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ABSTRACT

The construction of a building comprises several phases and involves many stakeholders. As projects have become
more and more complex, the Building Information Modeling (BIM) methodology was proposed to unify projects around
a Digital Twin of the information necessary for collaboration. In recent years, Augmented Reality (AR) and Virtual
Reality (VR) have shown their relevance in assisting in various construction activities. However, their use requires
additional refinement for them to be integrated into the BIM process. This literature review is an analysis of the cutting-
edge applications of AR and VR in Architecture Engineering Construction (AEC) projects and prevailing trends in their
usage. This review focuses on publications related to BIM’s safety applications (such as risk prevention and site
operations during construction phase), as well as on data flow architectures between BIM and AR or VR applications.
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1 INTRODUCTION

1.1 Context

The Architecture Engineering Construction and Facility Management (AEC/FM) industry is constantly looking for
innovations, new methods and tools to improve workflows in building or infrastructure construction and maintenance
projects. Optimizing workflow is a significant challenge because there are many stakeholders and multiple forms of
knowledge involved. Over several decades, IT has revolutionized the industry and has enabled improved
collaboration, productivity and construction quality [1].

A construction project comprises several phases. First, there is the design phase. In this phase a building is conceived
in three dimensions by a dedicated team, visualizing and collaborating on the project and performing defect
management in order to identify solutions before construction begins [2]. The design phase also includes simulations
and studies relating to structural integrity, light conditions and potential future weather impacts on the building [3]. The
second and most complex phase is the construction phase. It involves many worksite workers but also workers in
engineering and design offices. A construction site is dynamic and subject to many hazards that can compromise the
project timeline, the quality of the construction and the safety of those who work there [4]. Finally, the post-
construction phase is the longest phase in the life cycle of a building and lasts about 30 years. Maintenance
operations are carried out as part of FM activities, “to provide a comfortable living and working environment as well as
to upkeep equipment to prevent functional failures” [5].
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Building Information Modelling (BIM) is a process for collaborative project management using a 3D model of the work
that is updated and populated with metadata throughout the construction project. It allows a construction project to be
followed through all the phases described above. The use of BIM is currently neither systematic nor used globally for
construction projects. There are common issues that often prevent the implementation of BIM, including work practice
(internal expertise level of BIM knowledge) and process issues (BIM authoring), technical issues (BIM versioning) and
other issues (misinformation of what IM is and how to implement it into the current work practice) [6]. However,
advanced computer technology allows the digital model and associated knowledge to be accessed and manipulated
on worksites. Mobile devices such as smartphones or tablets can be turned into tools to help work sequence planning,
to monitor differences between versions "as planned" and "as built", to visualize the 3D geometry of any component,
or to consult information on the construction process. New technologies such as Augmented Reality (AR) and Virtual
Reality (VR) are increasingly used in construction projects to enhance preventative safety, productivity and quality [7],
[8], [9]. The utilization of these technologies in the AEC sector and their innovative use and integration into BIM
prompt several research questions. Through a Systematic Literature Review (SLR), this research focuses on these
questions and trends in the use of AR and VR [10]. Section 1.2 firstly assesses previous literature reviews related to
the AR and VR usage in the AEC industry.

1.2 Past Literature Reviews related to the subject

This study of existing literature reviews of AR or VR and BIM in AEC projects assesses the value of the contribution
that an original Systematic Literature Review (SLR) makes to the field. Ten literature reviews were identified and
compared in the following table (table 1):

Research Period Research approach AEC phase  Technologies BIM? Specific focus Result

paper

[11] 1999 — 5 steps: Construction AR No On-site The future trend would be the

2012 A. Journals and articles construction use of AR mobile web-based
selection monitoring systems
B. Review
C. Categories definition
D. Classification
E. Discussion

[12] 1997 - Identifying relevant All AR and VR No Construction AR and VR are beneficial to

2018 publications in project management in the AEC
distributed sources and management industry  facilitating  better
scientific databases communication, visualization,
using keywords. quality and reducing project

time.

[13] 2015 Phone interviews with  Construction VR No Construction The authors assess Virtual
safety professionals, safety Reality Environment web-
safety training providers applications based tools positively in its
and nationally ability to facilitate distance
authorized training collaborations.
centers.

[14] 2000 - Content analysis review Construction AR No On-site A summary of achievements

2017 and challenges in AR/VR for
construction safety is
presented.

[15] 2013 - Studying case studies Design AR and VR Yes  Hospital Significant cost  reduction

2018 from other research construction using BIM with AR/VR
papers projects

[16] 2013 — Identifying relevant Design and AR Yes Lean process A need of more research to

2018 publications in  Construction improve and easily use AR in
distributed sources and BIM
scientific databases
using keywords.
[17] 2000 - N/A Construction VR No Construction The authors recommend
2015 Occupational pursuing the study using
Safety and simple, affordable and low-
Health Training cost VR hardware.
[18] 1997 - Identifying relevant All VR Yes Educaton and The authors categorize VR
2017 publications in training in  applications into 4 groups and
distributed sources and construction observe an evolution of VR
scientific databases engineering technology over-time.
using keywords.
[19] 2008 - Critical review of the two All AR Yes  Evolution of Four AR developing
2019 subjects, AR and BIM, research trends technologies are presented.
separately.

[20] 2013 - SLR All VR Yes  Research trends A three-layer system

2018 architecture is commonly used
for BIM based VR applications

Table 1 - Comparative table of past literature reviews
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Although several use cases are defined in these past literature reviews, there is a lack of research focused on
software architectures that facilitate the use of AR and VR in BIM at the construction phase. This review addresses
this in adequacy. The review provides perspective on state-of-the-art applications of AR and VR in AEC projects, a
detailed analysis of their usage in the construction, design and maintenance phases. Applications related to risk
prevention activity, training and safety operations on site during the construction phase are also discussed.
Furthermore, the different data flow systems used to communicate between BIM models and AR or VR technologies
are assessed. Finally, the challenges of integrating AR and VR into BIM for these applications are discussed. The
SLR covers publications from 2010 to 2020, and the methodology is described in section 2.

2 SYSTEMATIC LITERATURE
REVIEW METHODOLOGY

2.1 Method

The methodology applied in this study was based on the
SLR procedures proposed and adopted by [10][21]{22].
Relevant publications were identified in distributed sources
and scientific databases using keywords, inclusion criteria
and exclusion criteria. However, intermediate phases have
been added in iterations as too many articles remained
before the last phase and more articles needed to be
excluded. The phase iterations and results process are
shown in figure 1 and the details are explained below.

2.2 Research questions and search query

To define the SLR scope of interest, the following research
questions were addressed:

* Q1: What is the state-of-the-art of AR and VR
applications in AEC projects?

* Q2: What are the research trends and use cases using
AR and VR in the construction phase?

+ Q3: What are the main methodologies applied or
software architectures used to communicate between
BIM and AR, or VR, and what are the challenges
associated with each of them?

To collect the most relevant publications for the study,
different keywords were used on different scientific
databases including Google Scholar, Scopus, Web of
Science. Finally, Publish or Perish® software was used to
gather publications with abstracts in a .lib file. The first
filters applied to the search were the absence of patents
and a publication date between 2010 and 2020. The SLR
focused on publications more recent than 2010 because
AR, VR and BIM technologies are evolving quickly. The
following search query was most effective on Publish or
Perish and yielded us 1090 publications:
allintitle:("Building” OR  “Construction” OR  “BIM")
("augmented reality” OR ‘virtual reality” OR "AR" OR
"VR").

1 https://harzing.com/resources/publish-or-perish

Phase 1: Searching string: allintitle:("Building"
OR “Construction” OR “BIM”) ("augmented
reality" OR "virtual reality" OR "AR" OR "VR")

Returned
1090

Phase 2: Inclusion and Exclusion Criteria through
database searching tools

Phase 3: Inclusion and Exclusion Criteria applied to
title and abstract

Included
401

Phase 4: Statistical analyses and discussion
of research trends
(1. ANALYSES section)

Phase 5: Keeping only journal papers with
BIM or operation on site activity/training or
safety and prevention activity/training for the
construction phase

Included
74

Phase 6: Quality Criteria applied to
introduction, figures, and conclusions

Included
33

Phase 7: Results and
discussion (section 4)

Figure 1: Systematic Literature Review results by
phase iterations



110

111
112

113

114
115

116

117
118
119

120
121
122
123
124

125

126
127

128
129

130

131
132
133

134
135
136
137

138
139
140

141
142

143
144

145
146
147
148
149
150
151
152
153

2.3 Inclusion and Exclusion Criteria

After gathering 1090 articles on the database, Inclusion Criteria (IC) and Exclusion Criteria (EC) were applied in the
first and second phases by searching the title and the abstract of each publication.

