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Design review in immersive Virtual Reality: End-User involvement and Cognitive Fit 

 

SHAHIN SATEEI 

Department of Architecture and Civil Engineering 

Chalmers University of Technology 

Abstract 

Design decisions in healthcare and educational facilities have long-term consequences for 

everyday work. During design review, end-users are typically expected to evaluate architectural 

proposals using conventional formats such as 2D drawings, which require mental 

reconstruction of three-dimensional space and may constrain the use of their operational 

knowledge. Immersive virtual reality has therefore gained attention as an alternative format 

enabling full-scale exploration of proposed designs. However, studies in real-world projects 

remain limited, and it is unclear how immersive formats influence cognitive load, identification 

of design issues, and end-users' ability to communicate their operational knowledge. This 

matters because facilities that fail to reflect end-user work practice can compromise operational 

efficiency, safety, and well-being for years after construction. 

To address this need, this thesis investigates how immersive virtual environments can support 

end-user involvement, including Co-Design, during building design review. The research draws 

on four empirical studies in ongoing healthcare and educational building projects involving 

end-user groups such as building occupants, facility planners, and client representatives. It 

combines qualitative analyses of design review sessions with quantitative measures of cognitive 

load and issue identification, and draws on Cognitive Fit Theory, Collaborative Virtual 

Environment research, and participatory design theory. 

The findings show that immersive virtual environments enable end-users to explore proposed 

designs at full scale and assess spatial layouts in relation to operational work practices. 

Immersive review supported identification of workflow- and layout-related design issues across 

design phases and was most effective when combined with conventional 2D drawings and 

overview-based formats. Interactive features such as multi-user interaction, object interaction, 

and multi-scale views further supported communication of operational knowledge within 

representations of the facilities in focus. 

The thesis makes three contributions. First, it provides empirical evidence that immersive 

virtual environments can support higher levels of end-user involvement, including Co-Design, 

when interactive features such as multi-user collaboration and object interaction are available. 

Second, it extends Cognitive Fit Theory into collaborative design review, arguing that 

individual cognitive fit is a necessary precondition for higher collaborative involvement. Third, 

it offers practical implications for combining immersive and conventional formats to support 

end-user involvement during design review, helping ensure that facilities support the daily work 

of building occupants. 

 

Keywords: Cognitive Fit Theory, Cognitive Load , Collaborative Virtual Environment, Design 

review, End-user involvement, Participatory Design, Virtual Reality (VR)  



II 

 

 

 

  



III 

 

Acknowledgement 

The work presented in this thesis was conducted at the Division of Construction Management 

and Engineering at Chalmers University of Technology between October 2020 and June 2026. 

The research was financially supported by the Swedish Research Council for Sustainable 

Development (FORMAS), whose support is gratefully acknowledged. 

I would like to begin by expressing my sincere appreciation to my supervisors Mattias Roupé, 

Mikael Johansson, and Viktoria Sundqvist. I owe them a debt of gratitude, as their timely, 

thorough, and continuous feedback helped me make considerable improvements throughout 

this research journey, not least through their extraordinary patience in helping me develop as 

an independent researcher. Each of you has, in your own way, contributed significantly to my 

development as a researcher. 

I am deeply grateful to Mattias Roupé for believing in me from the very beginning and for 

giving me the opportunity to pursue this PhD in the first place. Your support, encouragement, 

and ability to remind me to believe in myself during periods of doubt have meant more than 

you probably realize. I would also like to thank Mikael Johansson for constantly challenging 

me to think more deeply and to ask better questions whenever I felt stuck. Your guidance pushed 

me to develop a more critical and reflective approach to research, and your persistence in 

solving problems is admirable. Finally, I greatly value Viktoria Sundqvist for encouraging me 

to embrace the broader context of my research and for continually challenging me to consider 

new perspectives. Your insights and thoughtful feedback have been essential in shaping not 

only this thesis, but also how I think about and relate to research more broadly. The discussions, 

supervision, and collaboration with all three of you have been fundamental to completing this 

work. Thank you. 

I would also like to thank my colleagues at the Division of Construction Management and 

Engineering for their support, encouragement, and for contributing to a stimulating and 

enjoyable research environment throughout these years. In addition, I am sincerely grateful to 

all the healthcare staff, facility planners, architects, and other project participants who 

generously shared their time, experiences, and expertise throughout the various studies included 

in this thesis. Without your engagement and willingness to participate, this research would not 

have been possible. 

Finally, I would like to thank my family, friends, and especially my girlfriend for their patience, 

support, and understanding throughout this journey. Thank you for standing beside me through 

the stress, the uncertainty, the long evenings, and everything in between. Josefin, my love, you 

are my biggest inspiration, and having you next to me has made me appreciate life even more 

fully. Self-trust and vulnerability come easily with you next to me. You are my heartland. Thank 

you for being you. 

 

 

 

 

 

Shahin Sateei,  

Gothenburg June 2026 



IV 

 

  



V 

 

List of publications 

This thesis is based on the work contained in the following papers: 

Paper I 

From informative to Co-Design: the role of immersive Virtual Reality for user-involvement in 

healthcare facility design 

Sateei, S., Roupé, M., and Johansson, M. (2025)  

Published in: Journal of Information Technology in Construction (ITcon), May 2025. 

Paper II 

Collaborative Design Review Sessions In Virtual Reality: Multi-Scale And Multi-User   

Sateei, S., Roupé, M., and Johansson, M. (2022) 

Presented at: 27th International Conference of the Association for Computer Aided Architectural Design 

Research in Asia (CAADRIA) 2022. Vol. 1, p.29-38, April 2022. 

Paper III 

Transitioning from 2D to VR in design review – Resistance to Engagement  

Sateei, S., Roupé, M., and Johansson, M. (2023) 

Presented at: 23rd International Conference on Construction Applications of Virtual Reality, CONVR 

2023. Vol. 23, p. 85-96, November 2023. 

Paper IV 

How Representation Format Affects End-User Design Review: Cognitive Load and Task Performance 

in 2D drawings and immersive HMD Virtual Reality 

Sateei, S., Gustafsson, M., Roupé, M., and Johansson, M. 

