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Abstract. This paper presents insights into the opportunities and
barriers for using augmented reality (AR) and virtual reality (VR)
in the architecture, engineering and construction (AEC) industry by
contextualising how their adoption is leveraged in practices. Based on a
review of literature, a qualitative study using semi-structured interviews
was conducted with thirteen participants from AEC industries between
five and thirty years of experience. Interviews were conducted
face-to-face and virtually using questions focusing on participants’
experiences, perceptions of, and opinions about the use of AR/VR in
AEC practice. Qualitative dissemination of key insights highlighted
immediate and future possibilities for AR/VR, with current limitations
that require future investigation from a user-centred perspective.
Suggesting a XR-PACT framework, this paper frames key directions
for future research to address current limitations and explore new
opportunities that positively impact architecture and other professions,
communities of building users.
Keywords.
Augmented Reality; Virtual Reality; AEC; User
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1. Introduction
Augmented reality (AR) and virtual reality (VR) are well-recognised as key
digital disruptors to the Architecture, Engineering and Construction sector (AEC)
(Delgado et al., 2020; Li et al., 2018). AR and VR technologies can improve
design and decision-making practices in the key areas of visualization, information
retrieval and collaboration (Rankohi and Waugh 2013). Yet despite their potential
to improve the efficiency and accuracy of building projects, there is a risk that
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industry may become a passive and reluctant recipient rather than a protagonist of
the use of these technologies, especially past its pilot stages. A similar problem
occurred with Building Information Modelling (BIM), where the stagnation of
its adoption was attributed to the issues of human factors (user experiences,
expectations, and intentions), rather than the technology itself (Gu & London,
2010). It is important to understand AR and VR’s usability in terms of context,
requirements, and effectiveness, in parallel with technological developments to
support adoption readiness. The aim of this paper is to bring into focus the
opportunities and barriers in AR/VR adoption from the user perspectives of AEC
industry professionals, and propose a holistic, user-centred approach to extend
future research agendas that are responsive to the critical and developing needs of
the industry.
2. The use of AR and VR in AEC Industries
The improvements to software development kits (SDKs) in recent years has
afforded a diverse range of AR and VR applications in AEC projects (e.g.,
Pratama & Dossick, 2019). However, much of their development has been on
their technical utility in activities such as client engagement, design support and
reviews, or in construction planning, management, and training (Alizadehsalehi et
al., 2020; Li et al., 2018).
Semi-immersive and fully immersive experiences affect a user’s ability to
navigate and comprehend virtual assets and, depending on different cognitive
tasks, they may require added functionalities such as head tracking and haptic
devices to track and record annotations and mark-ups (Castronovo et al. 2013).
Where reviews with end-users involve rapid changes, data servers connected to
multiple desk. This approach is seen in semi and fully immersive VR technologies
where heuristic methods are used to add functionalities such as head tracking
haptics and VR enabled projections (e.g. CAVES), to track and record mark-ups
(Castronovo et al, 2013; Bullinger et al, 2010). When non-co-located users need to
collaborate in real time, data servers and multiple VR interfaces are programmed in
the system’s architecture for synchronous or asynchronous exchanges (Bassanino
et al., 2010). In cases of interoperability with project software such as BIM, a
framework is used to preserve and pre-process geometric, spatial, and material data
for accurate representations and renders in the VR environment (Andújar Gran et
al., 2018; Gu�
l, 2014, Du et al., 2018). For AR enabled solutions, interactive
projection mapping to overlay site information onto physical models, allow
consultants to annotate design changes with connected mobile tablets (Calixte
& Leclercq, 2017; Hensel, 2015). Including, using point-cloud technology
to augment co-located users (in studio or on-site) to review physical models
in mixed-reality spaces (Fukuda et al., 2010). tops are developed to allow
consultants to expediate changes without relying on physical mock-ups (Bassanino
et al. 2010). In cases of interoperability with project software, a framework to
operate seamlessly with BIM workflow is essential (Du et al. 2018), and correct
conversion of spatial and material data and geometric pre-processing to project
accurate renders in VR environments are critical for reviewing spatial and material
quality of proposed space (Gül 2014).
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Whilst there is a growth in integrating AR and VR technologies into
decision-driven activities, there is limited focus on understanding user-centred
barriers that would be impediments to successful adoption beyond pilot testing.
Yet, the future agendas are focused on advancing technology accuracy at
engineering-graded standards, efficiency for workflow and data management, and
innovation for economic growth (Delgado et al. 2020). Further, there is a need
to identify where AEC industries see the practical opportunities in AR and VR
adoption, to target real need and value for future developments. To this end,
the paper presents preliminary findings from interviews with industry experts to
address a research question of what are the opportunities and barriers for AR and
VR in the AEC industry from a user-centred perspective? The following sections
describes the methods, findings and the proposed new framework of XR-PACT
for future agendas to support a user-centred focus, reflective of the perceptions,
experiences, and expectations of AEC practitioners.
3. Methods
Drawing on the insights from literature, a qualitative study using semi-structured
interviews with AEC professionals was conducted between July 2020 until
October 2020. For the rest of the paper, we refer to AR and VR synonymously as
extended reality (XR), unless when the discussion refers to a distinctive usage
or development of AR or VR technology. The proceeding sections describe
sample selection, methods, and analysis of the semi-structured interviews for
understanding the positioning of XR in AEC, and for pursuing its innovation in
the future.
3.1. SAMPLE AND PROTOCOL

