not operator manipulation. 

4. FACTORY TESTING 

In order to assess the user-friendliness of the proposed system and to highlight potential constraints linked to its 
use in an industrial environment, a test was carried out under real working conditions. Below is a description of 
the experimental setup and test procedure used, as well as the findings and observations noted following the test. 

4.1 Experimental Setup and Test Sequence 

A near-real-size module was designed to perform factory testing. The artifacts were also adjusted to a true scale. 
All system setup steps, including referencing the environment, aligning the measurement system with the CAD 
model’s global coordinate system, creating the tracking model, and aligning the CAD hologram with the real 
environment were first completed by the research team. Then, we explained to the operators assigned to take part 
in the tests how the system worked. Three (3) operators then worked together to pre-assemble the module and add 
the adjustable wall braces. One operator attached the artifacts and put on the MR headset to begin positioning the 
wall beginning with Point 1. Since the annotation displayed on the MR headset was small, the operator had to 
climb a ladder to read the value. The other two operators adjusted the position of the wall following the instructions 
given by the operator wearing the MR headset. The process was repeated until the position of Point 1 was within 
the desired tolerance range. The process was then repeated for Point 2 following the same procedure. Fig. 6 shows 
the test sequence. 

 

Fig. 6: Factory testing sequence 
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4.2 Observations and Discussion  

The preliminary actions involved in referencing the environment can be quite demanding in an industrial context. 
The referencing targets that C-Track requires to locate itself may move due to vibration and operator movement. 
In addition, during the assembly stage, the floor often moved (drilling of the floor to fix the adjustable wall braces, 
operator movement, etc.), which made the proposed registration method (alignment of measured data and CAD 
data) not well suited to the real context. The operator who used the HoloLens 2 headset reported that it was easy 
to use and comfortable to wear and work with. However, during the test, some drawbacks were noted with the user 
interface, such as the size of the annotations, which was deemed to be too small. Also, we had to explain to the 
operator the orientation of the axes and how to interpret the values displayed in the annotation because the 
coordinate system axes and displacement vectors were not indicated. 

5. CONCLUSION 

In this research, we were able to achieve a proof of concept of a system that combines industrial photogrammetry 
and MR to assist operators during the assembly of a wood frame structure. Points of interests were tracked and 
compared to the nominal data presented in the CAD model. The deviation between the nominal value and the 
measured value was projected on the real assembly through the MR headset. The proposed solution also supported 
the documenting of measurement results. 

Although the Gage R&R study results showed that the measurement system varied less than the allowed tolerance 
range indicated in the technical specification, its precision-to-tolerance ratio is still higher than what is 
recommended. The error associated with artifact fabrication can contribute significantly to the system’s variation; 
thus, further research should work on optimizing the artifact and using the artifact’s as-manufactured geometry 
when computing the measurement data to minimize the amount of variation generated by the artifacts. Further 
research must be done to evaluate the measurement system’s overall uncertainty and validate the system’s ability 
to detect nonconformities. 

The test completed in the industrial context helped to identify some drawbacks related to the proposed solution, 
and, thus, this research serves as a guideline for potential future implementation of a quality control system that 
combines 3D metrology and MR for integration in an assembly process. 

The proposed measurement setup was complex and time-consuming, and keeping the reference targets stable 
seemed to be a struggle during factory testing. In order to use photogrammetry in in situ measurement-assisted 
assembly, fixed reference entity has to be integrated in the plant layout. Other large-scale technologies like indoor 
global positioning system (iGPS) could be investigated as an alternative type of measurement equipment. Also, 
improvements could be made to the user interface to provide the operator with more visual guidance and a more 
ergonomic way to display the measured values could be sought. 