Under review in Journal of Virtual Reality, submitted January 2026. 

 

 

 

Contributions  

For all appended papers, the co-authors contributed with conceptualization, reviews and 

continuous scientific advice. The author of this thesis made the following contributions: 

Paper I: Conceptualization, methodology, literature review, data collection, data analysis, 

visualizations, and writing and editing the manuscript. 

Paper II: Conceptualization, methodology, literature review, data collection, data analysis, 

visualizations, and writing and editing the manuscript. 

Paper III: Conceptualization, methodology, literature review, data collection, data analysis, 

visualizations, and writing and editing the manuscript. 

Paper IV: Conceptualization, methodology, literature review, data collection, data analysis, 

visualizations, validation, data curation formal analysis and writing and editing the manuscript. 

 

 

 



VI 

 

Additional publications not included in this thesis. 

 

Peer-reviewed conference papers: 

1. Sateei, S.; Eriksson, J.; Roupé, M.; Johansson, M.; Lindahl, G. How Virtual Reality is 
used when involving healthcare staff in the design process. In Proceedings of the 38th 
CIB W78 Conference on Information Technology for Construction, Luxembourg, 13–
15 October 2021; pp. 419–428 
 

2. Sateei, S., Roupé, M., Johansson, M. (2022). An ontological approach for a 
recommendation system of a requirement tool: the case of a national standard 
framework for hospital design. Proceedings of the European Conference on Computing 
in Construction. 
 

3. Sateei, S., Sundquist, V. (2022). Knowledge Integration Through Resource Combining: 
The Case of a National Standard Framework for Hospital Design. Proceedings 38th 
Annual ARCOM Conference: 73-82 
 

4. Sateei, S., Gustafsson, M., Roupé, M., Johansson, M. (2025). Evaluating Cognitive 
Load and Sense of Presence in Design Review of Healthcare Facility Design: 2D Versus 
Immersive VR. In: Noroozinejad Farsangi, E., Rasouli, A.H., Dawood, N., Morrison, 
G. (eds) Construction Applications of Virtual Reality, Volume I. CONVR 2024. Lecture 
Notes in Civil Engineering, vol 683. Springer, Singapore 
 

5. Gustafsson, M., Roupé, M., Johansson, M., Sateei, S., Disney, O. (2025). Evaluating 
Design Review Efficiency and Cognitive Load: 2D vs 3D vs Immersive. In: 
Noroozinejad Farsangi, E., Rasouli, A.H., Dawood, N., Morrison, G. (eds) Construction 
Applications of Virtual Reality, Volume I. CONVR 2024. Lecture Notes in Civil 
Engineering, vol 683. Springer, Singapore.  

 

Licentiate thesis: 

Sateei, S. (2023). Virtual Collaborative Design Environment: Information Structure and 

Interfaces. Department of Architecture and Civil Engineering, Chalmers University of 

Technology 

 

Report: 

Sateei, S., Roupé, M., Johansson, M., (2024) Kollaborativ informationsstruktur i sjukhusbygge 

 

 

 

 

 

 

 

 



VII 

 

Terminology 

In this research project, the following terms, definitions, and abbreviations are used: 

Term Definition 

VR Virtual Reality. A computer-generated environment that users 

perceive as a three-dimensional space. 

HMD Head-Mounted Display. A wearable display that presents a 

stereoscopic view of a virtual environment with positional 

tracking. 

Immersive HMD VR Virtual Reality experienced through a head-mounted display 

(HMD), presenting the building design at 1:1 scale with 

positional tracking. 

BIM Building Information Model. A digital representation of a 

building used as the source model for the VR environments in 

this thesis. 

CVE Collaborative Virtual Environment. A shared virtual space in 

which multiple users can interact with the model and with each 

other simultaneously. 

ViCoDE Virtual Collaborative Design Environment. A multi-interface 

CVE system combining immersive HMD VR, a multitouch 

top-view table, and a shared projector screen. 

Co-Design A level of end-user involvement where end-users act as 

members of the design team and shape design solutions 

together with the design team. 

PD Participatory Design. A level of end-user involvement where 

end-users share and influence design decisions but do not 

become part of the design team. 

End-user A stakeholder who will use the finished building, including 

building occupants, client representatives, and facility 

planners. 

Building occupant A type of end-user whose daily work practice takes place inside 

the building, such as healthcare staff or teachers. 

Design review A structured session in which stakeholders evaluate a design 

proposal and identify issues before construction. 

Cognitive Fit Theory Alignment between how information is represented, the 

cognitive demands of the task, and the user's domain 

knowledge and prior experience. 

Cognitive load The mental effort required to process information during a task; 

measured in this thesis using NASA-RTLX. 

NASA-RTLX NASA Raw Task Load Index. A self-report instrument used in 

Paper 4 to assess perceived cognitive load. 
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Object interaction Selecting, moving, and rotating objects in the virtual model 

while preserving their shape. 

Multi-user feature Multiple users simultaneously present in the same virtual 

model, able to perceive each other's presence and actions. 

Multi-scale feature A toggle within the same VR model between a full-scale (1:1) 

view and a miniature overview view. 

Egocentric frame 

of reference 

A self-centered viewpoint, experienced from inside the space 

at full scale. 

Allocentric frame 

of reference 

An external, environment-centered viewpoint such as a 2D plan 

or overview view. 

Task-based 

scenario 

A structured work-practice activity carried out within a design 

review, such as simulating a clinical workflow or testing 

equipment placement. 

RIBA Plan of Work A standard framework dividing the architectural design process 

into phases (e.g., concept design, technical design). 