Thirteen AEC professionals from Tier-1 and Tier-2 companies in and
complementary to the AEC industry in Australia were recruited using purposive
sampling through email invitation (58.33% success rate). The objective being
to produce a sample of participants with relevant experience that logically
represented the population (Lavrakas, 2008). Summarised in Table 1, the
participant cohort had working experience ranging from 5-30 years in the AEC
industry with varied roles. Some participants were solely responsible for
technology adoption, future readiness, and managing XR and visualisations teams.
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Table 1. Summary of the total AEC participants interviewed including their job title and
interview format. .

The semi-structured interview was developed based on the review of literature
of 48 journal and conference articles, with open-ended questions that aimed to
understand the opportunities, barriers, current use of XR technology, context of
use and future projections or aspirations. Interviews were conducted via zoom and
in person with audio and video recordings, which were transcribed for analysis.
At least two interviewers were present for each interview; with one leading the
interview with the set of questions, the other taking notes and raising prompts to
elaborate or clarify responses.
3.2. ANALYSIS

A thematic analysis was used to analyse the transcripts and to identify themes
relating to the opportunities and barriers of XR adoption in the AEC industry
(Figure 1). An initial review with a subset of three transcripts was conducted
for familiarisation and proceeded with open coding to establish the initial set of
codes in tabular format. Identified codes emerged inductively and were recorded
as descriptive concepts relating common perceptions and use of XR.

Figure 1. Flow diagram of coding procedure using multiple coders and visual clustering.

The set of codes was distributed amongst a team of five researchers in
architecture, interaction design, and industrial design; to code all other nine
transcripts and to recode the initial three. The diverse background of the research
team resulted in complementary interpretations of the data, drawing on their
multidisciplinary lenses. A coding workshop was used to visually cluster coded
concepts, memos, insights and overlapping or new codes by transferring all
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codes (initial and additional) from Nvivo software to post-it notes (Holtzblatt
et al., 2004). Through the process depicted in Figure 1, the opportunities
and barriers emerged across four key themes: (1) Building in new ways, (2)
Transformation of traditional approaches to innovative solutions, (3) XR adoption
and (4) Disconnected Technologies and in-house investments.
The following reflective section frames the findings through a qualitative
approach by referring to the participants’ quotes to feature key themes.
4. Results: Opportunities and Barriers of Using XR in AEC Industry
Participants (P...) shared a similar high-level concept of what XR is, describing it
as technology facilitating a relationship between virtual and physical worlds. The
specific nature of this relationship was operationalised using different terminology
such as “overlaying data into the real world” (P7), “Mimic[king] how the world
[is]” as a “virtual world” (P4), “going to a different place from the real world or
augmenting something of use over the real world” (P2), “creating a reality that
is a mix of virtual and reality” (P13). These definitions of XR also revealed
the aspirations of use to highlight the importance of fluidity of experience in
transitioning between real and virtual spaces.
4.1. BUILDING IN NEW WAYS - DESIGN THAT IS ITERATIVE, EMOTIVE, AND
EXPERIENTIAL