REFERENCES 

Ahn, S., Han, S., & Al-Hussein, M. (2019). 2D Drawing Visualization Framework for Applying Projection-Based 
Augmented Reality in a Panelized Construction Manufacturing Facility: Proof of Concept. Journal of Computing 
in Civil Engineering, 33(5), 04019032. https://doi.org/10.1061/(ASCE)CP.1943-5487.0000843 

Bae, J., & Han, S. (2021). Vision-Based Inspection Approach Using a Projector-Camera System for Off-Site 
Quality Control in Modular Construction: Experimental Investigation on Operational Conditions. Journal of 
Computing in Civil Engineering, 35(5), 04021012. https://doi.org/10.1061/(ASCE)CP.1943-5487.0000978 

Émond-Girard, Laurent. 2022. “Analyse de l’erreur du positionnement assisté par la métrologie 3D sans contact.” 
masters, École de technologie supérieure. Retrieved from https://espace.etsmtl.ca/id/eprint/3011/ 

Kim, M.-K., Wang, Q., Yoon, S., & Sohn, H. (2019). A mirror-aided laser scanning system for geometric quality 
inspection of side surfaces of precast concrete elements. Measurement, 141, 420–428. 
https://doi.org/10.1016/j.measurement.2019.04.060 

Kwiatek, C., Sharif, M., Li, S., Haas, C., & Walbridge, S. (2019). Impact of augmented reality and spatial cognition 
on assembly in construction. Automation in Construction, 108, 102935. 
https://doi.org/10.1016/j.autcon.2019.102935 

CONVR2023

[1179]

23° International Conference on Construction Applications of Virtual Reality
"MANAGING THE DIGITAL TRANSFORMATION OF CONSTRUCTION INDUSTRY"

1179 

section e - AdvAnced techniques for the conservAtion And mAnAgement of built Assets



 

 

Maropoulos, P. G., Muelaner, J. E., Summers, M. D., & Martin, O. C. (2014). A new paradigm in large-scale 
assembly—Research priorities in measurement assisted assembly. The International Journal of Advanced 
Manufacturing Technology, 70(1–4), 621–633. https://doi.org/10.1007/s00170-013-5283-4 

Muelaner, J., Kayani, A., Martin, O., & Maropoulos, P. (2011). Measurement Assisted Assembly and the Roadmap 
to Part-To-Part Assembly: 7th International Conference on Digital Enterprise Technology. 11–19. Retrieved from 
https://researchportal.bath.ac.uk/en/publications/measurement-assisted-assembly-and-the-roadmap-to-part-to-
part-ass 

Park, S., Bokijonov, S., & Choi, Y. (2021). Review of Microsoft HoloLens Applications over the Past Five Years. 
Applied Sciences, 11(16), 7259. https://doi.org/10.3390/app11167259 

Peddie, J. (2017a). Augmented Reality. Cham: Springer International Publishing. https://doi.org/10.1007/978-3-
319-54502-8 

Qin, Y., Bloomquist, E., Bulbul, T., Gabbard, J., & Tanous, K. (2021). Impact of information display on worker 
performance for wood frame wall assembly using AR HMD under different task conditions. Advanced Engineering 
Informatics, 50, 101423. https://doi.org/10.1016/j.aei.2021.101423 

Schmitt, R. H., Peterek, M., Morse, E., Knapp, W., Galetto, M., Härtig, F., … Estler, W. T. (2016). Advances in 
Large-Scale Metrology – Review and future trends. CIRP Annals, 65(2), 643–665. 
https://doi.org/10.1016/j.cirp.2016.05.002 

Talamas, D. A. C. (2017). A Mixed Reality Approach for In-Process Verification of Large Scale Assemblies 
(University of Bath). University of Bath. Retrieved from https://researchportal.bath.ac.uk/en/studentTheses/a-
mixed-reality-approach-for-in-process-verification-of-large-sca 

Xu, Z., Kang, R., & Lu, R. (2020). 3D Reconstruction and Measurement of Surface Defects in Prefabricated 
Elements Using Point Clouds. Journal of Computing in Civil Engineering, 34(5), 04020033. 
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000920 

 

CONVR2023

[1180]

23° International Conference on Construction Applications of Virtual Reality
"MANAGING THE DIGITAL TRANSFORMATION OF CONSTRUCTION INDUSTRY"