RDS Room Data Sheet. A project document specifying the 

equipment and functional requirements for each room. 
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1 Introduction 

Design decisions made during the early phases of the design process have long-lasting 

consequences for how buildings function in everyday work. Early design choices about spatial 

layout, visibility, and room relationships influence how building occupants, such as healthcare 

staff, teachers, move, communicate, and carry out their daily tasks (Lawson, 2013; Bjørn et al., 

2021; Elf et al., 2024). This is particularly evident in operationally demanding environments 

such as healthcare facilities and educational buildings, where spatial design directly affects 

safety, workflow coordination, and operational performance (Joseph and Rashid, 2007; Ulrich 

et al., 2008; Frelin and Grannäs, 2021). When design issues affecting layout, visibility, or 

workflow are identified late in a project, they often lead to costly redesigns, compromises in 

how spaces are ultimately used, or persistent operational challenges such as inefficient 

workflows, communication difficulties, or safety-related constraints that are difficult to correct 

once the building is completed (Gomes and Tzortzopoulos, 2018). 

Because building design sets the frame and conditions for how building occupants carry out 

their work, involving operational end-users in design review is important, as their practical 

knowledge helps identify design issues that might otherwise be overlooked. In this thesis, the 

term end-users refers to stakeholder groups who will work in or use the building once it is 

completed. These groups include building occupants such as healthcare staff and teachers, as 

well as representatives such as facility planners or client representatives who participate in 

design review on behalf of operational units. Involving these groups in design review helps 

ensure that building designs reflect how spaces are actually used, rather than relying only on 

assumptions about future use (Johansson et al., 2002; Simonsen and Robertson, 2012; Caixeta 

et al., 2019). At the same time, end-users rarely form a homogeneous group. Differences in 

professional background (e.g., building occupants, representatives, facility planners), domain 

expertise, and familiarity with spatial representations can influence how design proposals are 

understood as well as the conditions for participation in design review (Elf et al., 2024; Nazeer 

et al., 2024). These differences in expertise can make it difficult to support participation in 

practice and ensure that end-user input meaningfully informs design decisions across 

stakeholder groups. Still, despite the recognized importance of end-user involvement, achieving 

such involvement during design reviews remains challenging. 

A key challenge is how design proposals are presented during design review. Architectural 

design review with end-users has traditionally relied on representational formats such as 

conventional 2D drawings, including plans, sections, and elevations. While these 

representations are standard within professional design practice, they can be challenging for 

stakeholders such as building occupants who are not trained in interpreting conventional 

drawings. Understanding a future building from drawings requires mentally reconstructing 

three-dimensional space from abstract symbols and fragmented views, a process shown to 

increase cognitive load and limit stakeholders’ ability to identify design issues (Kosslyn, 1994; 

Shi et al., 2020; Umair et al., 2022; Foroughi Sabzevar et al., 2025; Gustafsson et al., 2025). 

The cognitive effort required to interpret conventional representational formats can therefore 

limit building occupants’ ability to identify design issues linked to work practice and to actively 

contribute during design review. 

An alternative to conventional representational formats is immersive virtual reality (VR), 

particularly immersive head-mounted display (HMD) systems, which convey spatial depth, 
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scale, and how close things are to each other more directly than conventional drawings. By 

allowing users to experience a proposed building at full scale and from a first-person 

perspective before construction begins, immersive VR supports spatial understanding through 

perception and movement rather than through abstract mental reconstruction. Users can explore 

layouts, assess visibility, and evaluate how spaces may support everyday work situations during 

design review (Paes et al., 2017; Wolfartsberger, 2019; Nikolić and Whyte, 2021). Studies 

indicate that immersive VR can improve identification of spatial and workflow-related design 

issues, particularly in healthcare facilities and other operationally demanding environments 

(Heydarian et al., 2015; Roupé et al., 2020; Shultz and Jha, 2021). Recent developments in 

collaborative virtual environments also allow multiple stakeholders to explore and evaluate the 

same virtual design together, manipulate design elements (e.g., furniture placement, equipment 

layout, spatial configurations) and jointly evaluate alternative design solutions in real-time 

(Johansson and Roupé, 2022). Such interaction can support articulation of operational 

knowledge directly within the representational format and help align different stakeholder 

perspectives during design review (Arias et al., 2000; Snowdon et al., 2001; Fischer et al., 2005). 

Taken together, studies suggest that immersive environments with interactive features can 

support more direct end-user involvement during design review. At the same time, the 

availability of immersive and interactive design review features does not necessarily result in 

active end-user involvement in practice. It is therefore important to better understand the 

conditions under which immersive environments influence end-user involvement and design 

review outcomes in real-world projects. 

However, research on immersive HMD VR as a design review tool remains limited, particularly 

when compared with conventional 2D drawings in professional design settings. Existing 

comparison studies are often conducted in controlled experimental settings with student 

participants performing simplified tasks such as basic modelling exercises (Tastan et al., 2026), 

navigation tasks (Chrastil and Warren, 2013), or identification of predefined design issues 

(Umair et al., 2022; Gustafsson et al., 2025), rather than reviewing design proposals from 

ongoing projects, which raises questions about ecological validity. While such studies provide 

useful insight into spatial perception or evaluation of VR system usability, they do not fully 

reflect the complexity of design review in professional practice, where domain knowledge, a 

professional stake in review participation, and familiarity with the operational setting influence 

how designs are interpreted and evaluated (Shi et al., 2020; Han and Leite, 2021). As a result, 

there is still limited understanding of how immersive HMD VR affects end-users’ interpretation 

of design proposals and their ability to engage in design review under conditions relevant to 

professional design practice. 