Several participants expressed XR’s potential to profoundly affect how buildings
are constructed and experienced in the design process. The AEC industry is
characterised by standard processes that do not afford “the opportunity to beta
test” (P1) or “prototype without investing a lot of resources” (P13). P1 stated:
“what we build has to be... buildable... functional... safe... Structures... can be
quite expensive and [you] can’t just put-up test models” (P1). The opportunity
exists for XR to bypass some of these barriers and provide a rich platform that
moves past previous 2D and 3D modes of experiencing the design of buildings. P5
stated: “There are potentially all these new opportunities for how we can view or
understand design now with this kind of extended reality space, which can... give
us a great opportunity to interrogate not just virtual spaces, but also real spaces”
(P5). This aspect was elaborated by P13, who identified VR as an opportunity
of putting people in virtual spaces to iteratively explore emotion and behaviour,
which is seen in other design disciplines (e.g. product design) but has traditionally
been difficult to achieve in AEC disciplines. “Being able to elicit the true emotion
that people will experience that’s really important... Virtual reality has been
heralded for being able to elicit that emotion” (P13). Bringing a new medium
to building design creates new possibilities beyond the final visualised product
of a virtual environment. P5 posed an important question about this potential:
“what the changing medium can bring to... design cognition and understanding
the impact of our design actions and our design thinking action” (P5).
User-centred testing, a method integral to design of User Experiences within
Interaction Design, was also identified as an opportunity across interviews.
User-centred testing is beneficial not only as it facilitates the experience of virtual
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models as a prototype, but also in terms of increased opportunity for quality control
insights. One participant shared an instance where the evaluation of the virtual
model during a wayfinding check by the client led to an immediate cost saving. A
handrail (glass structure) was found to be inadequate, and they were able to halt
manufacture and ensure quality approval: “[A client] was walking through the
virtual airport and he noticed the balustrade wasn’t - like it was a glass balustrade
was quite low and he actually took his headset off and he rang the fabricator and
he said, like, stop cutting the glass, we need to make higher... It’s quite a small
thing, but it’s a lot of money being spent on glass and our model was quite cheap.
It offset the cost of that model, like, immediately” (P12).
4.2. TRANSFORMATION OF TRADITIONAL APPROACHES TO INNOVATIVE
SOLUTIONS

The interviews provided insights into how different companies are adapting their
traditional work practice with novel approaches in XR. Approaches would vary on
a case-by-case basis determined by project need, the interest, and capabilities of
individual in-house employees on XR, or the input from established spin-off VR
production companies. We found that traditional design processes were enhanced
and expanded upon by the uptake of XR. XR did provide many opportunities
to increase design capabilities such as reducing the time and cost of physical
prototyping and increasing engagement with users for testing space. Simulated
environment in VR allowed for different users to fully interact with the virtual
space for marketing purposes, “...there’s just so much demand for the virtual tours,
whether it’s in headset or on a sort of a large touchscreen interface. Still, that idea
of being able to do virtual tours of spaces before they’re built is very appealing
right now” (P2). Another participant also saw the growing benefit of visualisation
for experiencing the space: “I see those lines (digital vs physical space) breaking
down a little bit more, and that our process of image making will be a much more
real, physical experience” (P11). The value of AR was however, not as strongly
perceived as that of VR due to some technical limitations, such as small viewing
planes (field of view) in AR headsets like the HoloLens. Nevertheless, many of
the participants remained hopeful about its evolution and furthering opportunities
in visualising in real space. Examples for the use of AR included seeing building
designs on site, reviewing building models collaboratively with multiple users, for
tracking energy use, and navigation. “We’ll be able to see...a glowing red area on
the building to show that it’s poorly insulated or something...useful in a very real
way out in space” (P11).
4.3. XR ADOPTION