1180 

CONVR 2023. PROCEEDINGS OF THE 23RD INTERNATIONAL CONFERENCE ON CONSTRUCTION APPLICATIONS OF VIRTUAL REALITY


	title page
	copyright page
	Table of contents
	Conference Committee
	Organizing Institutions
	Foreword
	Daniel Napps, Markus König, Investigation of the Acceptance of Virtual Reality for Planning Decisions in Early Design Phases
	Christoph Blut, Tristan Kinnen, Jörg Blankenbach, Dirk Heidermann, Felix Schellong, Building Inspector XR: Streamlining Scan-to-BIM with Virtual and Mixed Reality  
	Corentin Coupry, Paul Richard, David Bigaud, Sylvain Noblecourt, David Baudry, The Value of Extended Reality Techniques to Improve Remote Collaborative Maintenance Operations: A User Study  
	Mario Wolf, Jochen Teizer, Creation and Acceptance of Low-Threshold Mobile Training on Sustainability in Construction  
	Mohamed Assaf, Rafik Lemouchi, Mohamed Al-Hussein, Xinming Li, A Collaborative Planning Model for Offsite Construction Based on Virtual Reality and Game Engines  
	Anthony Yusuf, Abiola Akanmu, Adedeji Afolabi, Homero Murzi, Prediction of Cognitive Load during Industry-Academia Collaboration via a Web Platform  
	Shahin Sateei, Mattias Roupe, Mikael Johansson, Transitioning from 2D to VR in Design Review – Resistance to Engagement  
	Mikael Johansson, Mattias Roupé, Mikael Viklund Tallgren, Collaborative Site Layout Planning Using Multi-Touch Table and Immersive VR  
	Eleonora D’Ascenzi, Vito Getuli, Irene Fiesoli, Application of Smart Technologies for Assessing Users’ Well-Being for Immersive Design Strategies: A State-of-the-Art Review  
	Girish Srivatsa Rentala, Yimin Zhu, Investigating the Ability of Immersive Virtual Environments to Facilitate Occupant Thermal State Data Collection Involving Face Masks  
	Leonardo Messi, Francesco Spegni, Massimo Vaccarini, Alessandra Corneli, Leonardo Binni, Seamless Indoor/Outdoor Marker-Less Augmented Reality Registration Supporting Facility Management Operations  
	Xiang Yuan, Qipei Mei, Xinming Li, Integrating Real-Time Object Detection into an AR-Driven Task Assistance Prototype: An Approach Towards Reducing Specific Motions in Therbligs Theory  
	Naotaka Sumida, Taira Ozaki, Satoshi Kubota, Dan Hiroshige, Yoshihiro Yasumuro, Visualization of Weather-Aware Ambient Heat Risks 
With Global Illumination in Game Engine  
	Ivan Mutis, Marina Oberemok, Nishanth Purushotham, Improving Sense-Making for Construction Planning Tasks Using Visual and Haptic Stimuli in Virtual Reality Environments  
	Kilian Speiser, Kepeng Hong, Jochen Teizer, Enhancing the Realism of Virtual Construction Safety Training: Integration of Real-Time Location Systems for Real-World Hazard Simulations  
	Roghieh Eskandari, Ali Motamedi, Visibility Enhancement of Crane Operators Using BIM-Based Diminished Reality  
	Khalid Amin, Grant Mills, Duncan Wilson, Karim Farghaly, Adapting BIM-Based AR Positioning Techniques to the Construction Site  
	Rafik Lemouchi, Mohamed Assaf, Mohamed Al-Hussein, Khaoula Boutouhami, Ahmed Bouferguene, Safety Training for Rigging Using Virtual Reality  
	Alessandra Corneli, Berardo Naticchia, Massimo Vaccarini, Alessandro Carbonari, Francesco Spegni, Application of Diminished Reality for Construction Site Safety Management  
	Monica Meocci, Alessandro Terrosi, Andrea Paliotto, Francesca La Torre, Irene Infante, Driving Simulator for Road Safety Design: A Comparison Between Virtual Reality Tests and In-Field Tests  