The following IC were defined:

+ IC1: a primary study that assesses the use of AR or VR in building construction and maintenance.
» IC2: a primary study that assesses state-of-the-art AR, VR or BIM technology.

The following EC were defined:

» ECH1: the language is not English
+ EC2: the field is not engineering, nor related to computer science.
+ ECS: the study is not construction related nor building maintenance related

In the first phase, the IC and EC were used in database search tools and 823 articles remained. In the second phase
the collected data was refined manually by comparing the IC and EC to the titles and abstracts of the publications
yielding 401 articles. These articles were used to create a global analysis about construction phases, the use of
AR/VR technologies and their categories of usage in construction. The analyses are detailed in section 3 Global trend
analysis of AR/VR technology usage in the AEC/FM industry.

2.4 Intermediate Steps

Additional data for the analyses were sought out by classifying the collection of articles by their field application, use
cases, and technology usage.

This intermediate phase retained journal publications related to BIM, and safety applications such as preventative
measures and training for worksite operations during the construction phase. This yielded 74 articles.

2.5 Quality Criteria

The 74 articles were evaluated to enhance the retrieval of data for the synthesis and analysis of results. The
introductions, figures and conclusions of articles were assessed and scored up to 4 in terms of the following Quality
Criteria (QC):

+ QC1: the technologies are not obsolete

+ QCQC2: the methodology applied to the data workflow is well explained, detailed, innovative
» QCa3: the case studies are well detailed and applicable

* QC4: the metadata BIM are present, modifiable and reusable.

For each QC, a score of 0, 0.5 or 1 was assigned. Only articles scoring a total higher or equal to 2 were kept in this
final phase, which resulted in 33 publications. The discussion related to these selected articles is presented in section
4 Focused analysis of AR/VR technology usage in the construction phase.

3 GLOBAL TREND ANALYSIS OF AR/VR TECHNOLOGY USAGE IN
THE AEC/FM INDUSTRY

The primary research aim of this study was to assess the state-of-the-art applications of AR and VR in construction
projects. This assessment was made from the 401 publications remaining after the Phase 2 of the SLR.

813 different keywords were associated with these publications, with 1617 total occurrences. The keywords that

(IS

appeared the most frequently in decreasing order of frequency were “virtual reality”, “augmented reality”, “BIM”,
“construction”, “construction safety”, “construction management”, “simulation,” “construction industry”, “visualization”,
“architecture” and “facility management.” The first four keywords were expected as they relate to the search query
made in the scientific database. The keyword “construction safety” was also understandable because safety and risk
prevention are priorities for construction companies worldwide to keep their workers safe [23]. The keyword
“construction management” encompasses management of work on site for planning, controlling or executing tasks, as
stated in [24]. The detailed analysis was composed of three subsections: the AR/VR technology found in the literature

review, their usage in case studies and finally their integration with BIM.

4
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As described in the introduction and explained by [11], [16], and [25], research and development on "Building" or
"Construction" associated with AR or VR technologies can be divided into the following three phases: (1) Design, (2)
Construction, and (3) Facility Management (FM). The distribution of research papers on AEC phases from 2010 to
2020 is presented in Table 2 here below. A publication could be counted several times if multiple AEC phases were
studied in it. In total, there were 290 publications on construction phase [26][27][28] with a peak in frequency in 2019.
There were 82 publications on design phase [29][30] with a peak in frequency in 2017 and there were 75 on FM
phase [31][32][33] with a peak in frequency in 2019.

Most of the papers dealt with the design and construction phases. These articles largely treated data exchange and
collaboration around design or construction management with AR or VR [34][35][36]. The second most numerous
publications combining multiple phases studied all three phases. The majority of these articles dealt with literature
reviews [11][37][38]. Finally, the third most numerous publications combined construction and FM phases. These
articles mostly related to project collaboration and building delivery in VR [39][40][41]. Finally, only one article studied
the design and FM phases and proposed combining workflows to access BIM in VR [42].

Year AEC Phase Technology
i Design Design/Construction Construction Construction/FM FM All AR VR
2010 1 1 8 1 3 0 2 8
2011 2 0 14 2 3 0 7 11
2012 4 0 22 0 6 2 18 12
2013 5 1 39 1 8 4 26 17
2014 2 0 19 2 9 0 18 8
2015 6 2 23 0 4 0 19 15
2016 7 3 22 0 4 1 13 15
2017 20 3 29 0 7 5 25 23
2018 16 1 47 2 10 2 31 42
2019 16 6 62 2 17 1 43 46
2020 3 1 5 0 4 0 7 5
Total 82 19 290 13 75 15 209 202

Table 2 — Number of articles covering AEC phases and technologies annually from 2010 to 2020

A sudden increase in studies on the design phase took place in 2017, unlike the construction and FM phases that saw
gradual increases over time. These two phases have more related research in studies because they are more
complex. The constant data updates and conflict management involved in the design and construction phases result
in greater complexity in terms of workflow usage, technical architecture and interoperability. Therefore, there are more
technical problems to solve. Moreover, the technological advancements in AR and VR over time are also linked to
these results that will be elaborated upon in the following sections.

3.1 AR/VR Technology Found in the Literature for AEC Projects

In table 2, the numbers of publications studying augmented and virtual reality technologies are almost equal.
However, a publication could be counted multiple times in the tables if it analyzes both AR and VR technologies. 30
publications fall into this category and most are literature reviews or check which technology is the most suitable for a
construction project [43][44][45]. The literature showed that between AR and VR technologies there were common
developmental paths like 3D scene authoring and common functionalities like data consultation or color-coding
elements. However, there were also unique features such as full-scale outdoor visualization for AR software and
immersive simulation tools for VR software [43]. In [44], feedback from students revealed that they prefer immersive
devices to 360° panoramic photography. Moreover, they claimed that using VR for construction site visits instead of
being physically on site was a positive experience.

Virtual Reality

Further research was undertaken by classifying the devices used according to their characteristics. VR is based on a
set of technologies that immerses a person in a digital simulation of the real world or in an imaginary world. It is a
simulation where the user is invited to interact in three dimensions with a computer-generated environment. The four
categories of VR devices are shown in table 3. The first two categories are:

+ “3D KMS” - For many years in the literature, the scenes have been primarily visual with imagery displayed on
a computer screen. These devices were referred to as “3D KMS” (Keyboard Mouse Screen) devices or
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“desktop-based VR” as defined by [18] and comprise simple interaction with a keyboard and a mouse through
the PC interface [3].

+ “VR CAVE” - Another category of VR devices which were classified as “VR CAVE” devices, There are
solutions such as a Powerwall, which is large-screen projected and offers an immersive environment with a
wide range of views and multi-users collaboration possibilities [46], or a CAVE which is an immersive multi-
screen cube in which it is easy to experience VR alone or in groups [47].

More recently in the literature, VR experiences are mediated through a head mounted display (HMD), consisting of a
display screen on each eye. These are classified in two different categories:

» “VR Standalone” - VR Standalone devices refer to headsets with built-in screens, processors, and storage.
These are also called all-in-one headsets such as Google Daydream, Samsung GearVR or Oculus Go (which
was discontinued and replaced by the Oculus Quest, released in 2020) [48]. VR Standalone also includes
headsets made of a combination of mobile phone and mounting structure like Google Cardboard, first
released in 2014 [49].

* “VR tethered HMD” - These are modern VR devices that are wired to a computer. Popular VR HMDs include
the HTC Vive Cosmos, Oculus Rift, Samsung Gear VR and the PlayStation VR.