The interviews showed XR technologies to be piloted and used across diverse
groups. Architecture firms reported the most versatile use of XR technology. VR
setups, often in combination with a large screen that mirrored the VR view, were
commonly used for client walkthroughs and design reviews. Engineering firms
reported the use of similar setups for client walkthrough and XR user testing of
space, e.g., “we’ve got these VR setups in all our offices... So yes, we’re definitely
using VR for that customer testing and we did do a really good project for [regional
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city] Airport... where people could walk through the airport, they could move the
wayfinding and there was some really good sort of outcomes out of that” (P12).
While adoption appears increasingly widespread, barriers to adoption still exist
and multiple interviewees reported that some of their colleagues see XR as a
“gimmick”, or do not understand the need to integrate XR early into a project’s
lifecycle “With VR, and often, like with all this visualization stuff that we do,
you have those people who resist it, don’t understand it... you need them to be
taking a sort of a leap of faith in - when they’re starting a project, they don’t
foresee any problems, because project’s new, it’s all planned out to schedule, then
who’s working on it, they got a great budget that’s healthy, so they don’t need
visualization. But it’s when it gets to midway or later in the project when the
budget’s getting tight and there’s all these problems that they’ve found, and the use
of the model would be helpful at that point and it’s too late because the budget’s
blown and they got no time. That’s when we get the call, we get the call on Friday
afternoon saying, ‘Can you do some fly through or VR model? We need it by
Tuesday, and we’ve got two hours budget.’ It doesn’t work” (P12).
Of the reported benefits of XR, the main one found to increase adoption is the
reliance on and integration of XR into the digital pipeline. P12 contrasts the digital
approach with previous analogue client walkthroughs: “For... user testing, we
were never involved in that sort of like old school prototyping... but I understand
that they would make a physical space and they would sit in these foam chairs
and move around these spaces, which seems a bit archaic and kind of bizarre
considering how accessible VR is and considering the information that we’re being
fed now, by the design team. Like because they are modelling in 3D more and
more, there’s already this great starting point that’s accurate, it’s really detailed
and... but in the past, there was often just 2D drawings. So, there was a lot of time
being spent to sort of make something 3D and fleshing it out from a 2D drawing,
whereas now that’s, you know, we are being given these really great... files that
we can just drop into a virtual environment and create things really quickly” (P12).
The flipside to increasing adoption and integration are increased expectations,
as opined here: “That’s probably a bit of a challenge for us now, it’s kind of eating
into our budget almost because it’s becoming quicker and easier to produce these
things” (P12). P5 further elaborated on the point of increased expectations of
fidelity across different digital media: “It’s every single medium, whether it’s VR
- whatever - has always had this problem. We saw this happen as well when we
had fantastic visualization - static images started to emerge and it became easier
to do that work. The expectation became that you would have a level of detail and
a level of resolution to design often far earlier than you had time to get to...Every
medium requires us as professionals within this industry to figure out how best to
manage it or how best to utilize it.”
4.4. DISCONNECTED TECHNOLOGIES & IN-HOUSE INVESTMENTS

