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ABSTRACT: Although robotic solutions have been making significant contributions to fabrication environments,
implementations in the construction are rare. It seems a disconnect between the industries exists where in
construction the high number of non-uniform work tasks, the wide assortment of types and shapes of building
materials and elements, and the presence of human workers creating safety hazards make the deployment of rather
rigid robotic manipulators on construction sites much more complex than in production-like work environments.
To advance construction with robotic solutions, it could prove beneficial to make each sector aware of the barriers
that exist, and likewise, introduce a physical space for joint experimentation with state-of-the-art technologies
from both fields. One way of alleviating this issue is to connect the sectors by providing hands-on education and
research experiences, defined hereby as Learning Factory for Construction (LFC). This paper presents a scaled-
down version of a LFC that has a robotic manipulator perform fully-automated and precise assembly,
deconstruction, and reuse tasks of modular construction elements, whereas the elements are tracked with fiducial
markers according to a known building information model and schedule. Furthermore, the FLC continuously
gathers and analyzes data for performance, measures successful completions, assembly times, and potential
quality defects. This project involved Masters level students with domain expertise from architectural, civil, and
mechanical engineering in a cross-disciplinary and collaborative learning exercise of building a working
prototype within a semester-long study project. Beyond the core tasks of the digital design and robotic application,
the group developed theoretical concepts and limitations for more holistic views on circular economy, lean
production, on- and off-site logistics, modularization, and construction safety, just as expected from a LFC. It is
anticipated that the next generation of professionals working in the built environment and intending to solve some
of the larger and more complex societal problems will require both the technical and communication skills that a
LFC can stimulate. Therefore, LFC is expected to become an important component of active learning environments.

KEYWORDS: Active learning environment, automation and robotics, building information modeling, circular
economy, human-machine interaction, learning factory for construction, modular construction, next-generation
tech-savvy engineers, rapid prototyping and testing, renovation, reuse of materials.

1. INTRODUCTION

For the past decades there has been an increased interest in robotic technology in construction applications.
Economic projections foresee a prospering field and actual widespread usage in practice, requiring new policies
and rules across the impacted industries (EC, 2022). However, many challenges still present themselves regarding
robots in construction. Simple tasks that prove easy to execute for humans, prove extremely difficult for robotic
manipulators due to a lack of perception and cognitive abilities. The size and weight of robots in industrial work
environments, often tackling singular and highly repetitive tasks, does not fit the challenging, complex, and highly
dynamic work environment that exists in construction sites. Yet, finding the necessary functionality and usability
are a few of the additional barriers that exist and prevent robots from mainstream implementation. Despite some
recent and rather serious interest from the industry, robotic applications in construction have stayed limited to
niche research or exploration projects. Automated and robotic brick laying machines (Usmanov et al., 2017; Ravi
et al. 2021) and additive manufacturing are some examples (Teizer et al., 2016).

To enable the use of robotics, suitable methods to assist the robots are necessary to consider. Yet, they are difficult
to develop as construction touches a multi-disciplinary field that makes it challenging to find acceptable solutions.
A few somewhat isolated disciplines (and stakeholders) are: design (architects/planners), construction (civil
engineers), machinery (mechanical engineers), and systems and processes (industrial engineers). While innovation
in any field, like in construction, calls for lifting the boundaries between these domains, a further major aspect to
consider before introducing robotic applications in construction is to maintain a high level of trust, productivity,
and safety in new technologies (EC, 2022).

Change to fabrication environments came over decades, with fully-automated solutions replacing isolated and
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highly repetitive work tasks humans would not endure. The typical construction work environments yet may
demand a similar time frame and even more. For example, active human-robot collaborations are supposed to
solve the sector’s rather complex and interconnected work tasks. The involvement of multi-trades’ expertise and
the manifold types of product or material specifications constitute a few of the other but plentiful technical
challenges that semi- or fully-automated robotic solutions are envisioned to solve before decision-makers would
buy into them for final field use (Slaughter, E.S., 1998; Goodrum & Haas, 2016)

Yet, the effects that a transition to robotic labor would have on construction can include improvements to
construction industry-wide problems, including but not limited to achieving higher productivity and better safety
and health performances. As such, prioritization of human time and purpose of life and health, and ease of system
installation and maintenance, to name only two criteria, reflect the current construction industry’s efforts towards
digitalization, automation and robotization (Yamamoto, 2020).