A related issue concerns how end-users cognitively interpret different representational formats 

during design review. To explain how representational format may influence design review, 

this thesis draws on Cognitive Fit Theory (Vessey, 1991), which proposes that task performance, 

such as identifying design issues, improves when the way information is presented aligns with 

users’ prior experience, including domain knowledge of work practice, and the cognitive 

demands of design review tasks (Vessey, 1991; Vessey and Galletta, 1991). Applied to design 

review, the theory suggests that the usefulness of conventional drawings or immersive HMD 

VR depends largely on how well they support end-users’ mental models of the space being 

reviewed, their professional expertise, and their familiarity with interpreting spatial 

representations. These cognitive and human factors are difficult to capture in controlled 

experimental studies but strongly influence how design proposals are interpreted and 
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understood by end-users in real-world projects. This complexity is further reflected in design 

review practice, where multiple representational formats are often used together rather than 

drawings and immersive VR being treated as separate alternatives (Wingler et al., 2019; 

Buchanan et al., 2023), which can influence how design proposals are interpreted and how 

design issues are identified. End-users’ ability to interpret representations and identify design 

issues therefore forms an important basis for how actively they can contribute during design 

review. This ability is shaped both by their domain experience of work practice and by the 

mental models they develop of the space being reviewed. While existing frameworks describe 

different forms and levels of user involvement in the field of building design (Caixeta et al., 

2019), they provide limited insight into how design review activities are carried out in practice, 

particularly in relation to the representational formats used to support user interpretation. 

Understanding how such representational formats influence users’ ability to interpret and 

evaluate design proposals is therefore important for assessing how immersive HMD VR may 

support end-user involvement during design review in real-world projects. 

Still, immersive HMD VR is not the only configuration available for design review, and not all 

VR systems are equally suited to all design review tasks or different types of end-users. 

Alternatives include CAVE systems, desktop VR, and hybrid setups that combine HMD VR 

with shared displays or multitouch tables. Each configuration carries trade-offs. CAVE systems 

support co-located viewing but typically track only one user with correct stereoscopic 

perspective, which constrains multi-user use (Agrawala et al., 1997; Coburn et al., 2017). 

Desktop VR is widely accessible but offers limited spatial cues and weaker sense of presence 

(Slater & Sanchez-Vives, 2016). Hybrid setups, such as combining an HMD with a multitouch 

top-view table, can support both immersive evaluation and shared overview but require users 

to switch attention between user-interfaces and coordinate across different views of the same 

model (Roupé et al., 2020). Within immersive HMD VR itself, evidence is mixed. While it can 

reduce cognitive load by externalizing spatial reasoning, highly detailed or information-rich 

virtual environments can also increase cognitive load relative to simpler representations. Which 

configuration fits best therefore depends on the design review task, the end-users involved, and 

the conditions of the project (e.g., design phase, availability of hardware and trained facilitators). 

The work presented here focuses on immersive HMD VR and HMD-based hybrid 

configurations, including the ViCoDE setup that combines HMD VR with a multitouch table 

and a shared projector view. The focus reflects both the technical maturity and accessibility of 

HMD VR in current professional practice and its growing presence in real-world projects, 

conditions that also shaped which configurations were available in the cases studied. The thesis 

therefore does not claim that HMD VR is the optimal configuration in all design review 

situations; rather, it examines the conditions under which HMD VR and HMD-based hybrid 

configurations support end-user involvement in real-world projects.  

Against this background, the thesis investigates how immersive virtual environments support 

end-user involvement during building design review. Particular attention is given to how end-

users interpret building design proposals presented through different representational formats, 

including drawings, immersive VR, and combinations of these, and how they identify design 

issues. The research is based on real-world projects involving different types of end-users 

reviewing proposed building layouts using both conventional drawings and immersive HMD 

VR. By combining empirical studies of design review practice with theoretical perspectives 

from collaborative virtual environments, end-user involvement frameworks, and Cognitive Fit 
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Theory, the thesis examines the conditions under which immersive virtual environments 

support end-user involvement in design review. 

1.1 Aim and research questions 

The aim of this thesis is to investigate how immersive virtual environments can be used in 

practice to support end-user involvement, including Co-Design, during building design review. 

Specifically, the thesis examines how immersive environments influence levels of end-user 

involvement, collaborative interaction between end-users and other stakeholders, and the 

cognitive conditions under which end-users interpret and evaluate design proposals. 

To address this aim, the thesis investigates three research questions that together explore how 

immersive virtual environments influence design review from three complementary 

perspectives: end-user involvement, collaborative interaction in the virtual environment, and 

cognitive conditions for evaluating design proposals. 

RQ1: How can immersive virtual environments support higher levels of end-user 

involvement, including Co-Design, during building design review? 

End-user involvement is widely considered important in building design, particularly in 

environments such as healthcare where users possess critical knowledge about daily operations. 

Yet design proposals are often reviewed through representations intended for design 

professionals, such as technical drawings, which can be difficult for non-experts to interpret. 

This raises the question of whether alternative representational formats, such as immersive 

virtual environments, can better support meaningful end-user involvement during design review, 

and whether such formats can also enable higher levels of involvement, including Co-Design. 

RQ2: How do interactive features in virtual environments shape collaboration during 

immersive design review? 

Levels of involvement are not determined by immersion alone, but also by how participants 

interact within the shared virtual environment. Design review typically involves discussions 

between multiple stakeholders, where collaboration is mediated not only through verbal 

communication but also through the interactive capabilities of the virtual environment itself. 

Features such as navigation, object manipulation, or the exploration of alternatives may 

influence how participants direct attention, communicate observations, and develop a shared 

understanding of the design proposal. RQ2 therefore moves from involvement as an outcome 

to the interactive features that shape collaboration between end-users and other stakeholders 

during immersive design review. 

RQ3: How does cognitive fit between representational format, task demands, and end-

user expertise influence end-user performance and involvement during design review? 