Various BIM and XR technologies involved in creating, transferring, visualising,
and presenting digital models were found not to align and be disconnected. For
example, where BIM is used in design construction, the models and data are not
easily translatable into another part of the industry’s digital pipeline, which might
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use Oracle, because these platforms are competing: “If they don’t talk and they
don’t connect, then you’re going to use it as a gimmick through construction, but I
can’t use it for ongoing operation. And it’s a real problem with the industry, ‘THE’
big problem” (P3). This also reflects the diversity of industries involved in any
AEC implementation: “the problem is that you’ve got a design and construction
industry, which uses all these technologies, and then it’s disconnected from the
operational and maintenance phase of technology usage...” (P3). This issue of
interoperability is a barrier that affects uptake, as the indecision that surrounds
knowing which platform to embrace leads to stalling.
The lifecycle of the XR technology is attributable to the hesitation to invest
in XR - where the technology and platforms can be quickly outdated by newer
versions or bought out by competing ‘tech’ companies. Only two participants
described how their company found solutions to this by diversifying their skills
to include programming in XR development. These participants were from more
digital and technology-oriented industries, and their solution to these technology
problems could be related to their ancillary roles to AEC. That is, in one case
the design and fabrication studio (which creates facades, etc.) has undertaken a
‘turnkey’ approach, reflecting a diverse range of skills: “We’ve always had quite
a broad diversity of skill within the business because we kind of have this turnkey
service approach and so we have everything from curators through to engineers and
manufacturers” (P7). Another studio developed new tools in-house to automate
the production of aspects for virtual reality. “So, we’ve set up this thing, Site Lab,
which is kind of just Unity, but there’s a skin that’s sitting on top, but we’ve built all
these tools behind that, that automate the production, so that it’s easier for people
to produce models” (P12).
5. Discussion and Conclusion
By revealing the opportunities and the barriers of XR adoption in the AEC
industry, analysis of interview data raises important questions on how XR
technologies can be better directed to service the AEC industry in the future, and
how the themes found in this study can inform opportunities and priorities for XR
technology developments specific to the users‘ needs of the AEC industry. Whilst
there are still ongoing issues (e.g., field of view and interoperability) that require
technical improvements, challenges were present in the research participant’s
attitudes and perceptions to embrace XR technology. Participants often referred
to XR technologies as a ’gimmick‘ rather than as a needed innovation in AEC
practices. There were also concerns of the technology being quickly outdated
because of new development turnarounds, which affected companies’ confidence
to invest beyond piloting their utility - even though participants saw many
promises in XR’s potential to phase out outdated practices. Some participants
have recognised that these barriers can be overcome by training practitioners to be
adaptable to the technology and its changes, to support future readiness or acquire
subsidiary companies to expand adoption with specialist support.
The results also highlight XR’s potential to train the next generation of
practitioners to design complex building information quickly and intuitively. This
outcome was apparent when participants described the increasing pressure to
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improve visualisation methods and the user experience to remain competitive
(in terms of innovation) and to mitigate fragmented practices in collaboration.
Further, participants have reported the need for more user-centred approaches to
better understand user interaction and behaviour, whether that be for clients or
practitioners. However, the ability to do more user-centred approaches is severely
limited by the AEC service model to make room for beta testing - reminiscent to
the issues of BIM. This factor underlines a need for research to support ongoing
development, especially with the limited affordances to extend XR’s maturity in
practice. Yet, the responses also show the willingness of the AEC industry to
navigate these challenges and to find those small opportunities even if it is through
brute force testing.
Based on these reflections, we advocate for a user-centred focus to support
future XR developments that considers human factors and not just XR’s technical
utility. Using Benyon (2010)‘s People-Activity-Context-Technology (PACT)
analysis, we extend Delgado et al. (2010)’s research agenda to consider user
experiences for using XR technologies to sustain its maturity in AEC practices.
PACT analysis relates to activity and context being intertwined and sharing a
bidirectional relationship to technology. Within this relationship activity and
context sets requirements for technology, and technology creates opportunity to
activity and context. In the findings of interviews, we are seeing both these
directions - people having the technology and figuring out how to use it (activity
and context) and in other cases activity and context setting what requirements the
technology needs to have and new ways of using it.
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Figure 2. Our proposed user-centred framework to consider the user-experience. This diagram
draws upon Benyon (2010)’s PACT approach. .

Looking at Delgado et al (2020)’s suggested research agendas with the
perspective of the PACT analysis, we see a clear gap in the People category.
Figure 2 is a preliminary XR-PACT framework, to address this gap; showing how
dimensions of people, activity, context, and technology can converge to develop
XR technology that is reflective of the needs, contexts, and requirements of users
in the AEC industry. The interview findings support this XR-PACT framework
by highlighting user experiences, expectations and intentions on the use of XR
technologies in various contexts and durations, as participants reflect on their use
of XR technologies based on their lived experiences.
Our future work will focus on creating user case scenarios that further explore
the proposed XR-PACT framework to improve ongoing developments that are
reflective of the practical needs and expectations of the AEC industry.
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