	Fadi Castronovo, Seyedreza Razavialavi, Abdullahi Abdulrahman, Mohammed Rayan Saiba, Pablo Martinez Rodriguez, Assessing Impacts of Immersive Virtual Reality-Based Design Reviews on Learners’ Self-Efficacy  
	Xuanchang Liu, Ivan Mutis, Cognitive Dynamics for Construction Management Learning Tasks in Mixed Reality Environments  
	Anthony Yusuf, Adedeji Afolabi, Abiola Akanmu, Johnson Olayiwola, Evaluation of Computer Vision-Aided Multimedia Learning in Construction Engineering Education  
	Marco Bragadin, Caterina Morganti, Pier Carlo Ricci, Emlyn Witt, Kalle Kähkönen, Puolitaival Taija, BIM-Based Open Learning Resources Repository for the Benedict Project  
	Aso Hajirasouli, Vito Getuli, Alessandro Bruttini, Tommaso Sorbi, Pietro Capone, Towards a Digital Era in AEC Higher Education: Combining Theory and Technology to Develop and Deliver Architectural Master Classes  
	Caolan Plumb, Farzad Rahimian, Diptangshu Pandit, Hannah Thomas, Nigel Clark, A Framework for Realistic Virtual Representation for Immersive Training Environments.  
	Vito Getuli, Valentina Fornasari, Alessandro Bruttini, Tommaso Sorbi, Pietro Capone, Evaluation of Immersive VR Experiences for Safety Training of Construction Workers: A Semi-Qualitative Approach Proposal  
	Nana Akua Adu-Amankwa, Farzad Rahimian, Nashwan Dawood, Enhancing Collaboration with Blockchain-Enabled Digital Twins: Perspectives from Stakeholders in the Built Environment  
	Xuling Ye, Xingyu Tao, Jack C. P. Cheng, Markus König, Blockchain-BPMN Integrated Framework for Construction Management  
	Xingyu Tao, Xingbo Gong, Moumita Das, Yuqing Xu, Hao Liu, Jack Cp Cheng, Chengliang Zheng, Fast and Secure BIM Design Using Blockchain: An Example of Makeshift Hospital Project for COVID-19 Treatment in Hong Kong  
	Xingbo Gong, Xingyu Tao, Moumita Das, Helen H.L. Kwok, Jack C.P. Cheng, Integrating ESG Factors into Construction Projects: A Blockchain-Based Data Management Approach  
	Moumita Das, Xingyu Tao, Yuxing Xu, Jack C. P. Cheng, A Blockchain-Based Secure Submission Management Framework for Design and Construction Phases  
	Lingming Kong, Rui Zhao, Fan Xue, Zero-Knowledge Proof for Trusted Construction Management: A Preliminary Study of Adaptive Blockchain BIM Identity Authentication  
	Oluwatoyin Lawal, Nawari Nawari, Leveraging Smart Contracts in Building Information Modeling (BIM) for Unified Project Execution: A Theoretical Framework.  
	Mehrtash Soltani, Dohyeong Kim, Akeem Pedro, Jaehun Yang, Si Tran, Doyeop Lee, Chansik Park, iSafeIncentive: Transforming Construction Safety Culture through Blockchain Incentives  
	Franck Romuald Fotso Mtope, Sina Joneidy, Diptangshu Pandit, Farzad Rahimian, Multi-Aspectual Knowledge Elicitation for Procurement Optimization in a Warehouse Company  
	David King, Nadeeshani Wanigarathna, Keith Jones, Joseph Ofori-Kuragu, A Systematic Literature Review to Identify a Methodological Approach for Use in the Modelling and Forecasting of Capital Expenditure of Hyperscale Data Centres  
	Zhe Chen, Zhengting Guo, Fan Xue, A Value Stream Mapping Approach to the Identification of Lean Management Opportunities for Off-Site Construction Production: A Case of Reinforced Concrete Slabs  
	David King, Nadeeshani Wanigarathna, Keith Jones, Joseph Ofori-Kuragu, Bayes Theory as a Methodological Approach to Assess the Impact of Location Variables of Hyperscale Data Centres: Testing a Concept  