Device 3D Keyboard VR CAVE VR Standalone HMD VR Tethered HUID
category Mouse Screen
(KMS)
Subcategory Not immersive Powerwall CAVE Low cost All-in-one Outside in Inside out
Commercial A it i
examples Q .%*‘ W an Q‘, 3 ‘é‘
b
E—N =1 Fonk ') 2o’ &P 6
— V]
Price ++ +++ +++ + ++ ++ ++
Interaction 4 + ++ - ++ +++ +++
Tracking N/E Outside in Outside in IMU Inside out Outside in Inside out
Portability +++ + - +++ +++ + ++
Configuration Instantaneous Start projectors Start projectors instantaneous Room setup Install tracking Room setup
Setup (5-10 min) (2 min) (5min) camera + (5 min)
Room setup
(15-30 min)
Requires Is itself a computer 1PC Cluster of PCs No No 1PC 1PC
external
computing
power
Geometry No optimization Optimization No optimization Optimization Optimization No optimization No optimization
optimization needed needed needed needed very needed needed needed
needed much
Usage Virtual visit, Virtual visit, Virtual visit, Virtual visit, Virtual visit, Virtual visit, Virtual visit,
simulations, virtual simulations, virtual simulations, virtual simulations simulations, simulations, simulations,
meetups, pseudo-3D meetups, 3D meetups, 3D virtual meetups, virtual meetups, virtual meetups,
interaction in scene, interaction in interaction in 3D interaction in 3D interaction in 3D interaction in
text commentary scene, multi-user scene, multi-user scene scene scene
experience experience

Table 3 - Comparison of VR devices

Table 3 shows the variety of devices covered in the literature. Main usages were identified according to the device. VR
tethered HMD devices allow 3D interactions and do not need optimized 3D models because rendering is performed by
a powerful GPU card. Therefore, these devices are mainly used to review designs or in construction management
because they require importing regularly the most recent BIM model which is computationally intensive when used in
VR [50]. All-in-one VR standalone HMDs need optimized 3D models because they have low computational power.
However, standalone HMDs are mobile devices that can be setup in only a few minutes and therefore are most
frequently used for long-term usage applications such as training. Low-cost HMDs are only used for visualization or
virtual visits because interactions are limited. VR CAVE devices are applicable for multi-user meetings and are often
used for design reviews. Finally, 3D KMS devices allow users to interact with the 3D environment without a dedicated
device. Although the 3D interactions are limited, 3D KMS devices are useful for writing textual feedback which is more
difficult to do with HMD controllers [51].

Augmented Reality

AR overlays 3D virtual content onto the real world. The user therefore predominantly sees the real world. Virtual
objects provide relevant and contextualized information. An AR marker-based system is the simplest way to do AR,
which uses real world patterns or any visual markers. Vuforia from PTC was first released in 2012 and is an AR
framework which integrates multiple tracking algorithms [54]. AR marker systems can be performed by image-, object-

6
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or face tracking [53]. This tracking technology assumes that there is an identified and trackable object in the scene.
Another way augmented reality is performed uses simultaneous localization and mapping (SLAM) algorithms [54].
This kind of tracking does not look for a known object in the real scene but builds an internal 3D representation of the
scene and places virtual objects accordingly. Modern AR engines like Google ARCore or Apple ARKit, (released in
2017) and Microsoft HoloLens released in 2016 use AR SLAM-based systems [55]. Vuforia similarly released an AR
SLAM-based technology [56]. There are three categories of AR devices that are detailed in table 4:

* “AR mobile handheld” - publications using smartphones or tablets with AR marker-based or AR SLAM-based
solutions were classified as “AR mobile handheld” devices [57].

* “AR mobile smart glasses” - publications using Google Glasses, Microsoft HoloLens or HMD on optical see-
through mode were classified as “AR mobile smart glasses” devices [55].

* “AR fixed” - systems setup with a fixed camera which streams the real world to a monitor with the additional
virtual elements were classified as “AR fixed” devices [58].

Device category

AR mobile handheld AR mobile smart glasses

AR fixed

Subcategory

Commercial
examples

Price

Interaction
Tracking

Portability

Needs external
computing power
Application
optimization
needed

Usage

Smartphone or
Tablet

Optical See-Through (OST) Optical Glance

++ +++ ++
++ + +
Marker-based and SLAM-based Marker-based and SLAM-based Marker-based and SLAM-based
++ +++ +++

no no Embedded small PC unit

Optimization needed String optimization needed String optimization needed

Superimpositions on top of physical
world, simulations, 3D projections on
markers

Superimposition on top of physical
world, simulations, 3D projections on
markers

Superimposition in front of user
view, 3D projections on markers

Table 4 - Comparison of AR devices

A camera and pc
screen

w.,
+++
Mainly Marker-based
IsaPC

No optimization
needed

Superimposition on top
of PC screen

Table 5 shows the distribution of AR and VR devices in publications for each AEC Phase. VR tethered headsets are
the most frequently used devices as they are more affordable than CAVE technology [59] and more practical than
Google-Carboard and equivalent technology [48]. However, the release of all-in-one 6DOF (Degree Of Freedom)
headsets (such headsets include the Oculus Quest released in 2019) may change this distribution even if they require
optimized 3D models.
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Figure 2: Publication frequency against AR and VR technologies and AEC phases, measured annually from 2010 to
2020

Table 5 - AR and VR device distribution by construction phase

Figure 2 shows the evolution of AR and VR technologies and frameworks in construction phases in the literature from
2010 to 2020. In 2017 20 publications have been released on the design phase, of which 51% used AR technology
and 49% used VR technology. This could be explained by the release of AR and VR hardware in 2016, including the
Microsoft HoloLens [60], the Oculus Rift [61] and the HTC Vive [62] presented in figure 2. The literature reveals that
within the design phase, the VR technology is predominantly used to preview the design of the building.

The first peak in publications on VR in the construction phase can be observed in 2013 with 39 publications released.

This can be explained by the release of AR frameworks such as Vuforia [63] and the hardware Oculus DK1 for VR
applications [8]. More than 60% were publications using VR technologies such as the CAVE, VR tethered HMDs or
the simple Key-Mouse-PC Screen for simulation and coordination [46][66]. A second peak appears in 2018 followed
by a higher one in 2019 where equal use of AR and VR technology research was published. Improvements of VR
tethered HMD devices and easier integration and development tools resulted in an increase in studies of design
review and collaborative platforms [65]. Access to better AR technologies such as Apple ARKit and Google ARCore
available on tablets and smartphones also explains the increase in research. These devices no longer require markers
and this has made systems easier to use on worksites where construction has not begun [66]. The AR devices that
are used most in the construction phase are AR mobile handheld devices, as shown in table 5.

In 2012, 2013 and 2014 a major increase of publications using VR in the FM phase can be seen in table 2. The Metaio
and Vuforia frameworks were used for building inspections and operation instructions in AR (using AR markers or
SLAM-based systems as the building already exists). Exit signs, for example, have great potential to act as natural
markers as proposed by [5]. As shown in table 5, AR mobile handheld devices are predominantly used in FM phase
research. This is confirmed by the peak in 2019 where FM phase research implemented Apple ARKit and Google
ARCore, which have great potential to help operators build maintenance operations [67].
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Summary of Findings

Concerning the type of devices available in literature and their usage, the dominant tendencies are:

VR tethered HMD and VR CAVE allow 3D interactions and do not need optimized 3D models because
rendering is performed by a powerful GPU card. These devices are mainly used for design reviews or
construction management as these activities require regularly updated BIM data [50].

VR standalone HMD devices require optimized 3D models because they have low computational power. They
are predominantly used for long-term applications, such as training.

The launch of AR SLAM-based solutions to the market has sparked new studies in the construction phase
because AR marker-based solutions did not prove effective on worksites due to the inconvenience of keeping
markers in such environments. AR SLAM-based solutions are easier to use but the tracking is not accurate
enough while rendering 3D on top of the physical world.

3.2 Usage of AR and VR Technology in the AEC Phases

This section presents activities and trainings found in the SLR within AEC phases and the technologies used. The
study divides the data into two categories:

Activities supported by AR/VR technology. These are specific tasks performed in each AEC phase and are
represented in the Activities rows of table 6. For example, the activity of quality control is a construction
process performed by a construction company in which the company checks for defects in work performed
[68].

Trainings supported by AR/VR technology. These are the learning tasks related to an activity [69] and are
represented in the Trainings rows of the table below.