The concept of a Learning Factory (LF) is not new, and yet they hardly exist for construction purposes. Teizer and
Chronopoulos (2022) expressed that a Learning Factory for Construction (LFC) can provide a useful active
collaborative working environment for engineers that are interested in exploring prototypical solutions that have
the potential to solve known industry problems. In their articulated vision, a LFC provides the explorative
collaboration space to (a) detect the organizational barriers that prevent innovation, (b) allow objective and scope
definitions by understanding the technical limitations in existing work processes, and (c) create prototypical hard-
and software solutions that can be tested on small but at realistic scale and with little risk of losing large investments.
Gaining knowledge in a LFC first is required to later adapt solutions to a larger workspace and with increased
autonomy. And yet, students that participate in a LFC should have fun, like Teizer et al. (2020) and Wolf et al.
(2022) found out when observing construction apprentices that played serious games for construction safety.

As the widespread application of robotics in manufacturing industries has significantly improved productivity and
efficiency, there has been significant research interest in construction robotics. Besides reducing project delivery
delay, construction robotics can benefit the workers by assisting them with non-ergonomic tasks (e.g., lifting
weights) and taking over dangerous activities (e.g., demolition). However, the implementation of construction
robotics heavily relies on manual input from task to task due to the complicated nature of construction activities.
For instance, the difference between as-built and as-designed models during the construction stage can be
challenging for preprogrammed construction robots to understand the changing environment at the construction
site. Only in combination with a higher level of digitalization construction robotics can it be effectively
implemented for automated or semi-automated construction. Emergent methods and technologies, such as BIM
and vision-based object recognition, collaborate with construction robotics to complete the workflow of automated
construction. Such collaboration requires various fields of engineering to understand all involved technology and
the interplays between these technologies. Figure 1 integrates many of the currently existing digital technologies
and how they relate to each other. Highlighted in grey background color are those that are part of this LFC.
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Fig. 1: Overview of relation between digital technologies; modified, originally from EC (2021),

The goal of this paper is to demonstrate the viability of the integration of a robotic manipulator into a LFC,
displaying the advantages of using modular components in the context of autonomous construction in a circular
economy. The following sections first review the background, then introduce the developed LFC, a scaled-down
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version of a building construction site, and finally demonstrate its capabilities in a case study where a robotic
manipulator handles modular elements for building assembly and reuse under some of the typical real constraints
that exist in the construction supply chain and in a circular economy.

2. BACKGROUND

Several existing cases have shown that assembly processes using robotic manipulators are favorable. Wang et al.
(2020a) stated that robotic construction was both faster and more accurate compared to conventional manual
methods by construction workers alone. However, it was stated that robotic solutions were limited to being either
conducted in non-complex work environments or limited to handling specified objects. In other words, robotic
solutions still required some aspects of human labor to complete complex activities. These limitations pose some
of the biggest challenges to overcome.

The recently-completed research project HEPHAESTUS proved successful in installing curtain wall modules
using a large-scale cable-driven robot alongside a robotic manipulator, but many improvements were left to be
implemented (Iturralde et al., 2020).

Using robotic manipulators for construction has shown to be easier executed when introducing the modular and
parametric design in assemblies of complex constructions. Research on modular design for robotic construction
showed that it is possible, using modular components, to verify the design and construction process through
simulations (Sun et al., 2022).

Using timber panels, which are identified by computer vision and machine-readable QR codes, has proved to make
it possible for a robot arm to do insertions of panels to create simple assemblies (Rogeau et al., 2020). In addition,
a robot arm using standardized timber was able to construct complicated structures with high precision. Results
from Leng et al. (2020) showed the benefits and possibilities of utilizing standardized materials, with precise
parameters being a key factor. A similar research with timber addressed the issues of wood being a natural and
imprecise material which complicates handling, highlighting the issues of production tolerances (Hasan et al.,
2019).