Collaborative review depends on what each participant is able to contribute individually, which 

in turn depends on whether the representational format allows them to interpret and evaluate 

the design within the cognitive demands of the task and their own domain expertise. With 

traditional 2D drawings, this often involves mentally transforming abstract representations into 

spatial understanding, which can demand considerable cognitive effort, particularly for non-

experts. Immersive environments present spatial information in a more experiential format, 

potentially changing how users interpret and evaluate design proposals. RQ3 therefore turns 

from the collaborative dynamic to the individual cognitive conditions that make meaningful 

contribution to design review possible. 
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2 Related work 

2.1 Design layout affecting building occupants’ work practice 

The building design has a direct impact on how work is carried out by end-users, affecting 

operational efficiency, safety, and communication. In settings like healthcare and education, 

where work practice is tightly linked to physical space, layout and design choices influence 

daily routines, collaboration, and the ability to respond to unexpected situations or fluctuating 

operational demands (Mourshed and Zhao, 2012; Frelin and Grannäs, 2021, 2022). In 

healthcare, for example, studies have shown that single-room layouts can reduce nurses’ 

peripheral vision and awareness of patients and colleagues, which has been linked to reduced 

collaboration among healthcare staff due to physical separation (VanHeuvelen, 2019; Pruijsten 

et al., 2024). Another example is how during the COVID-19 pandemic, healthcare staff faced 

difficulties in quickly separating infected and non-infected areas, as well as adapting existing 

spaces for intensive care, making it harder to manage patients safely in overcrowded 

environments (Capolongo et al., 2020; Navaratnam et al., 2022). Similarly, studies exploring 

the effect of school building design on end-users have shown that classroom layout can 

significantly influence teachers’ ability to collaborate with each other and supervise students 

(Frelin & Grannäs, 2022; Grannäs & Stavem, 2021). In adaptable classroom layouts featuring 

shared teaching zones with open sightlines or partial partitions, teachers have reported more 

frequent team-teaching, easier coordination of student groupings, and the ability to step in and 

assist each other during instruction without formal planning (Niemi, 2021; Fletcher et al., 2025; 

Grannäs et al., 2025). Still, other studies have found that in fully open-plan classrooms, high 

noise levels and the absence of defined instructional areas can make it difficult to maintain 

student attention during whole-class teaching, while traditional enclosed layouts often limit 

teachers’ ability to monitor students working simultaneously in separate groups (Byers et al., 

2018; Rance et al., 2023). 

These examples highlight the need to design buildings in ways that support the work practice 

of the people who use them. This is especially important for building occupants such as 

healthcare staff or teachers, whose work depends on how physical space supports task flow, 

communication, and safe movement through their environment. Yet involving building 

occupants in the design process can be difficult, as they often have detailed knowledge of their 

own work practice but limited experience interpreting the design proposal via traditional 

representational formats such as conventional 2D drawings (Shi et al., 2020; Buchanan et al., 

2022; Foroughi Sabzevar et al., 2025). Additionally, healthcare professionals and teachers often 

face time constraints due to demanding clinical workloads, rigid teaching schedules, and limited 

organizational support for participation during working hours, making it difficult for them to 

attend design review sessions (Pirinen, 2016; Støre-Valen, 2021; van Houwelingen et al., 2023). 

This becomes even more difficult because healthcare facilities and schools must accommodate 

complex operational requirements while also complying with regulatory and functional 

constraints (Azzopardi-Muscat et al., 2020; Soliman-Junior et al., 2021). They are also expected 

to support future needs, for instance, the integration of digital monitoring systems in healthcare 

facilities or the shift toward floor plan layouts that promote physical activity among young 

students (Huang et al., 2013; Brittin et al., 2015; Memari et al., 2022, 2025). In sum, these 

spaces directly shape how staff move, communicate, and carry out their tasks, design decisions 

about layout, visibility, and room placement can significantly influence the quality and 
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efficiency of day-to-day operations (Elf et al., 2015; Bjørn et al., 2021; Frelin and Grannäs, 

2021).  

Yet, project teams must coordinate input from multiple stakeholders and not only end-users, 

including, among others, architects, engineers and facility managers, each of whom brings 

different priorities and constraints to a building project (Daniels et al., 2019; Støre-Valen, 2021; 

Carroli et al., 2025). Still, it is end-users who have the real-world operational experience that 

other stakeholders do not have, resulting in many design issues being overlooked as they are 

only visible to end-users (Shultz and Jha, 2021; Lu et al., 2022). Moreover, as work practices 

change over time (e.g., development and use of new medical technology, shift towards student-

centered teaching) (Naamati-Schneider and Alt, 2024; Aguilar-Moya et al., 2025), the 

knowledge of current building occupants is critical to make sure the building design fits how 

things work today, not based on assumptions on how they may have worked in the past (Leggat, 

2008). This consideration also applies to stakeholders who previously worked in operational 

roles but now contribute in other capacities (e.g., facility planners or user representatives), as 

their earlier experience may not fully reflect current needs or challenges (Arthur Jr. et al., 1998; 

Vlasblom et al., 2020). In addition, the literature describes a disconnection between decisions 

made during early phases of the design process and end-user (e.g., healthcare staff) outcomes, 

such as workflow efficiency and staff working conditions(Lawson, 2013; Elf et al., 2024). At 

the same time, end-users are not always familiar with a project’s regulatory, structural or 

budgetary constraints (Carthey, 2021; Young and Cleveland, 2022). As a result, functional 

building designs tend to emerge only when other project stakeholders who understand these 

constraints provide input during design review, ensuring that the building functions as intended 

(Simonsen et al., 2022). Therefore, a more accurate and shared understanding of the final 

building design requires the involvement of all relevant stakeholders, particularly end-users. 

2.2 End-user involvement in the building design process 

In architectural design, involving end-users has long been promoted as a way to create spaces 

that work well for their everyday activities and fit the specific conditions of the project. This 

idea gained momentum with the participatory design (PD) movement in Scandinavia during the 

1960s and 1970s, which aimed to give unions and workers influence over decisions about their 

work environments. Instead of leaving workers to simply accept design decisions made by 

designers and management, the PD approach recognized that while workers are not design 

professionals, they have unique knowledge of their daily tasks (e.g., task sequence, workflows, 

ergonomic needs) that is needed to design workplaces that improve work conditions (Johansson 

et al., 2002; Sundblad, 2011; Simonsen and Robertson, 2012). Over time, these ideas shifted 

from a workplace setting to building design, where involving end-users became a way to ensure 

that spaces support real activities rather than preconceived assumptions (e.g., how nurses 

circulate between patient rooms and supply areas, or how office workers collaborate in shared 

spaces) (Granath et al., 1996; Sfandyarifard and Tzortzopoulos, 2011; Caixeta et al., 2019; 