An activities and trainings article may be counted several times if it involves different AEC phases in a single
publication and might also not be counted if no technology was identified, because the data was generated by
applying IC and EC to titles and abstracts.

Articles AEC Phase
e e Design Construction FM
e e Technology  Articles  Technology  Articles  Technology  Articles
* kK *kk AR VR *kk AR VR *kk AR VR *kk
Design review 79 10 17 25 19 31 45 5 6 9
Construction 70 5 3 6 37 25 57 4 5 7
management
Maintenance 52 3 2 4 5 7 10 31 9 38
«» | Simulation 28 1 10 11 1 13 13 0 4 4
L | Quality control 21 2 1 2 17 3 18 1 0 1
S | Logistics 15 0 1 1 10 3 13 1 0 1
S | On-site operation 10 1 0 1 6 2 8 1 0 1
< Safety and  risk 6 0 1 1 1 2 2 2 2 3
prevention
Sustainable design 4 0 0 0 1 0 1 2 1 3
processes
Cost measurement 3 0 0 0 2 0 3 0 0 0
Safety training 11 1 0 1 2 7 9 1 0 1
Construction 8 1 0 1 3 4 5 1 1 2
& | management
E training
‘s | Maintenance 6 1 0 1 1 2 3 1 1 2
= | training
On-site  operation 5 1 0 1 2 2 3 1 0 1
training
Total o 26 35 e 107 101 b 51 29 b

Table 6 - Activities and trainings studies by AEC phase and technology

For all AEC phases combined, the top activities found in publications were “design review,” “construction
management”, “maintenance”, “simulation”, “quality control” and “logistics.” The activities that were less frequently
identified were “on-site operation”, “safety and risk prevention”, “sustainable design processes” and “cost
measurement.” Section 3.2.1 will detail each activity and training and will explain why some activities are well
represented in literature while others are not.
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3.2.1 Activities

The dominant activity in the literature of the design phase is design review. In design reviews a proposed design
solution is analyzed and evaluated according to the requirements and specifications from the program, the user and
the owner. The VR solution allows an effective communication solution during review meetings between designers
and clients by making the design specifications well understood [70].

In the construction phase, the activity of design review refers to the detection of clashes between structural
installations and architecture within the virtual building model [2] (see figure 3 — left). This is the second most common
activity found in the construction phase publications. During construction, there are multiple independent
subcontractors working on the worksite and successful construction relies on close coordination between all these
actors. Issues identified in the 3D model are noticed and addressed by coordinating project members who find
solutions. VR technology is the dominant technology used for this activity as presented in table 6. VR technology is

often used to visualize, analyze and assess designs in design and construction phases [50]. AR technology is
predominantly used to review designs by projecting the 3D view from the 2D drawing [71] (see figure 3 — right).

Figure 3: (left) VR tethered HMD used for measuring space between model elements [2], (right) superimposed 3D
view off the 2D QR-code enabled drawing using AR mobile handheld [71].

Construction management activities consist in maintaining schedules, helping construction managers and on-site
supervisors to remain efficient and making decisions [7]. Construction management is mainly covered in the
construction phase literature. In table 6, the papers found for the design and FM phases are literature reviews
covering general topics for the three AEC phases. Most of the research in the construction phase used AR technology
in their studies. VR technology can be helpful in providing detailed and informative animations of all the phases of the
construction. This enables the onsite team to perform or supervise tasks efficiently [72]. VR technology also provides
opportunities to simulate processes by making decisions and then watching the real-time results. Decisions made in
VR during an hour of experimentation were in higher number than if it was on the field [24].

Among different FM activities, maintenance refers to activities taken to avoid building malfunction such as repairing
and replacing [73]. Maintenance is the main activity found for the FM phase literature, with most publications using AR
technology. In this application, the AR user is surrounded by information about the facilities. Water pipes under floors
and ventilation ducts above ceilings often do not have AR markers as they are hidden from operators. Therefore, a
method distinct from AR-marker detection is necessary [73]. AR-SLAM based technology are promising to overcome
this limitation. One would expect the activity of maintenance to be found exclusively in the FM phase literature, as it
refers to managing asset life cycle and facilities of buildings. However, some design phase and construction phase
publications could be found for this activity. This can be explained by the need to plan facility maintenance operations
upstream of the FM phase [39].

Simulations using only VR technology were found for the design phase and the construction phase literature. A
simulation describes the future behavior of a building in its environment and aids in the adjustment of designs to these
complex environmental parameters. For example, in the design phase literature a study analyzed the wind direction
on site and simulated its changes [3]. Another study used simulation to visualize realistic lighting and calculated the
approximate energy consumption of the building [74] (see figure 4 — left). In the construction phase literature, a study
simulated different construction phases to visualize the project over time and onsite [75]. We can assume that with the
development of digital twins interfaced in VR these uses in simulation will develop. Indeed, thanks to the digital twin
simulation based on real data, workers would be provided information and predicted state or scenario about building
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to take decision on its design or during construction phases. However, there is still a challenge on making the data go
back from AR/VR into the digital twin when the decision is taken.

The activity of quality control (also called defect management) refers to the inspection of construction works. One of
the main issues in construction projects which leads to delays in construction schedules and costs exceeding the
budget is the unsuccessful control and management of construction defects [78][77]. For example, inspections could
lead to the identification of a block-out at the wrong location in a reinforced concrete wall before the concrete has been
cast in place [78] (see figure 4 — right). The construction phase literature largely studied AR in this application. The
literature shows that AR technology made it possible to visualize the 3D models of part of the building directly on the
field in real-time. Moreover, AR enabled data to be displayed on the physical defects [79].

Augmented 3D BIM model

Figure 4: (left) Lighting simulation at daytime using VR standalone [74], (right) AR mobile handheld used on AR site-
experiment for quality control [78].

In the construction phase, the site installation plan is defined before the beginning of the construction and material
storage is zoned in the worksite space. Additionally, logistics and planning are executed to make sure that scheduling,
deliveries and workers are well coordinated during the construction [80]. Each construction project is unique due to its
worksite environment and architecture that makes being prepared with extensive and highly detailed plans necessary.
Using VR helps workers to avoid making mistakes while selecting materials and objects by providing additional visual
labels [81]. VR solutions also helps with faster identification and decision-making that helps logistical processes to
flow smoothly. Most of the research used virtual reality technology [82]. However, AR has clear use cases in
visualizing the storage areas on-site. This could help site managers with the management of subcontractor material
storage during the construction lifecycle [83].

The on-site operations activity is exclusively found in the construction phase literature and AR is primarily investigated
in this literature [84][85]. In the literature AR provides managers and workers with step-by-step assistance and follow
up on tasks they are responsible for [86].

The construction phase and the FM phase literature covered safety and risk prevention activities [87][88]. An AR
system providing resources related to safety work and environment, as well as notifications to improve planning,
preparation, and activities to ensure no unsafe actions has been studied [89]. This system conveyed safety
knowledge to managers who were responsible for planning safe facilities and for overseeing workers’ safety.

Literature from all AEC phases covered the “sustainable design” activity [90], and used VR as a tooltip helping with
visualization [91] (see figure 5 — left). The use of VR was associated with the optimization of energy consumption and
the sustainability of the building and its environment [92].

The activity of cost measurement was found exclusively in the construction phase literature and consisted of linking
costs with scheduled activities [93] (see figure 5 — right). The study used AR “to obtain the as-built status by
superimposing a 3D model over the worksite scenario”. VR could allow the inclusion of the client into the cost
measurement and design process. By simulating the client’s design choices in VR, the bill of quantities could be
automatically updated, providing more accurate information on the real cost of the project [94].
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Figure 5: (left) 3D KMS for virtal rdering ofgreening on building’s roofs [91], (right) a tag note assigned to a '
delayed wall using AR mobile handheld [93].

3.2.2 Trainings

Without safety training, construction workers would not be prepared for risky situations on-site [95]. Therefore, this
research proposed to investigate training workers in VR where dangerous scenarios can be situated risk free. The
importance of this training is conveyed in table 6 where the literature was largely from the construction phase.

Research on VR training was found in the literature, but in small amounts. For construction management training
purposes, a study proposed to use the Second Life VR environment for construction students to learn through
simulated event sequences and resource management [69]. [96] used AR technology to superimpose instructional
mechanisms on a jobsite which would help the learners to visualize context and spatiotemporal constraints, but also to
identify hidden processes (see figure 6).