The notion of having robots build from a digital model has been investigated in several papers, with a focus on
exporting Building Information Modeling (BIM) to a robot from an as-designed model or importing the physical
as-built model for guidance purposes. Likewise, using a Digital Twin for Construction (Sacks et al., 2020), the
process of having a robot build from a BIM and updating the as-built model using sensor data was validated (Wang
et al., 2020b). At the moment, software packages are being developed to help link BIM-based design with robot
control which could ease the process of future digital-to-physical model building (Yang et al., 2019). Slebicka et
al. (2021) placed an important vision for Fabrication Information Modeling (FIM) that intends to close the gap
between BIM and Digital Fabrication that, at some point in time, will heavily depend on automation and robotics.

While only a small amount of the above-mentioned research addresses the interaction between autonomous robots
and human workers, human-robot interaction proves to be detrimental when considering on-site safety (Wu et al.
2020). With the prospect of robots in construction, it is recommended to also investigate their social impact since
the potential changes to workplaces will require workers to acquire additional skills, competencies and
responsibilities (Karl et al., 2018). A proposed method of tackling safety is to introduce the concept of an LF, which
emphasizes hands-on experience. LFs offer a high potential to improve education, training, and research in a
controlled environment (Abele et al., 2017).

Gharbia et al. (2019) concluded that rapid prototyping assisted in the creation of robotic solutions. In this context,
introducing a robot manipulator into a LFC would educate on, and increase the awareness of the capabilities of
autonomous robots in a construction work environment and help involved project stakeholders (engineers and
workers) adapt increasingly advanced technologies to a construction site.

Related to this effort, robots of different sorts have already been introduced to various Learning Factories in
relation to Industry 4.0. Several researchers have included robotic arms in their own specialized Learning Factories,
albeit with a focus on manufacturing and assembly (Matt et al., 2014; Kaménzy et al., 2018; Nardello et al., 2017).

As with Industry 4.0, the recent technological advances will gradually replace the roles of humans in construction,
in what is coined Construction 4.0 (Sawhney et al., 2020). However, the challenge of integrating a robot into a
LFC environment with the purpose of improving construction processes is yet to be investigated.
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3. ROBOTIC MANIPULATOR IN A LEARNING FACTORY FOR CONSTRUCTION

The first part of this section briefly explains the relevant backgrounds of the research methods employed in this
work of Masters-level students in a semester-long study project that utilizes the LFC at the Technical University
of Denmark. Next, the hard- and software components of the LFC are introduced. Experiments and results follow
with a discussion summarizing the lessons learned at the end.

3.1 Introduction to components
3.1.1 Learning factory for construction

LF has proven to be an effective way to provide active hands-on learning (Abele et al., 2017). LF typically
reproduces or simulates a production environment, allowing participants to gain practical knowledge and skills in
a controlled setting. In addition, LF also provides a platform for researchers to investigate and improve processes
and workflows. In this case, our LFC is meant for university students but can also involve apprentices or full-time
professionals, like workers, technicians, and engineers from the construction industry. The purpose of our LFC is
to provide the physical space that facilitates education and research on automation and robotics in construction.

3.1.2  Robeotic manipulator

A robotic manipulator performs tasks as a human arm (Matt et al., 2014). In our case, the robot mimics a mobile
or tower crane on a construction site. Our LFC consists of multiple modules that include robotic elements, of which
only the robotic manipulator URS5e, its mounted camera and gripper, and a computer will be explained in the
further text. Details of the other existing components of our LFC can be found in Teizer and Chronopoulos (2022).
While these eventually will be connected to each other, this paper introduces the part of the LFC that simulates the
process of three steps in automated modular construction: automated assembly, disassembly, and reuse according
to a BIM-based building design. The URS5e is made of several interconnected segments, has joints, and one end-
effector, allowing it to make rotary and linear movements. The end-effector performs assigned tasks at any position
within the spatial coordinates of the robotic arm. The learning factory uses URS5e as the robotic arm and mounted
gripper as the end-effector so that it can grab, lift and place any given components at the assigned positions. It has
six degrees of freedom (X, v, z, roll, pitch, yaw), whose value can be changed so that the gripper mounted at the
end of the arm can be moved to desired position and orientation. There exist three types of movements, moveJ (the
robot moves each joint independently), moveL (the robot moves in a straight line), and moveP (the robot moves
following the designed path).