	Giuseppe Martino Di Giuda, Elisa Cacciaguerra, Francesco Paleari, Marco Schievano, Stefano Campi, Alessandro Tucci, University Asset Digitalization Guidelines: The Pilot Case of Politecnico di Milano Real Estate  
	Giuseppe Martino Di Giuda, Daniele Accardo, Paola Gasbarri, Silvia Meschini, Lavinia Chiara Tagliabue, Laura Scomparin, BIM-GIS and BI Integration for Facility and Occupancy Management of University Assets: The UNITO Pilot Case  
	Mattia Mangia, Carla Di Biccari, Mattias Roupé, Towards a Framework for Railway Network Assets Management Based on BIM/GIS Integration  
	Paola Federici, Daniela Julea, Sara Comai, Kavita Raj, Silvia Mastrolembo Ventura, Giuseppe Rigamonti, Giorgio Paolo Maria Vassena, Angelo Luigi Camillo Ciribini, Integration Between Enterprise Resource Planning and Building Information Modelling  
	Vincenzo Donato, Andrea Bongini, Marco Sparacino, Development of an Automated Workflow in the Field of Fire Prevention Using Building Information Modeling  
	Panos Karaiskos, Tulio Sulbaran, Data-Driven Construction and Operating Cost Decision Support Through Techno-Economic Analysis: Residential Case Study  
	Syed Haseeb Ahmad, Melissa Chan, Wei Yang, Hongyu Jin, Amirhossein Heravi, Building Information Modelling (BIM) for Construction Supply Chain: A Scientometric Analysis  
	Eleanor Hayden, Melissa Chan, David van Kan, Victor Arowoiya, Mohd. Amizan Mohamed, E-Procurement in the Australian Construction Industry: Benefits, Barriers, and Adoption  
	Bartu Kologlu, Deniz Artan, A Preliminary Investigation of Knowledge Management Tools for the Construction Sector  
	Suhyung Jang, Ghang Lee, Improving BIM Authoring Process Reproducibility with Enhanced BIM Logging  
	Nazi Soltanmohammadlou, Sara Rashidian, Carol K. H Hon, Robin Drogemuller, Sara Omrani, Towards Construction Safety Management Maturity Model in the Industry 4.0 Era: A State-of-the-Art Review  
	Silvia Mastrolembo Ventura, Sara Comai, Francesca Noardo, Kavita Raj, Angelo L.C. Ciribini, Integrated GeBIM Requirements Definition for Digital Building Permit  
	Ailin Zerafat, Emmanuel Daniel, Louis Gyoh, A Systematic Review of the Impacts of Digitalization on Project Management  
	Tulio Sulbaran, Evaluating the Comprehension of Construction Schedules of an Artificial Intelligence  
	Xinqi Liu, Jihua Wang,  Ruopan Huang, Wei Pan, Multi-Robot Federated Edge Learning Framework for Efficient Coordination and Information Management in Smart Construction  
	Jochen Teizer, Kepeng Hong, Asger D. Larsen, Marcus B. Nilsen, Robotic Assembly and Reuse of Modular Elements in the Supply Chain of a Learning Factory for Construction and in the Context of Circular Economy  
	Efraim Ljung, Mikael Viklund Tallgren, Mattias Roupe, Mikael Johansson, Identifying and Developing Prerequisites for Takt Planning in a BIM-Based Construction Process  
	Pavan Kumar, Aritra Pal, Yun-Tsui Chang, Shang-Hsien Hsieh, FCM-Enabled Approach for Investigating Interdependencies of BIM Performance Factors in the Sustainable Built Environment  
	Xiao Han, Cheng-Hsuan Yang, Yuxiang Chen, Alejandra Hernandez Sanchez, A Robotic Method to Insert Batt Insulation into Light-Frame Wood Wall for Panel Prefabrications  
	Mehdi Keshtkar, Emmanuel Daniel, Louis Gyoh, The Impacts of Digital Fabrication on the Construction Industry: A Systematic Review  
	Keyur Joshi, Angelina Aziz, Philip Dietrich, Markus König, Efficient Data Curation Using Active Learning for a Video-Based Fire Detection  