; XA
Figure 6: Superimposed 3D BIM model over worksite construction progress documentation using AR mobile handheld
[96].

VR and 3D modelling could bring maintenance training to engineering education and to professional activities as
virtual models can be examined with all their related metadata as well as their technical information [97]. Research
papers on this topic in table 6 are uncommon and concern both the construction phase and FM phase.

Learning methods for on-site operation training remain out of date and ineffective [49] (see figure 7 - left). To
overcome this lack, Wolf and al. propose an approach using mobile VR with gamification elements for teaching and
training experienced and novice workers with individual feedback. In [98], to overcome the lack of engagement and
interaction, the author proposes a learning system with an "AR Book" consisting in augmenting objects with relevant
information which appear while students interact with the training content in the video (see figure 7 - right).
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FigUre 7: (left) User’s perspective (image overlay) of the VR training application using VR tethered HMD [49], (right)
AR Book showing a construction equipment displayed on the marker using AR mobile smart glasses [98].

Summary of findings

Some activities are well represented in the literature such as: logistics, quality control, simulation, maintenance,
design review and construction management. These activities mainly require 3D model visualization and simple
interactions. On the contrary, activities such as cost measurement, sustainable design processes, safety and risks
prevention and on-site operation are less represented in the literature. These are activities that require job-specific
knowledge and simulation tools. Implementing such interaction and scenarios in AR or VR requires deeper research
to achieve interoperability between technology, knowledge and real-time events. This supports the need of conducting
a detailed research of methods existing in the literature to develop these activity and training applications that are
being studied in section 4.1 Worksite Operations and Risk Prevention or Safety Studies; then existing systems and
frameworks for data and technology interoperability which are studied in section 4.2 Data Workflow between BIM and
AR/VR Technology.

Concerning training in activities, the review shows that there are fewer activities represented because training in AR or
VR also requires complex scenario authoring and interaction development. Safety training is well represented in this
study compared to the other trainings because it is a sensitive subject that carries high risk and liability. Improving
safety training has been highlighted as a key component in lowering the construction industry's accident rate. Virtual
environment-based simulations offer the possibility to gain experience in hazardous situations where failing is not
harmful to the learner [13].

Some research papers studied, developed, or proposed frameworks that would fit training as well as activity. [99]
explained that “training operators by the means of AR is a consequent continuation of simulations done in VR” and the
use of simulations before maintenance missions are showing viable results. Furthermore, the implemented solutions in
existing VR training can be adopted and developed in on-site activity where operators face the physical constraints of
the jobsite. The same jobsite knowledge can be found in the training for a student to handle a task as for an operator
that would follow a step-by-step guide on a given task.

3.3 BIM Process and AR/VR technology integration

After identifying the different construction project activities and training involving AR/VR integration, this research
examines projects that are integrated into the BIM process. BIM is becoming the industry standard for construction
projects but remains imperfect.

BIM was one of the important areas in VR research in 2010 [6]. According to Gu and al. “BIM is an IT-enabled
approach that involves applying and maintaining an integral digital representation of all building information for
different phases of the project lifecycle in the form of a data repository” [34]. The benefits of using VR for BIM projects
are numerous. It can improve collaboration, planning, data and 3D model visualization for clearer communication
among stakeholders and better coordination among all trades leading to better quality project outcomes. AR
technology can also be a useful collaborative 3D tool and promises a different way to represent and interact with BIM
data into the physical world.

Figure 8 represents the number of publications studying AR/VR in construction projects during the construction phase.
Two series are presented, regardless of whether AR/VR data are provided by BIM.
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Across the AEC phases in figure 3 the number of research papers found in the design phase that integrate AR/VR
within the BIM process is proportional to the number that do not, fewer research papers found in construction phase
integrate AR/VR into the BIM process and finally, most research papers found in the FM phase integrate AR/VR into
the BIM process. In the design and construction phases some activities do not require the BIM parametric data to
visualize and simulate the 3D Building. However, the FM phase activities usually require BIM data for building
operation and maintenance [100].

A BIM dimension is used for solving a specific issue in a construction project process by incorporating extra data to
the BIM model [101]. The following BIM dimensions were present in the literature:

« 2D BIM Exchanging Drawings and Papers Through the Project Cycle [102]
e 3D BIM Model Communicating Design Intent with Parametric Data [103]

e 4D BIM Influencing Schedule in case of Construction Project Changes [104]
e 5D BIM Estimating Cost of Construction Project [105]

The following BIM dimensions do not have a stable meaning. There is no consensus as to which BIM activities these
dimensions refer to. According to [106], “multiple authors agreed on the consensus of what the BIM 4D and BIM 5D
refer to. However, there exists no agreement between the 6D and onwards”. As papers of this review are based on 6D
or higher BIM, they were still included in this study and were assigned the following definitions:

» 6D BIM Optimizing Energy Consumption & Sustainability [106]

» 7D BIM Managing Asset Life Cycle & Facilities [41]

» 8D BIM Modeling Preventing Accident through Design [107]

« 9D BIM Optimizing Design Management (Lean Construction) [110]

Figure 9 below represents the evolution of BIM dimensions over years, shown through the frequency of studies on the
integration of AR/VR technologies into BIM annually from 2010 to 2020, based on 401 papers.

3D BIM
4D BIM
5D BIM
6D BIM
7D BIM
8D BIM
9D BIM

l II 11 ||I| |H |II II ||I “IJ |L| | il

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
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Figure 9: The distribution of AR/VR technology and BIM dimension papers annually from 2010 to 2020
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Figure 9 shows a constant upward trend in the frequency of papers on 3D BIM integrated with AR/VR technology. This
is because 3D visualizations of parametric data in AR/VR BIM are frequently used in the construction phase. Groups
of the AEC industry were interviewed for BIM case studies and these interviews found that visualizing and interacting
with BIM models with AR or VR technology enhanced motivation to work and collaborate on BIM project [34].

The 4% BIM dimension has seen increases and decreases in academic interest over the past 10 years. The drop of
papers integrating 4D BIM and AR/VR found in 2015-2016 could be explained by the transition of technology. Before
2017 most devices which used AR or VR were VR CAVE [109] [110] [47], AR fixed [111][112] and AR mobile
devices [7][113]. After the launch of a new VR headset and AR framework in 2017 publications using AR mobile
[114][115][116] and VR HMD devices were found [104] [65].

The 5" and 6" dimensions of BIM associated to AR or VR technologies are almost not explored in the literature. The
5th BIM dimension facilitates cost measurement such as producing bills of quantities. The decline in use of bills of
quantities with traditional methods is significant [96]. The reasons for this relate to its complexity, the time intensity of
generating them and the use of information retrieved from planning. The same is true of the 6" dimension of BIM.
Doing sustainability work on a building is a long process operated throughout the building lifecycle by dependent
iterations leading to benefits in energy efficiency for example [90]. The data collected by repetitive facility
management and exterior variables (such as the environmental influence on the building) could help to optimize and
improve future construction. Therefore, very few publications considering AR/VR integration with 5D or 6D BIM were
found in the literature but this appears to be a future trend and the literature may increase in frequency in coming
years.

The 7D BIM dimension is related to building operations and maintenance and appears largely in the FM phase
literature. The literature shows that the distribution of 7D BIM papers using AR/VR technology follows the same
progression from 2010 to 2020 as the FM phase (see figure 4). This is also visible in figure 3 where most of the
publications covering the FM phase use AR/VR integrated into the BIM process.

The literature collected in the SLR did not contain any publications related to the 8th BIM dimension and AR/VR.
Preventing accidents with design is a complex task and has only recently emerged as a topic of study. Moreover, it
requires specific tools to involve people in VR, to study their behavior and detect what could cause an accident. This
could explain why this dimension is understudied within the literature.

Figure 9 shows that the 9t dimension of BIM is seeing an increase in academic interest in its integration with AR/VR
technologies. The correlation between BIM, lean construction and AR for the design and construction phases was
reviewed within the literature [16]. Very little data could be found on workflow automatization and integration with BIM
and VR technologies, even though Lean is increasingly studied with BIM processes in construction projects.