3.1.3  Building information model and construction schedule

BIM is a comprehensive and collaborative method across the whole building life cycle (Oraee et al., 2017). Yet, it
has less been used in combination with automation and robotics than other applications. Our LFC uses
commercially-available BIM software for the manual design of a fictive modular building project and, likewise,
is the sequence of constructing the modular elements planned digitally. While this may imply a detailed
construction schedule comprised of the precise timing and dependencies of the construction tasks, only the Work
Breakdown Structure (WBS) is needed. The BIM software is also used for visualization purposes. Otherwise, the
IFC format contains geometry and position information for each of the modular elements and the task sequence.

3.1.4  Building materials

The building is constructed with standardized physical models using the URSe. The pieces are made from
lightweight plastic and come in several shapes.

3.1.5 Object detection

In order for the robot to handle the modular elements, object detection and recognition with final localization is
required. Object detection is made possible by computer vision that identifies and localizes the modular elements
of next interest within the video frame capture. There exist two main approaches for object detection, traditional
(e.g., rule-based, handcrafted features) and deep learning-based approaches. Out LFC integrates traditional object
detection algorithms for construction sites and modular component detection.

3.1.6 Human-robot interaction

Human-robot interaction happens only twice in this part of the LFC: first, to place new modular elements in the
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arrival area to the simulated construction site that is within range of the robot arm, and second, when the building
owner makes a choice of selecting a building design and floorplan. Otherwise, the developed module of the LFC
operates fully autonomously, as explained in the following.

3.2 Methods

The framework of the LFC is shown in Figure 2. It comprises two parts. The first part is a remote control, where
students in the role of an architect or civil engineer upload their IFC file to the computer. Note that the modular
building designs of the students allow some variation but still follow the material specifications and parameters
that were given to them beforehand. The computer extracts the geometry and position information of each modular
building component and determines the construction sequence. The spatial and temporal information of
construction is translated into robot commands and then sent to the robot for controlled execution. The manipulator
first scans the entire site to locate and map the coordinates of the material pick-up, the temporary depot, and the
construction zones. When ready, the robot finally receives the building commands to start the construction process.
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Fig. 2: Learning Factory for Construction (LFC) at the Technical University of Denmark: Construction site
module.

The hardware and software requirements and descriptions for the learning factory are listed in Tables 1 and 2. The
BIM translation and robotic remote control are implemented in a Python environment due to its simplicity and

extensive library support.

Table 1: Hardware in the construction site module of DTU’s LFC.

Equipment Description

Robotic manipulator URSe for grabbing, lifting, and placing building components

Camera on end-effector ~ OnRobot RGBD camera for object detection and as-performed data collection
Computer Processing BIM files, translating commands, receiving and processing data, control

Table 2: Libraries and software for the learning factory

Library and applications Version Description

URX 2.0.1 URS5e remote control and program execution
IfcOpenShell 1.6.1 IFC file translation and querying

OpenCV 20.10.22 Visual detection ad recognition

BlenderlFC IFC file editing and viewing

For reliable object detection, the camera uses fiducial marks attached to the construction site and building
components to recognize the different objects, as shown in Figure 3.
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SECTION B - ADVANCED PROJECT MANAGEMENT AND CONTROL

CONSTRUCTION SITE

Fig. 3: Examples of (a) a zone and (a) modular building elements, all marked with different fiducial marks for
object recognition. Note. The elements are further detected by shape and color.

3.3 Implementation and preliminary results

The preliminary implementation of this component of DTU’s LFC is shown in Figure 4. The layout and setup
follow the concept mentioned earlier. For a simplified demonstration, a basic two-story building consisting of 5
IFC elements is designed, shown in Figure 5. The five components are positioned at distinct heights so that the
algorithm can easily sort the order of construction. Figure 6 shows the simplified modular building elements to
which each unique fiducial markers are attached. Existing computational algorithms later detect and recognize the
fiducial marker when it is within the field-of-view of the mounted camera on the end-effector.