	Dai Quoc Tran, Yuntae Jeon, Seongwoo Son, Minsoo Park, Seunghee Park, Identifying Hazards in Construction Sites Using Deep Learning-Based Multimodal with CCTV Data  
	Minsoo Park, Seungsoo Lee, Woonggyu Choi, Yuntae Jeon, Dai Quoc Tran, Seunghee Park, Deep Learning-Based Pose Estimation for Identifying Potential Fall Hazards of Construction Worker  
	Seungsoo Lee, Seongwoo Son, Pa Pa Win Aung, Minsoo Park, Seunghee Park, Deep Learning Based Pose Estimation of Scaffold Fall Accident Safety Monitoring  
	Peter Kok-Yiu Wong, Synge C. P. Lam, Isabel Y. N. Lee, Felix C. L. Ting, Jack C. P. Cheng, Pak Him Leung, Predictive Safety Monitoring for Lifting Operations with Vision-Based Crane-Worker Conflict Prediction  
	Tomu Muraoka, Satoshi Kubota, Yoshihiro Yasumuro, Localizing and Visualizing the Degree of People Crowding with an Omnidirectional Camera by Different Times  
	Syed Farhan Alam Zaidi, Rahat Hussain, Muhammad Sibtain Abbas, Jaehun Yang, Doyeop Lee, Chansik Park, iSafe Welding System: Computer Vision-Based Monitoring System for Safe Welding Work  
	Muhammad Sibtain Abbas, Aqsa Sabir, Nasrullah Khan, Syed Farhan Alam Zaidi, Rahat Hussain, Jaehun Yang, Chansik Park, Computer Vision-Based Monitoring Framework for Forklift Safety at Construction Site  
	Hakan Bayer, Benedikt Faltin, Markus König, Automated Extraction of Bridge Gradient from Drawings Using Deep Learning  
	Abiola Akanmu, Adedeji Afolabi, Akinwale Okunola, Predicting Mental Workload of Using Exoskeletons for Construction Work: A Deep Learning Approach  
	Aqsa Sabir, Rahat Hussain, Syed Farhan Alam Zaidi, Akeem Pedro, Mehrtash Soltani, Dongmin Lee, Chansik Park, Utilizing 360-Degree Images for Synthetic Data Generation in Construction Scenarios  
	Ahmet Esat Keser, Onur Behzat Tokdemir, Machine Learning-Based Construction Planning and Forecasting Model  
	Sven Zentgraf, Sherief Ali, Markus König, Concept for Enriching NISO-STS Standards with Machine-Readable Requirements and Validation Rules  
	Ori Ashkenazi, Shabtai Isaac, Alberto Giretti, Alessandro Carbonari, Dilan Durmus, Transforming Building Industry Knowledge Management: A Study on the Role of Large Language Models in Fire Safety Planning  
	Zhengyi Chen, Changhao Song, Xiao Zhang, Jack Cheng, Scheduling Optimization of Electric Ready Mixed Concrete Vehicles Using an Improved Model-Based Reinforcement Learning  
	Yuan Zheng, Olli Seppänen, Sebastian Seiß, Jürgen Melzner, Testing ChatGPT-Aided SPARQL Generation for Semantic Construction Information Retrieval  
	Si Tran, Nasrullah Khan, Emmanuel Charles Kimito, Akeem Pedro, Mehrtash Sotani, Rahat Hussain, Taehan Yoo, Chansik Park, Extracting Information from Construction Safety Requirements Using Large Language Model  
	Cassia De Lian Cui, Antonio Fioravanti, Edoardo Currà, Davide Simeone, Stefano Cursi, Modelling and Managing Built Heritage Knowledge: An Ontology-Based Approach for Multi-Layered Archaeologies and Historical Production Process Representation  
	Maria Laura Leonardi, Stefano Cursi, Daniel V. Oliveira, Miguel Azenha, Elena Gigliarelli, Linked Data for the Categorization of Failures Mechanisms in Existing Unreinforced Masonry Buildings  
	Chanachok Chokwitthaya, Yimin Zhu, Weizhuo Lu, Virtual Human-Building Interaction Experimentation Ontology (VHBIEO): A VHBIEO-Based Metadata-Driven Exploration  
	Jacopo Cassandro, Claudio Mirarchi, Alberto Pavan, Maria Grazia Donatiello, Carlo Zanchetta, Consistency Verification Between Cost and Geometric Information Based on IFC: Application on Structural Elements  