Summary of findings

Increasing research interest is being directed at the 5t to 9t BIM dimensions by comparison to the 3 and 4t BIM
dimensions. This is due to the complexity of the knowledge associated with each dimension, as shown in activities
and trainings in section 3.2.

Although integrating AR/VR technologies and BIM in the context of AEC/FM is beneficial for all stakeholders, it is still
not easy to use these three technologies together and existing solutions may not be reliable [67]. These complexities
stem from the following:

Developing stable solutions instead of multiplying proof of concepts

Technical challenges of AR an VR technologies

The technical challenges of BIM integration

The existence of multiple specific non-interoperable architectures, frameworks, software and hardware.

There is further research on n dimensions of BIM that have not been explored, even where AR/VR technology could
be integrated in the BIM process. These subjects may emerge in the future in 5D BIM, 6D BIM, 8D BIM and 9D BIM.

4 FOCUSED ANALYSIS OF AR/VR TECHNOLOGY USAGE IN THE
CONSTRUCTION PHASE

For the purpose of the future research that will develop the potential of AR and VR applications in AEC projects
particularly in the construction phase, the current research and use cases using AR and VR in the construction phase
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were studied in detail. As BIM is essential for all future construction projects, publications related to BIM data workflow
and communication between BIM and AR/VR technology were focused on.

4.1 Worksite Operations and Risk Prevention or Safety Studies

The second research question addressed in this study relates to current research and use cases using AR and VR for
the construction phase. Within the 33 articles, 11 of them were oriented on current research and use cases.
Comparative table 7 is structured as follows:

- The matter column conveys the activity or training studied in the publication
- The process information column conveys the information sources used as a knowledge base for the activity or
training

- The technology and display device column conveys the AR or VR technologies utilized in the studies

- The participant column conveys whether participants need supervision of an instructor to complete the activity
or training
- The evaluation process refers to the method and number of participants to evaluate the proposed activity or
training application
- The usability column indicates the ease with which a user can learn new tasks, whether the error rate was low
and whether the general system was adequately ergonomic.

Research Matter Process information are Technology Participant needs Evaluation process Usability
paper from: and Display supervision to (+/++/+++)
device complete the
activity or
training?
[117] Wood frame N/A VR no (110 pers.) pre/post surveys +
construction Smartphone
assemblies and VR
Cardboard
[86] Ceramic tile The Turkish Ministry of AR no N/A +
installation Education and INTES smart glasses
(Employers' Union of
4 Construction Industry
S Employers)
E [118] Detail of the Guidance of a teacher in AR no (40 pers.) Eye tracking and +
g longitudinal bars the field of construction PC evaluation with true or false
o cross section of a techniques questions and short answer
2 corner column questions
% [119] Wood-frame wall Phased in Revit by AR no (28 pers.) Questionnaire, direct ++
S assemblies experts Smartphone, observation and result analysis
= AR smart
glasses
[120] Pipe spools a two- AR no (61 pers.) Participants were filmed. +++
assemblies sided isometric drawing Tablet The videos were watched and
and traditional rework segmented into activities and
completion processes durations to assess the
participants' progress during the
experiment.
[ 4] Safety N/A AR N/A The performance of the system +
management PC and smart was evaluated using 459 images
c glasses obtained from a construction site.
L [12 1] Safety education Korea Occupational VR no (25 pers.) Evaluation through ++
S Safety and Health Agency  Tablet hands-on trials with questionnaires
E [122] (KOSHA) and interviews
5‘ [123]
2
; [124] Construction site OSHA (Occupational VR no Auto assessing the safety ++
§ safety Safety and Health Tablet knowledge of the students and
> Administration) submitting a report
».3 [95] Safety education Accident types reported in \F/’(F; yes l(<66 pFrZ.) 3 indivi(dual safety » +++
» . nowledge tests (pre, post an
[125] and lsrael Institute month later): experience
for Occupatlonal Safety questionnaire
and Hygiene (IIOSH)

Table 7 - Comparative table of publications focused on current research and use cases

In section 3.2, it was observed that activity and training applications can be used for the same purpose. In the
following sections, activities and trainings in the research papers presented in table 7 are clustered by topic to focus
on the usability of each one. The positive and negative points identified are discussed.

4.1.1 Worksite Operations

The use of VR helps students to visualize the final assembly of a wooden construction by navigating around the
building unlike traditional 2D plans and drawings [117] (see figure 10 - left). In the proposed training, it would have
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been even more effective if the 3D construction was sequenced and interactive in the VR application. This would have
facilitated a better understanding of the step-by-step tasks of the assembly.

In on-site AR training for ceramic installation [88] (see figure 10 - right), the step-by-step procedure was implemented.
In AR training for steel installation [118], each step of the construction was presented and the operator had autonomy
to proceed with his tasks. In both trainings, all steps from the beginning to the end of the operation were modeled,
animated and then imported to the 3D engine. The developer had to be guided throughout the training development
by an expert or had to find the knowledge by himself. This method makes the training inflexible and uneasy to reuse
for other tasks. The time required for modeling, animating and developing may be too long if 100+ worksite operations
are developed.

101 degree field of view

~N 1_

Figure 10: (left) User experience within the VR simulation using a VR tethered.HMD [11 (rlght) Test of the ceramic

tile installation’s system using AR mobile smart glasses [86].

To address the support needed by the developer, one study developed an AR application to assist with assembly of
construction elements where each step of the assembly was defined in a different phase within the BIM element (see
figure 11 - top). The BIM element was sequenced in the BIM software by the assembly expert [119]. Once imported
into the 3D engine the developer would retrieve the phases directly from the BIM element to make the operation
a33|stant AR appllcatlon W|thout needing any further gwdance (figure 11 - bottom)
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Figure 3: (top) Revit screenshots: wood-frame wall and the structural framing material takeoff; (bottom) the
steps to assemble the wall through the AR application using AR mobile handheld and AR mobile smart
glasses [119].
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Another AR system created the above systems by continually scanning and checking the student assembly in real-
time using the BIM model [120]. This provided the learner with direct feedback during the process that reduced the
time required to complete the assembly. Moreover, it helped the students to understand the operation information
better, compared to traditional workshops without the AR system. Pipe spool assembly is an activity that is suited to
the system presented in this paper as 3D-scanning of small pieces is possible. However, it would not be possible to
proceed with construction activities such as precast concrete wall installation or the assembly of longitudinal bars
through a column.

4.1.2 Safety and Risks Prevention

An AR system has been developed to alert operators on worksites about dangerous events happening around them,
such as vehicles circulating close by [4]. The system displays augmented information on operators’ wearable glasses
or notifies them on their smartphone about hazardous situations. The advantage of this system is that the safety
management of an operator can also be checked by an expert in real-time from their office. However, this hazard
avoidance system resulted in several issues. The system depends on multiple fixed cameras on site combined with
the wearable glasses in order to compute distances between different elements on screen. The evaluation of safety
level was not stable because tracking was often disrupted, full networking was required to run the system and the
terrain elevation detection was not precise enough. In addition to the complexity of the setup of the system on the
worksite (see figure 12), the proposed AR system was not ideal, even for student training.

‘\
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Stationary Global perspective images Data processing server
camera
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Figure 12: AR hazard avoidance system [4].

Two different frameworks for construction safety educational purposes were found in this SLR. VSES used different
databases to generate VR safety scenarios that students could access on their smartphone by scanning a QR code
[121] [122] [123]. VIFITS is an online system using 360-degree panoramas of worksites to illustrate scenarios [124].
Sessions are generated with different databases but can be customized using XML to set and integrate information
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together into web sessions. The advantage of virtual environments is that dangerous situations could be simulated to
demonstrate safety rules and hazard avoidance without compromising the safety of the trainees as explained in
section 3.2 of this paper. Additionally, by taking an active part on the VR training, learners pay better attention and are
better able to absorb the concepts. Both studies used the national Occupational Safety and Health Agency (OSHA)
safety rules, regulations, hazards and accident cases in their training material; however, their integration and matching
with the virtual environment was not detailed enough to be reproduced. Another study also used the most frequently
reported accident types as scenarios in their VR simulation [95]. The VR system was a simulation inside a simulated
construction site displayed on a VR power-wall. The building used in the safety scenario used a BIM model designed
in BIM software, however, BIM metadata were not utilized into the scenario.