¥ IFCBUILDING (5)
¥ Ground (1)
» IfcSlab (1)
¥ Foundation (1)
» Ifcwall (1)
¥ Levell(2)
» IfcSlab (1)
» Ifcwall (1)

¥ Level2 (1)

01 © ieY 6 10 6 [Foy ¢ Ne: ©

» IfcSlab (1)

Fig. 5: IFC model of the 2-story modular building project

(a) I (b)
Fig. 6: Modular components: (a) foundation, (b) wall, and (c) floor.

Figure 7 illustrates the construction process. After the students load their IFC file, the computer extracts the spatial
information of building components and determines the construction sequence. The corresponding list of the
modular elements and the building sequence is shown in Table 3. The robot registers the coordinate of the
construction sites by using the mounted camera to detect the fiducial markers of the zones. After the coordinate
system is registered, the robots start to detect, grab, lift, and place the modular construction elements iteratively
until the last component is assembled onto the building. Reversely, the disassembly process can also be achieved.
All modular elements are taken apart and placed in a temporary storage zone (called depot). Next, human
interference is needed if the next phase of the building lifecycle is of interest to the student. The student can choose
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to select an alternative building design, upload it, and the new building process can start again. Note, whenever
possible, the robot reuses parts of the modular building elements lying in the depot. Once the second building is
completed, typically, the LFC experience stops.

1. Load the IFC file and find 2. Sort the assembly order of 3. Register the pick-up,
elements the elements depot, and construction zone

¥
Repurpose the disassembled elements

5. Grab, pick up, and place
building elements until all are
assembled

6. Disassemble the building

4. |dentify the building
elements if required

elements

Fig. 7: LFC-workflow of the robotic manipulator module: First the design, then the robotic assembly and
disassembly, optional: re-design and -use.

Table 3: List of the modular building elements and example of a building sequence by the ascending z coordinate

Number Elements Coordinates Sequence
1 'Foundation:297060' (x1,yl,z1) 1
2 'Floor:301328' (x2,y2,22) 3
3 'Floor:301575' (x3,y3,23) 5
4 "Wall:304810' (x4,y4,24) 2
5 'Wall:305546' (x5,y5,25) 4

As the algorithm is sorting the construction sequence by a bottom-up approach, it may only be viable for modular
building elements with simplistic spatial relations. The construction order can be determined using a predefined
construction schedule in 4D BIM. For each IfcElement, IfcTask and IfcRelAssignsToControl are attributed so that
the algorithm can understand the predecessor of each step and validate the correct order during the construction
stage.

While, iterative occurred during the system’s development, demonstrating that the entire workflow was tested 5
times in front of a small audience from industry and academia. Although no strict scientific verification and
validation methods were ready at the end of the semester project, the students were able to run the system two
times successfully from start to end. Twice the students assisted by snapping an element (one floor and one wall
element, in separate tests) into place with a very slight push of an index finger. Once the robot stopped after
assembly the first design. The reason is still unknown. Yet, runtime data from the system was recorded during all
test runs and is being processed at this time (and will be implemented in the final version of this paper).

Fig. 8: Impressions from final demonstration exercises: Robot manipulator completing the fully-automated (a)
assembly of the first modular building design, (b) disassembly and temporary storage, and (c) re-use of modular
elements for assembly of second building design (manual selection, after disassemble).
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4. CONCLUSIONS AND OUTLOOK

This work is the result of a semester-long study project that exposed four Masters-level students, one in
architectural, one in civil, and two in mechanical engineering, to backgrounds that they had not learned before.
For example, both the architectural and civil engineering student had no previous experiences with the field of
automation and robotics, and likewise had mechanical engineering students neither a background in design or
planning with 4D BIM nor any expertise in modular construction. The developed concept of a LFC has been
partially validated, as the robot manipulator was able to follow a digital design and sequence to erect, disassemble,
and rebuild a small-scale building while applying constraints that exist in a circular economy, for example, making
as much use as possible of reusing building material. However, as observed, the limited project time that was given
to the students restricted their curiosity in exploring additional research domains, for example, planning for
alternatives, generative costing, digital twinning, and testing usability. In the future, a focus on qualitative and
quantitative assessment methods must be set to evaluate both the students’ and LFC’s performances. Yet, the
students’ claimed new knowledge by applying their own expertise and discovering other fields. Furthermore, the
experienced hands-on experiences with respect to realistic and still basic implementations of information modeling,
computational coding, automation, and robotics, strengthened their learning. It is envisioned that the construction
industry will benefit from students with such skill sets that a LFC is able to develop, share, or enhance. Yet, scaling
up the developed concept of a LFC could yield future insights how digital building design can guide real-life
automation and robotic applications in construction.