	Jacopo Cassandro, Claudio Mirarchi, Alberto Pavan, Andrea Zamborlini, Carlo Zanchetta, Semantic Web Based Integration Between BIM Cost and Geometric Domains  
	Sebastian Seiß, Markus Boden, Jürgen Melzner, Yuan Zheng, Delval Thibaut, Rayan El Chamaa, Ontology-Based Construction Inspection Planning: A Case Study of Thermal Building Insulation  
	Chiara Gatto, Maryam Gholamzadehmir, Marta Zampogna, Claudio Mirarchi, Alberto Pavan, An Automated Framework for Ensuring Information Consistency in Price List Tendering Document  
	Karim Farghaly, Khalid Amin, Grant Mills, Duncan Wilson, Enhancing Interactions in Augmented Reality for Construction Sites: Introducing the Archi Ontology  
	Roy Lan, Tulio Sulbaran, A Review of Computer Vision-Based Progress Monitoring for Effective Decision Making  
	Apostolia Gounaridou, Evangelia Pantraki, Vasileios Dimitriadis, Athanasios Tsakiris, Dimosthenis Ioannidis, Dimitrios Tzovaras, Semi-Automated Visual Quality Control Inspection During Construction or Renovation of Railways Using Deep Learning Techniques 
	Benedikt Faltin, Damaris Gann, Markus König, A Comparative Study of Deep Learning Models for Symbol Detection in Technical Drawings  
	Haritha Jayasinghe, Ioannis Brilakis, Topological Relationship Modelling for Industrial Facility Digitisation Using Graph Neural Networks  
	Mingkai Li, Peter Kok-Yiu Wong, Cong Huang, Jack Chin-Pang Cheng, Indoor Trajectory Reconstruction Using Building Information Modeling and Graph Neural Networks  
	Marco Lorenzo Trani, Federica Madaschi, Image Segmentation Applied to Urban Surface and Aerial Constraints Analysis  
	Youngjin Yoo, Hyun Jeong, Youngchae Kim, Seung Hyun Cha and Jin-Kook Lee, Generative Design Intuition from the Fine-Tuned Models of Named Architects’ Style  
	Hayoung Jo, Sumin Chae, Su Hyung Choi, Jin-Kook Lee, Planning Alternative Building Façade Designs Using Image Generative AI and Local Identity  
	Fangli Hou, Jun Ma, Jack Cheng, Helen Kwok, Early Detection and Reconstruction of Abnormal Data Using Hybrid VAE-LSTM Framework  
	Sumin Chae, Hayoung Jo, Bomin Kim, Jin-Kook Lee, Reflecting Users’ Physical Characteristics in Spatial Visualization  
	Hyun Jeong, Youngchae Kim, Youngjin Yoo, Seunghyun Cha, Jin-kook Lee, Gen AI and Interior Design Representation: Applying Design Styles Using Fine-Tuned Models  
	Bomin Kim, Sumin Chae, Youngjin Yoo, Jin-Kook Lee, Early Visualization Approach to the Generative Architectural Simulation Using Light Analysis Images  
	Liu Yang, Boyu Wang, Jack C.P. Cheng, Peipei Liu, Hoon Sohn, Real-Time Geometry Assessment Using Laser Line Scanner During Laser Powder Directed Energy Deposition Additive Manufacturing of SS316L Component with Sharp Feature  
	Youngsun Chung, Daeyoung Gil, Ghang Lee, Optimal Number of Cue Objects for Photo-Based Indoor Localization  
	Stefano Cascone, Integrating Green Roofs into Building Information Modeling (BIM): A Computational Approach for Sustainable Building Design  
	Milad Katebi, Mani Poshdar, Mostafa Babaeian Jelodar, Morteza Zihayat, Enhancing Disaster Resilience Studies: Leveraging Linked Data and Natural Language Processing for Consistent Open-Ended Interviews  
	Gregorius A. Sentosa, Agung Fajarwanto, Amy R. Widyastuti, Achmad Luthfi Naufal, Ni Putu Pande Dhea, Abdul Rahman Kadir, Muhammad Yunus Amar, Engineering Analysis Impact on Carbon Emission Reduction of an Infrastructure Project: A Case Study of Semantok D