Summary of findings

After comparing current research and use cases using AR and VR for the construction phase, the observable
technology trends for VR activities and training lie predominantly in worksite operation and risk prevention or safety
studies. AR is advantageous in the opportunity it provides to augment environments and objects with information and
operation steps. However, some studies might not be adaptable to all worksite tasks such as the scan-vs-BIM method.
There are many advantages in using VR for training, such as its immersive nature inside real-scale virtual worksite
environments and the risk-free opportunities it can provide to operational staff and managers to experience and learn
from dangerous situations to practice hazard avoidance and safety behaviors.

However, the scenarios proposed in these studies are too restrictive and hardcoded, limiting the number of scenarios
and use cases available. The time required for modelling, animating, and developing might not be ideal for hundreds
of worksite scenarios to be developed and this would require a different approach. For this reason, the next section of
this review focuses on the architecture and data workflow that underpins communication between BIM and AR/VR, to
facilitate authoring procedures and scenarios for AR/VR.

4.2 Data Workflow Between BIM and AR/VR Technology

The third research question addresses the main methodologies and frameworks applied to communication between
BIM and AR or VR. Among 33 articles, 22 covered AR/VR integration and data workflow. In the literature, different
workflows integrating BIM and AR/VR were proposed, developed or studied. Table 8 here below compares the
different approaches in the publications and is followed by a discussion.

Research Technology Type of process Number of Software/Tools used Use of a Is 3D Consultation of Formalized
paper and usage (auto — manual - steps Cloud optimization BIM metadata data
purpose custom from BIM Server? needed in the in AR/VR? architecture
development) to AR/VR process? used?
KMS viewer Auto 1 L] Revit no no no no
[126] | ip
[76] AR viewer 3D Manual 3 L] Archi-CAD no yes no no
. ARToolKit
(78]
KMS viewer Manual 2 L] Revit no no no no
[103 ] 3D L] VRApp
AR viewer 3D Auto and manual 8 L] ? es no no no
[127] y
AR viewer 3D manual ? L] Unity no no no no
[ 1 2 8] L] Vuforia
[129] AR viewer 3D Custom ? . Ifcplusplus no no yes IFC-SPF
development . OpenSceneGraph (STEP-File
with .ifc
extension)
130 VR viewer 3D  Manual 4 . Revit no yes no no
[ ] multi-user L] 3DsMax
L] Unity
L] PUN
[13 1] VR viewer 3D  Auto and custom 4 . BIM software yes no no IFC
custom development L] OpenBIMServer
Unreal Engine
KMS Manual 4 L] Revit no yes no no
[132] simulation L] 3DsMax
L] Unity
[1 15] AR viewer 3D Manual and 6 . Revit no yes yes IFC->XML
custom L] ACCEPT XML
development plugin
[ 13 3] L] 3DsMax
. Unit
(68] ’
65 VR viewer 4D Manual 4 . Revit no yes no no
[ ] L] 3DsMax
L] Unity
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[134] VR viewer 3D Custom 6 . F{ev@t . yes yes yes no
development . Revit plugin
custom
. 3DsMax
L] Unity
L] 2 API
AR/NVR real- Auto ? L] Unity no ? no no
[135] time L] Vuforia
navigation
[2] VR viewer 3D  Auto 1 . Revit yes no yes ?
multi-user L] Fuzor
[136] VR viewer 3D  Manual 1 . Revit no no yes no
multi-user L] IrisVR
VR viewer 3D Manual 4 . Revit no yes no no
[ 1 3 7] L] 3DsMax
L] Unity
[1 3 8] AR assistant  Manual and 3 L] Tekla no no no no
tool custom L] IFC Parser
development L] MetrolD
BeamWeld
software
[25] AR viewer 3D Manual and 1 . Revit no no yes IFC->XML
custom . xBIM Toolkit
development

Table 8 - Comparative table of publications focused on BIM workflow for AR/VR integration

The research papers presented in table 8 show a selection of software used because each of them has a different
purpose. The software offers 3D capabilities needed for complex modelling or meets construction-engineering
requirements for construction.

When a specific AR/VR application is developed with the BIM model, this can be exported to a 3D engine where
interaction features can be added and an application can be built. Often the BIM file format was not supported in the
3D engine, or the software could not support the large number of polygons generated by the BIM model when it was
converted to a 3D model. The geometry from the BIM model, a volume model, can be exported to a 3D engine by
transforming the file format into a surface model such as .fbx format and then optimized in 3D modelling software
[139]. However, the BIM metadata may be lost during the process and may not remain available in the new
application.

Thus 4 steps were required to move the data from the BIM software to the specific AR/VR application [130] [132] [65]
[137]:

1) BIM geometry had to be exported from BIM software. BIM software such as Autodesk Revit are used to model
3D structures because building components contain a variety of available information, and professional
drawings can be created automatically once the model is designed. However, only the geometry is exported
as the 3D optimizer software in the following steps do not support the BIM file format.

2) Optimization with 3D modeling software.

3) A 3D game engine was required for its features and to build the application. Sometimes additional 3D content
was added to the engine such as capacity to handle terrain and 3D point cloud data. Data from a database
such as the safety rules could be added.

4) The AR/VR application needed to be executable with the converted BIM model.

The following figure 13 gathers BIM workflows available in the literature (part A in the figure) and the recent

commercial solution workflows (part B in the figure) for data exchange from BIM to AR/VR. The 4 steps detailed below
are numbered and represented in the workflow architecture (A, 1-2-3-4).
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Figure 13: research and commercial solutions for BIM to AR/VR technology workflow architecture
To access the BIM metadata in addition to the BIM geometry, some efforts and custom developments were needed.

AR4C is an AR application [68] for which researchers developed a Revit plugin called ACCEPT XML plugin which
imports the metadata of each BIM element in a .xml file associated with its “Element ID” (figure 13, A, 5). In the game
engine, the building element (named by its “Element ID”) retrieved its metadata from the XML file (A, 6). This manual
approach is limited as it takes time to make BIM data compatible with the 3D engine, and to convert the BIM model
into 3D geometry. Each specific need must be developed by an IT team.

A similar framework was developed to use the “Element ID” of the building elements to retrieve the BIM metadata in
the game engine [134]. However, due to a cloud server and custom developments, this method could update the BIM
model and properties in the AR/VR application in real time directly from the BIM software. The authors noticed that
“the entire process can be made reciprocal - when the user makes a change in the VR apps through the API plugins in
VR apps, the change will be reflected in the Revit model via a reversed process.” This has however not been
implemented. It is unclear whether it works in the other direction and therefore was not considered as a viable option.
In figure 13, this automatic process is represented on the top of the figure (A, 7-8).

In [131], Authors studied the use of an OpenSource BIM server into which the BIM models would be imported and
from which the BIM server would parse the geometry and import it with the BIM model data. After connecting the BIM
server to the game engine using an API, the BIM project would be imported to the game engine editor and updated
anytime a modification is made through the BIM server. The process of importing the model to the BIM server and
then to the 3D engine was not covered in explicit details.

To access the BIM metadata in its AR environment, [129] proposed parsing the IFC file (which contains the BIM
geometry and metadata) into a IFC-SPF (STEP-File with .ifc extension) using a C++ ifc library and to render the 3D
model using the OpenSceneGraph library. The building element would appear in AR at its physical location using the
visual pattern information integrated beforehand into the BIM metadata. This system required even more advanced IT
skills for developing interaction features in the application.

A web-based solution has been developed using the xBIM libraries to read and add custom BIM properties to the IFC-
based process model [25]. These libraries seem the most established and comprehensive for reading and writing BIM
projects in an OpenBIM developed application. Web systems are also more comprehensible and flexible for
customization but still require advanced IT skills. In the paper, there were no details regarding how the building
element appears in VR from the WebGL interface where the BIM model is visualized in 3D with its metadata.
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Recent commercial solutions have begun to proliferate, inspired by the above research papers. These include:

- The Unreal Engine which supports native .ifc files and provides an Autodesk Revit exporter for .rvt files to
convert files into a format that Datasmith? can parse into the engine.

- A Reuvit plugin, called Enscape, which provides “a VR walkthrough of the fully rendered project — no uploading
to the cloud or exporting to a separate program ... any changes made in the CAD program are instantly visible
in Enscape.”