Caixeta and Fabricio, 2021; Olsson et al., 2022). In practice, engaging users early helps identify 

critical aspects of a space that directly affects how the building design can be used (e.g., 

logistical flows, room sizes, sightlines, adjacency needs). Doing so ensures that layouts and 

design solutions reflect how spaces are actually used, rather than how project stakeholders, such 

as designers, facility planners, or project leaders, assume they will be used based on generic 

formulations in design guidelines (Carthey, 2013; Soliman-Junior et al., 2021), previous design 

review experience (Thyssen et al., 2010; Olsson et al., 2022), or oversimplified interpretations 
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of end-user needs (Kujala, 2003; Stern et al., 2003; Tampio et al., 2022). In other words, end-

user involvement can help bridge the gap between the technical expertise of architects and 

planners (responsible for e.g. building codes, design guidelines, project requirements), the 

priorities of project leaders (responsible for e.g. budgets and schedules), and the lived 

experience of building occupants who use these spaces on a daily basis (Eriksson et al., 2015; 

Carthey, 2021; Larsen et al., 2021).  

In this setting, end-user involvement is not only about collecting end-user feedback, but also, 

actively incorporating end-users in decision-making throughout the design process. Specifically, 

an active involvement of end-users has been described as important to close the gap during 

design review between the intention of involving end-users and the realization of their 

contributions in practice (Caixeta et al., 2019; Olsson et al., 2022; Åsgård et al., 2024). Still, 

terminologies such as end-user involvement and participation are widely used, and as 

highlighted by earlier studies, used arbitrary and interchangeably (Carpentier, 2016; Caixeta et 

al., 2019; Räisänen et al., 2024). With the lack of conceptual consensus on what end-user 

involvement can mean, arguments have been made that involvement risks taking place on the 

premise of false expectations (Choguill, 1996). As a result, end-users may be viewed as alibis 

in the design process, with their involvement becoming passive rather than an active one 

(Christiansson et al., 2011; Nazeer et al., 2024).  

To address the lack of conceptual consensus on terminologies used to describe end-user 

involvement, efforts have been made to develop classification models for different levels of 

involvement in building design. One of the earliest and most influential examples is Arnstein's 

(1969) “Ladder of Citizen Participation”, developed as part of citizen participation in urban 

planning and with the aim of showing that involvement is dependent on who holds decision-

making authority. Arnstein (1969) illustrated involvement as eight rungs on a ladder, ranging 

from non-participation where involvement is used as a façade to legitimize decisions 

(manipulation and educating users), to symbolic forms (users are consulted or informed but 

have no decision-making authority to influence outcomes) and finally to shared decision-

making (partnership, delegated power, citizen control). The ladder analogy emphasized that 

involvement varies by how much decision-making authority is shared with citizens. Later, Wulz 

(1986) adapted Arnstein’s idea to architectural design, framing involvement as a scale that shifts 

between two poles: from architect-led design (representation, where the architect interprets user 

needs and makes all decisions) to user-led design (self-decision, where the user acts as a 

designer, making all planning and design decisions). Also building on Arnstein’s (1969) ladder, 

Choguill (1996) argued that the highest level of participation is not always the most desirable 

or achievable. Instead, she emphasized that the “best” level of participation is determined by 

the broader setting in which participation takes place and critiqued the assumption that higher 

levels of involvement are always preferable. Davidsson (1998) further added to the point of 

choosing an appropriate level of involvement, using Arnstein’s (1969) classification as a 

reference, but, instead of a ladder-based shape, developed a wheel-shaped classification. This 

was done to highlight that the goal is not to reach the top, but to identify and agree on the most 

appropriate type of participation for each project. Unlike Arnstein (1969) and Choguill (1996) 

who argued that user-involvement is mainly determined by project leaders or authorities, 

Davidsson (1998) places greater emphasis on collaborative decision-making. Davidsson (1998) 

argued that decisions about the appropriate form and level of user involvement should be jointly 

discussed and agreed upon by project leaders and participants in the design process. Otherwise, 
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if decisions about involvement are not made collaboratively, projects may end up offering only 

information to users, with little opportunity for active involvement.  

More recently, Caixeta et al. (2019) reviewed existing classifications of user-involvement in 

both architectural and non-architectural fields, examining how different levels of involvement 

are defined and include the above studies by Arnstein (1969), Wulz (1986), Choguill (1996) 

and Davidsson (1998). They found that although user-involvement is widely discussed, studies 

differ in the selected criteria used as metric (e.g., decision-making power, user roles) to 

distinguish levels of involvement and how different levels of involvement are defined. For 

example, representing and informing users (Wulz, 1986; Damodaran, 1996) or participatory 

design and Co-Design (Granath et al., 1996; Sanders and Stappers, 2008; Ho and Lee, 2012). 

Based on their findings, Caixeta et al. (2019) present a new classification for user involvement 

in a building design setting: Informative, Consultative and PD/Co-Design. In the Caixeta et al. 

(2019) study, each level of involvement is distinguished by the range of influence that users or 

their representatives have over the final products (Bergvall-Kåreborn and Ståhlbrost, 2008; 

Caixeta et al., 2019). At the Informative level, users share their needs, preferences, and 

requirements with the design team and are informed about the building design in return. The 

Consultative level corresponds to an increased level of involvement and is described as when 

users give feedback on a set of predefined design options. Lastly, PD and Co-Design are set at 

the highest level of involvement and separated based on what the focus of the user-involvement 

is. PD refers to users actively involved throughout the design process, while Co-Design emerges 

when users act as members of the design team and revise and develop design solutions together 

with other project members (e.g., architects, engineers) or independently. As described in their 

study, Caixeta et al. (2019) argue that Co-Design is appropriate when users’ experiences and 

knowledge are pertinent to the design action.  