REFERENCES

Abele, E. et al. (2017). Learning factories for future oriented research and education in manufacturing. CIRP
Annals - Manufacturing Technology, 66(2), 803—826, http://dx.doi.org/10.1016/j.cirp.2017.05.005

European Commission (2021). Digitalisation in the construction sector — Analytical Report. European
Construction Sector Observatory, https://ec.europa.cu/docsroom/documents/45547 (08/12/2023).

European Commission (2022). New rules to ensure the safety of machinery and robot.
https://ec.europa.eu/commission/presscorner/api/files/document/print/en/ip_22 7741/IP_22 7741 EN.pdf
(08/11/2023).

Gharbia, M., Chang-Richards, A. Y., & Zhong, R. (2019). Robotic technologies in concrete building construction:
A systematic review. 36th International Symposium on Automation and Robotics in Construction (ISARC), 10-19,
https://doi.org/10.22260/ISARC2019/0002

Goodrum, PM., & Haas, C.T. (2012). Variables Affecting Innovations in the U.S. Construction Industry.
Construction Research Congress, https://doi.org/10.1061/40475(278)57.

Hasan, H., Reddy, A., & Tsayjacobs, A. (2019). Robotic fabrication of nail laminated timber. 36th International
Symposium on  Automation and Robotics in Construction (ISARC), 1210-1216,
https://doi.org/10.22260/ISARC2019/0162

Iturralde, K. et al. (2020). A cable driven parallel robot with a modular end effector for the installation of curtain
wall modules. 37th International Symposium on Automation and Robotics in Construction (ISARC),
https://doi.org/10.22260/ISARC2020/0204

Karl, C.K., Spengler, A.J., Bruckmann, T., & Ibbs, C.W. (2018). Influence of automated building construction
systems on vocational education and training. Proceedings of the 35th International Symposium on Automation
and Robotics in Construction (ISARC), 236-243, https://doi.org/10.22260/ISARC2018/0034

Kemény, Z.et al. (2018). Human-robot collaboration in the MTA SZTAKI learning factory facility at
Gyor, Procedia manufacturing, 23, 105-110, https://doi.org/10.1016/j.promfg.2018.04.001

Leng, Y., Shi, X., & Hioatsu, F. (2020). Application of robots to the construction of complex structures using
standardized timbers. 37th International Symposium on Automation and Robotics in Construction (ISARC), 1562-
1567, https://doi.org/10.22260/ISARC2020/0217

Matt, D.T., Rauch, E., & Dallasega, P. (2014). Mini-factory — A learning factory concept for students and small
and medium sized enterprises. Procedia CIRP, 17, 178-183, https://doi.org/10.1016/j.procir.2014.01.057

571



Nahangi, M., Heins, A., McCabe, B., & Schoellig, A. (2018). Automated localization of UAVs in GPS-denied
indoor construction environments using fiducial markers. 35th International Symposium on Automation and
Robotics in Construction (ISARC), https://doi.org/10.22260/ISARC2018/0012

Nardello, M., Madsen, O., & Maller, C. (2017). The smart production laboratory: A learning factory for industry
4.0 concepts. CEUR Workshop Proceedings, 1898. http://ceur-ws.org/Vol-1898/paper13.pdf

Oraee, M., Hosseini, M.R., Papadonikolaki, E., Palliyaguru, R., & Arashpour, M. (2017). Collaboration in BIM-
based construction networks: A bibliometric-qualitative literature review. International Journal of Project
Management, 35(7), 1288-1301, https://doi.org/10.1016/j.ijproman.2017.07.001.