- Unity proposed a new plugin in 2020, called Reflect, which “brings multiple Revit models with all their BIM
metadata to real-time 3D and maintain[s] a live link between them. It is also possible to create differentiated
real-time BIM applications and customize the user experience by building on top of Unity Reflect with the Unity
editor to build AR and VR experience.”

For a non-specific application using AR/VR technology to visualize and consult the BIM model and data, the process
is far simpler with only one step from the BIM software to access the BIM model in augmented or virtual reality (figure
13, part B). For example, a solution that automatically imports the BIM model to the VR environment can be used [2]
or the BIM model can be imported manually into the VR application [136]. Both solutions facilitate BIM data
consultation. However, neither option allows the user to modify the original BIM file within VR.

Summary of findings

This section addressed the third aim of the SLR that was to study the different workflows integrating BIM and AR/VR.
Notable progress has been made in research on the integration of BIM geometry and metadata into augmented or
virtual reality over the last decade. A commercial solution provided a generic application with restricted features. A
potential manual workflow included 4 steps from the BIM software to a specific AR/VR application; however, this
solution did not allow access of the BIM metadata. Another solution integrates custom frameworks developed to
access the BIM metadata with features added to a 3D game engine in order to build an AR/VR application. However,
once the BIM model was imported, there was no possibility to modify the original BIM file in the augmented or virtual
reality environment. None of these workflows led to a back loop where each update in AR/VR was reported to the
original BIM file. This is notable because object hierarchies and 3D coordinates in BIM models (in the .ifc format) are
completely different once transformed to be integrated to a 3D engine. Much work is needed to remap the information
back into the BIM format.

4.3 Challenges related to AR/VR scenarios using BIM 3D and metadata

2 Datasmith available at https://www.unrealengine.com/en-US/datasmith
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A significant challenge to integrating BIM and AR/VR is that it is difficult to find a workflow that enables the
modification of the original BIM project once it is imported into the augmented or virtual environment. For example, a
feature that would allow an expert in safety training and risks prevention to create a VR/AR course and save the
information into the BIM model is not possible at present. Moreover, this feature would need to store training data in
another format such as a CSV or XML file. Another challenge for the integration of these systems is that they require
tedious work from an AEC professional, who has the jobsite knowledge for on-site operations assistance or training
but is not an IT developer. An AEC professional could use commercial solution options that are limited by generic
features. These solutions were not developed for the creation of scenarios but rather for precise applications like
reviewing a model or on-site quality control. Currently, applications center on the consultation of metadata and object
manipulation and no complex interactions are possible.

In this SLR, the publication that comes closest to a scenario where the professional was able to author a VR/AR
training from the BIM model was [119]. The different phases of construction of the wooden frame were numbered and
stored in the BIM model via the BIM software and then reused to script a training developed in AR. However, no
details were provided on the formalization of the data or the use of a specific architecture. Further research would
therefore study existing data architectures that would allow the creation of AR/RV scenarios from BIM models and the
knowledge stored in them. An additional challenge is the relationship of the virtual element (to be operated) to the
scripting of the different steps, for example while developing a scripted training for work on-site. Detailed operational
knowledge (such as how to assemble two parts of the wooden frame) must be stored in the BIM element to be reused
in the 3D engine in a way intelligible in the scenario that would justify the step. To do so, a formalism between the BIM
element, the task and its AR/VR scenario should be developed. None of the publications in this SLR proposed such a
formalism.

To overcome these limitations, semantic modelling and VR/AR training scenarios are studied. These works
predominantly used modeling approaches based on the Unified Modeling Language (UML) formalism [140][141] or on
ontologies [142][143] to represent procedural scenarios and knowledge needed for AR/VR training. The emergence
of semantic web technologies and the concept of a semantic construction digital twin are promising trends in tackling
interoperability issues between various data and structures in the AEC/FM industry [144]. In order to apply ontologies
in construction, BIM files in IFC format could be converted to RDF/XML format [145] or to OWL/XML format (called
ifcOWL) [146] however interoperability between BIM and AR/VR is still challenging.

Future works could focus on ontologies and UMLs in relation to parametric data and BIM modeling. Moreover, more
research must be conducted to define interactions in virtual environments associated with procedures and scenarios.
Some promising paths for research include using web based semantic ontology, [147] combining BIM 4D and job
hazard analysis for preventative on-site safety or studying existing industry research such as [148] which is an
industrial ontology for operation in virtual and augmented scenes.

5 CONCLUSION

Virtual and augmented reality are tools that have real impacts in AEC projects and their different phases. This study
shows that technologies are used differently in different phases: VR for the design phase of the project, AR and VR for
the construction phase and AR for the FM phase. This study shows that research trends over the last ten years have
been driven by the release of increasingly sophisticated AR/VR devices and frameworks. VR is used preferentially
when the device is a headset connected to a PC, for design reviews and simulation activities. AR is more often used
with tablet and mobile devices for maintenance, quality control and construction management activities.

The least frequently identified activities and trainings in the literature were site operations and prevention and safety.
This is confirmed by the lack of publications on 8D BIM "safety by design." The activities and learning of jobsite
operations were preferentially studied using AR that is promising in its ability to phase work elements in the
construction design software. Learning, preventive and safety activities in VR have received a fair amount of academic
attention. This has resulted beneficially in the integration of national safety rules, although scenarios remain scarce
and rigid.

With difficulty, BIM can be integrated with VR tools to collaborate on 3D and 4D BIM data and with AR tools to
visualize 3D models and their metadata for 3D, 4D or 7D BIM uses. Higher more complex BIM dimensions were less
represented in the SLR. Once parametric data was included in a virtual environment or augmented via its digital model
it could not be modified because the file format had been transformed. Commercial solutions have provided simplified
workflows but remain generic 3D applications that cannot be adapted for scripting or training in virtual and augmented
environments.
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4 steps were required to bring the BIM model from the BIM software into a newly developed software application.
Firstly the geometry had to be optimized, then it had to be parsed into a game engine, features had to be added to the
engine and lastly an executable application had to be built for a worksite training application in AR or VR. However, all
the knowledge stored in the BIM project could not be utilized which limited the number of scenarios developed. This
workflow does not allow the user to access to BIM metadata and requires the developer to program a framework to
customize the workflow, for example, by retrieving the BIM metadata from the BIM software, importing it and matching
it to a 3D model in a game engine.

One source of complexity in developing learning activities for worksite operations in AR or VR is the relationship of the
virtual element (to be operated) to the scripting of the different steps. The publications presented in the study do not
present any data or knowledge models. Given these and the summary of achievements and challenges in table 9,
further research could focus on ontologies and UMLs in relation to parametric data, BIM modeling and scripting in
augmented or virtual environments.

AR/VR Achievements Challenges

- Lack of accurate tracking technology for matching BIM
models and data with the physical twin during the
construction phase.

- Needs of automatic BIM model simplification for VR/AR
mobile device with less computing power.

- Integration of 5G and cloud computing AR/VR rendering
to make technologies accessible from everywhere with
any device.

- VR tethered devices are powerful
enough for displaying large BIM model.
Technology | - VR headset and AR framework have
facilitated the adoption of AR/VR
technologies.

- Numerous proofs of concept
concerning activities with 3D model
visualization and simple interactions
(mainly in Design review and
Construction management activities)

- Needs of AR/VR scenarios authoring tools with complex
and job-specific interactions, in activities such as On-site
operation or Safety and risk prevention.

Activities

- Existing use case shows the
effectiveness of VR for workers risk and
safety trainings.

- AR provides step-by-step procedure for

- Lack of standards and/or framework to author step-by-
step procedure or training scenario in AR/VR applications
from BIM data.

Worksite operations and
risk prevention or safety

studies o i : - Needs of contextualized training based on the BIM
ekl 'operator o i Eing e current state during construction phase.
construction phase
- Lack of knowledge management IT architecture and
- 3D BIM used in AR/VR applications for  process to share job expertise (e.g. QHSE) in AR/VR
BIM and data flow | visualization of 3D model and training applications.
architecture | collaboration on BIM project is in - Needs of architecture allowing updating BIM data from

constant upward trend. AR/VR applications and a closer integration between the
digital twin and AR/VR human machine interfaces.

Table 9 - Summary of achievements and challenges in AR/VR-BIM data flow
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