To this end, the classification of Caixeta et al. (2019), although contributing with a contextual 

understanding of user-involvement within building design, does not answer the question of how 

these design actions are done, i.e., methods used for involvement (2D drawings, rendered 

images, immersive VR etc.). Nor is it clearly explained whom users refers to, although it is 

implied that it is end-users, but not what type of end-user (e.g., building occupant, client 

representative). During a design review session both choice of method and type of user 

participating are considered key factors that set the conditions for user-involvement, and 

specifically, intended level of involvement (Wulz, 1986; Sfandyarifard, 2013; Nazeer et al., 

2024; Åsgård et al., 2024). Even though the importance of method choice during user-

involvement is well documented in both early and later research,  few studies have evaluated 

how different methods for involvement influence end-users’ ability to express their wants and 

needs about the design proposal (Dulgeroglu, 1977; Luck, 2003; Eriksson et al., 2015; Kim et 

al., 2016; Caixeta and Fabricio, 2021). Instead, the few studies that have evaluated method 

choices’ influence on end-user involvement have focused on user experience (e.g., perceived 

usefulness, method preference) rather than actual design review performance (e.g., number and 

time needed to identify issues) (Payne et al., 2015; Kim et al., 2016; Tampio et al., 2023; Byci 

Jakupi and Xhambazi, 2024). As such, studies suggest that end-user involvement is likely to 

remain at an informative level when there is a mismatch between the intended level of 

involvement and the method used to support it (Eriksson, 2013; Soikkeli et al., 2023). Taken 

together, for end-user involvement to be collaborative and allow participants to be more actively 

involved during design review, especially at higher levels such as PD and Co-Design, it is 

important that all involved project members have a shared understanding of the building design 
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and the issues to be resolved (Loyola, 2019; Dane et al., 2024; Jouppila, 2025; Vasarainen et 

al., 2025). Shared understanding is shaped by how information is conveyed, whether through 

2D drawings, physical mock-up rooms, or immersive VR. The choice of representational format, 

and the degree of spatial understanding it provides for each participant, can therefore have a 

significant impact on how actively users are able to contribute during design review. 

2.3 Spatial understanding in representational formats 

Among end-users involved in design review, building occupants (e.g., healthcare staff) 

typically focus on understanding how a proposed building design will affect future work 

practices (e.g., spatial layout, visibility, proximity). In contrast, other stakeholders involved 

during design review, such as facility planners and design team members, often prioritize 

building code compliance, project requirements, feasibility constraints, and project budget. 

These different perspectives mean that design review typically becomes a negotiation process 

between end-users and other types of involved stakeholders (Caixeta et al., 2019; Jouppila, 

2025). Specifically, decisions about the building design must not only comply with regulatory 

and technical constraints but also support the operational needs of those who will work in the 

building (Carthey, 2021; Jouppila, 2025). 

In practice, however, design review is often organized around a limited number of sessions 

involving multiple stakeholder groups (Stichler, 2016). During these sessions, end-user 

feedback is typically documented and later interpreted and incorporated by the design team in 

subsequent design iterations rather than being resolved within the session, unless it can be 

addressed without requiring trade-offs across stakeholder priorities (Luck, 2007; Jouppila, 

2025). As a result, design issues that require negotiation across operational needs, regulatory 

constraints, and project requirements are commonly addressed in later sessions. Under these 

conditions, there is a risk that attention shifts toward resolving already identified issues, while 

other design issues that could have been identified by building occupants remain unnoticed, 

increasing the risk of rework after construction is completed (Yap et al., 2016; Taghizadeh et 

al., 2021).  

In time-limited design review sessions, the extent to which design risks are identified is closely 

linked to how easily end-users, and building occupants in particular, can understand and 

evaluate the design proposal (Souza et al., 2023; Nazeer et al., 2024).When representational 

formats impose high cognitive demands, a substantial portion of the available time and mental 

resources may be spent on interpreting the representation itself rather than on identifying design 

issues or collaboratively exploring alternative solutions. From a cognitive load perspective, this 

reduces the mental capacity available for higher-level reasoning, discussion, and decision-

making during design review (Zimmerer and Matthiesen, 2021; Lavrsen and Daalhuizen, 2024). 

This is particularly relevant in situations where end-users must mentally reconstruct spatial 

relationships or anticipate how proposed layouts will support everyday work activities. When 

a large share of cognitive resources is allocated to interpreting the representation itself, fewer 

resources remain for identifying design issues, reflecting on operational implications, or 

contributing to collaborative design discussions (Higuera-Trujillo et al., 2021; Gustafsson et al., 

2025). Such demands are especially evident when representational formats require users to infer 

spatial and functional implications from abstract or fragmented information. When the 

representational format aligns poorly with the demands of the design review task or with end-

users’ prior experience of the work environment, the conditions for developing a shared 
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understanding of the building design are weakened. This misalignment can be understood in 

terms of cognitive fit (Vessey, 1991; van der Land et al., 2013), and is particularly critical for 

building occupants whose contributions depend on being able to quickly relate the design 

proposal to their work practice experience (Andrews et al., 2023; Souza et al., 2023). 

Yet, these design reviews are typically conducted using 2D drawings, a representational format 

widely regarded as limited in its ability to support the spatial understanding required for end-

users to accurately interpret and identify design issues during the early phases of the design 

process (Dadi et al., 2014; Shi et al., 2020; Paes et al., 2021; Foroughi Sabzevar et al., 2025). 

Studies have shown that end-users without architectural training, such as building occupants, 

often struggle to interpret drawings, which rely on abstract lines and symbolic representations 

and require prior familiarity with reading such materials. From a cognitive load perspective 

(Krukar and Schultz, 2025; Park et al., 2026), interpreting 2D drawings requires stakeholders 

to mentally reconstruct fragmented spatial information into a coherent three-dimensional 

understanding of the space, placing demands on working memory that may reduce the cognitive 

resources available for identifying design issues. Comparison studies using three-dimensional 

desktop models suggest that such representational differences can influence cognitive load and 

task performance, with participants identifying more predefined design issues in 3D model 

reviews than when using 2D drawings (Umair et al., 2022; Gustafsson et al., 2025). Cognitive 

load in these studies is commonly assessed using the NASA Task Load Index (NASA-TLX) 

questionnaire (Hart, 2006), a widely validated multidimensional subjective workload measure 

that captures mental demand, effort, frustration, and related factors across a wide range of tasks.  