Ravi, K.S.D., Ng, M.S., Ibanez, M., & Hall, D.M. (2021). Real-time Digital Twin of Robotic construction
processes in Mixed Reality. 38th International Symposium on Automation and Robotics in Construction (ISARC),
451-458, https://doi.org/10.22260/ISARC2021/0062

Rogeau, N., Tiberghien, V., Latteur, P., & Weinand, Y. (2020). Robotic insertion of timber joints using visual
detection of fiducial markers. 37th International Symposium on Automation and Robotics in Construction
(ISARCQ), https://doi.org/10.22260/ISARC2020/0068

Sacks, R., Brilakis, I., Pikas, E., Xie, H.S., & Girolami, M. (2020). Construction with digital twin information
systems. Data-Centric Engineering, 1(6). https://doi.org/10.1017/dce.2020.16

Sawhney, A., Riley, M. & Irizarry, J. (eds.) (2020). Construction 4.0: An innovation platform for the built
environment. London, England: Routledge.

Slaughter, E.S. (1998). Models of construction innovation, American Society of Civil Engineers, 124(3), 226-231,
http://worldcat.org/oclc/8675438

Slepicka, M., Vilgertshofer, S., & Borrmann, A. (2021). Fabrication Information Modeling: Closing the gap
between Building Information Modeling and Digital Fabrication. 38th International Symposium on Automation
and Robotics in Construction, Dubai, United Arab Emirates, https://doi.org/10.22260/ISARC2021/0004

Sun, Z. et al. (2022). A robotic arm based design method for modular building in cold region. Sustainability, 14(3),
1452, https://doi.org/10.3390/su14031452

Teizer, J., Blickle, A., King, T., Leitzbach, O., & Guenther, D. (2016). Large Scale 3D Printing of Complex
Geometric Shapes in Construction. 33rd International Symposium on Automation and Robotics in Construction,
Auburn, Alabama, USA, https://doi.org/10.22260/ISARC2016/0114

Teizer, J., & Chronopoulos, C. (2022). Learning Factory for Construction to provide future engineering skills
beyond technical education and training. Construction Research Congress, Arlington, Virginia, USA, 224-233,
https://doi.org/10.1061/9780784483985.023

Teizer, J., Embers, S., Golovina, O., & Wolf, M. (2020). A serious gaming approach to integrate BIM, IoT and
Lean Construction in Construction Education. Construction Research Congress, Tempe, Arizona, USA, March 8-
10, 2020.

Usmanov, V., Bruzl, M., Svoboda, P., & Sulc, R. (2017). Modelling of industrial robotic brick system. Proceedings
of the 34th International Symposium on Automation and Robotics in Construction (ISARC), 1013-1020,
https://doi.org/10.22260/ISARC2017/0140

Wang, L., Fukuda, H., & Shi, X. (2020a). A preliminary comparison between manual and robotic construction of
wooden structure architecture. Proceedings of the 37th International Symposium on Automation and Robotics in
Construction (ISARC), 1568-1575, https://doi.org/10.22260/ISARC2020/0218

Wang, X., Liang, C.-I., Menassa, C., & Kamat, V. (2020b). Real-time process-level digital twin for collaborative
human-robot construction work. 37th International Symposium on Automation and Robotics in Construction
(ISARC), 1528-1535, https://doi.org/10.22260/ISARC2020/0212

Wolf., M., Teizer, J., Wolf, B., Biikrii, S., & Solberg, A. (2022). Investigating hazard recognition in augmented
virtuality for personalized feedback in construction safety education and training. Advanced Engineering
Informatics, 51, 101469, https://doi.org/10.1016/j.a¢1.2021.101469.

572



Wu, M.-H., & Lin, J.-R. (2020). An agent-based approach for modeling human-robot collaboration in bricklaying.
37th International Symposium on Automation and Robotics in Construction (ISARC), 797-804,
https://doi.org/10.22260/ISARC2020/0110

Yamamoto, H. (2020). A View of Construction Science and Robot Technology Implementation. 37th International
Symposium on Automation and Robotics in Construction, Front Matter,
https://doi.org/10.22260/ISARC2020/0147

Yang, C.-H., Wu, T.-H., Xiao, B., &Kang, S.-C. (2019). Design of a robotic software package for modular home
builder. 36th International Symposium on Automation and Robotics in Construction (ISARC),
https://doi.org/10.22260/ISARC2019/0163

573



	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