	Carlo Zanchetta, Martina Giorio, Maria Grazia Donatiello, Federico Rossi, Rossana Paparella, Solar Potential and Energy Assessment Data in U-BEM Models: Interoperability Analysis Between Performance Simulation Tools and OpenBIM/GIS Platforms  
	Aya Ali Shihata, Mohamed Anwar Fekry, Wessam Hamdy Abbas, Implementation of Building Information Modeling (BIM) for Economic Sustainable Construction Minimizing Material Waste in Terms of Value Engineering  
	Aritra Pal, Yun-Tsui Chang, Chien-Wen Chen, Chen-Hung Wu, Pavan Kumar, Shang-Hsien Hsieh, Building Rooftop Analysis for Solar Panel Installation Through Point Cloud Classification - A Case Study of National Taiwan University  
	Yikun Yang, Yiqun Pan, Georg Suter, Semi-Automatic Workflow for Air-Conditioning System Zoning and Simulation  
	Dragana Nikolic, Ian Ewart, Going Beyond Energy Consumption: Digital Twins for Achieving Socio-Ecological Sustainability in the Built Environment  
	Nnaemeka Nwankwo, Ezekiel Chinyio, Emmanuel Daniel, Louis Gyoh, Application of the Internet of Things (IoT) for Energy Efficiency in Buildings: A Bibliometric Review.  
	Jiajia Wang, Geoffrey Qiping Shen, Fan Xue, Carbon Tracking in the Building Sector: A ‘CABBAGE’ Framework  
	Elena Imani, Huda Dawood, Nashwan Dawood, Annalisa Occhipinti, Retrofitting of Buildings to Improve Energy Efficiency: A Comprehensive Systematic Literature Review and Future Research Directions  
	Carlo Biagini, Alberto Aglietti, Andrea Bongini, A BIM-Based Approach to the Management of Historic Bridges  
	Nobuyoshi Yabuki, Tomohiro Fukuda, Ryu Izutsu, As-Built Detection of Structures by the Segmentation of Three-Dimensional Models and Point Cloud Data  
	Stefano Tagliatti, Marco Alvise Bragadin, Fire Safety Engineering: The Computational Simulation of the Escape in a Historic Building in Bologna  
	Shirin Malihi, Frederic Bosche, Martin Bueno Esposito, Quantifying the Confidence in Models Outputted by Scan-To-BIM Processes  
	Nao Hidaka, Naofumi Hashimoto, Tetsuya Nonaka, Makoto Obata, Kazuya Magoshi, Ei Watanabe, Construction of a Practical Finite Element Model from Point Cloud Data for an Existing Steel Truss Bridge  
	Carlo Biagini, Alberto Aglietti, Luca Marzi, Andrea Bongini, A BIM-Based Framework for Facility Management Data Integration in Heritage Assets  
	Wafa Bounaouara, Louis Rivest, Antoine Tahan, Combining Large-Scale 3D Metrology and Mixed Reality for Assembly Quality Control in Modular Construction  
	Cecilia Maria Roberta Luschi, Alessandra Vezzi, Building’s Twin Reconstruction  
	Alessandro Bruttini, Philipp Hagedorn, Felix Cleve, Vito Getuli, Pietro Capone, Markus König, A Semantic Digital Twin Prototype for Workplace Performance Assessment  
	Modupe Sobowale, Faris Elghaish, Tara Brooks, A Systematic Review of Digital Twin as a Predictive Maintenance Approach for Existing Buildings in the UK  
	Rizky Agung Saputra, Agung Fajarwanto, Amy Rachmadhani Widyastuti, Sari Gita Wardani, Danang Aris Munandar, Herdy Setiawan, Abdul Rahman Kadir and Amar Muhammad Yunus Amar, Project Management Information System (PMIS) Dashboard as a Digital Twin to Enhanc
	Abiola Akanmu, Adedeji Afolabi, Akinwale Okunola, Human-in-the-Loop Digital Twin Framework for Assessing Ergonomic Implications of Exoskeletons  
	Alessandra Corneli, Marianna Rotilio, Urban Centres Management: A Digital Twin Approach  
	Chady Elias, Raja Issa, Digital Twins for Smart Decision Making in Asset Management