Notably, studies using the NASA-TLX indicate that cognitive load and performance are not 

always directly related, and that higher perceived workload does not necessarily imply reduced 

task performance (Hart, 2006; Grier, 2015). Research further suggests that there is no universal 

threshold for an ‘optimal’ level of cognitive load. Performance may decline when workload 

becomes excessive, yet high perceived effort does not automatically lead to reduced 

performance and can, in some cases, be maintained or even improved under high cognitive load 

depending on task characteristics and expertise (Paas et al., 2003; Das Chakladar and Roy, 

2024). Conversely, performance can also deteriorate when task demands are very low and 

engagement decreases (Hart, 2006; Grier, 2015). Together, these findings indicate that the 

relationship between representational format, cognitive load, and design review performance 

varies across different design review situations. From a cognitive fit perspective (Vessey and 

Galletta, 1991; van der Land et al., 2013), such effects can be understood in terms of how well 

representational formats align with task demands and users’ prior experience, particularly 

domain knowledge of work practice. This alignment is critical in building design review, where 

building occupants must quickly relate abstract design representations to operational scenarios 

and ensure that design issues affecting their work practice are not overlooked. As a result, when 

representational formats impose high cognitive demands or do not align with users’ expertise, 

building occupants may overlook design issues that affect work practices, which has motivated 

increasing interest in alternative representational approaches that better support spatial 

understanding during design review (Wingler et al., 2019; Buchanan et al., 2023). 

A promising representational format for design review is immersive virtual reality (VR). 

Through VR, users can explore a 1:1 scale computer-generated environment that simulates real-

world perception (Paes et al., 2017, 2021; Wolfartsberger, 2019; Nikolić and Whyte, 2021). 

The degree to which this simulated experience is achieved is referred to as immersion, which 
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depends on technological factors such as field of view, real-time motion tracking, and user 

interaction with virtual objects (Slater and Sanchez-Vives, 2016; Triberti et al., 2025). Real-

time tracking allows natural body movements—such as turning or bending—to influence 

perception of space. In head-mounted display (HMD) systems, users are visually enclosed by 

the headset, which can reduce conflicting spatial cues compared with other immersive VR 

systems such as CAVE projections, where parts of the physical environment may still be visible 

(Castronovo et al., 2013; Cummings and Bailenson, 2016). Higher immersion enhances the 

sense of presence, the feeling of ‘being there’ in the virtual environment, which supports spatial 

understanding and allows users to evaluate design features as if physically in the space 

(Prabhakaran et al., 2022a, b).  

In regard to cognitive fit, immersive virtual environments have been shown to support design 

review by presenting information in a form that better aligns with the spatial demands of design 

review tasks, thereby facilitating individual understanding of design proposals (van der Land et 

al., 2013). However, the immersive nature of these environments and the way users interact 

with them may also introduce additional cognitive load during collaborative evaluation. This 

suggests that the benefits of immersive VR depend not only on representational alignment, but 

also on whether cognitive resources are spent evaluating design implications rather than 

interpreting the environment itself. Such effects are reflected in empirical studies showing that, 

from a cognitive load perspective, immersive HMD VR can reduce perceived cognitive load 

during design review tasks compared with conventional 2D drawings and non-immersive 3D 

desktop environments, often accompanied by improved identification of predefined design 

issues (Han and Leite, 2021; Umair et al., 2022; Gustafsson et al., 2025; Tastan et al., 2026). 

These effects are commonly assessed using the NASA Task Load Index (NASA-TLX), a 

widely used multidimensional measure of perceived workload (Hart, 2006). At the same time, 

findings are not consistent. Some studies suggest that highly detailed or information-rich 

immersive environments may increase cognitive load, particularly when environmental details 

do not directly support the review task (Schrader and Bastiaens, 2012; Im et al., 2025). Other 

studies indicate that the ability to directly perceive and interact with spatial information can 

support more active information processing, potentially offsetting increased sensory input 

(Pimentel & Teixeira, 1993). In design review sessions, the influence of environmental detail 

and representational fidelity on cognitive load remains underexplored (Im et al., 2025; Joo et 

al., 2025), although recent studies suggest that even limited visual cues can influence perceived 

spatial qualities such as room size and sightlines (Kitamoto and Yamada, 2026). These findings 

are particularly relevant to research examining how immersive VR affects the identification of 

design issues during review tasks. 

Prior studies show that immersive HMD VR improves end-user task performance during design 

reviews by enabling detection of spatial and workflow-related issues difficult to assess in 2D 

drawings. In healthcare projects for example, immersive HMD VR has helped staff identify 

design flaws, test workflows, and assess visibility and equipment placement in real time, rather 

than interpreting them from static representations (Roupé et al., 2020; Shultz and Jha, 2021). 

Similarly, studies related to classroom design highlight how use of VR can help architects better 

understand teachers’ needs and requirements for classroom layout that support multiple pupil 

activities (Piroozfar et al., 2022). In sum, end-users, as well as other types of involved 

stakeholders, can via immersive HMD VR reason for spatial qualities (e.g., room size, sightlines, 

and workflow) through perception and movement rather than abstract mental transformation. 

Nevertheless, while visual immersion alone increase spatial understanding among end-users, 
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recent research suggests that interactive features (multi-user, object interaction, free exploration 

etc.) not only support more rapid identification of design issues (Truong et al., 2021; Johansson 

and Roupé, 2022), but also allow end-users to make direct changes to the design proposal 

(Roupé et al., 2020; Nikolić and Whyte, 2021; Whyte and Nikolić, 2024), and thereby 

accelerate the design review cycle loop. As a result, end-users can be more actively involved 

during design review than with static virtual representations alone. 

2.4 Interactive features in VR for collaborative design review 

While immersive HMD VR already supports spatial understanding by presenting the design at 

full scale and from a first-person perspective, the addition of interactive features further enables 

end-users to interact directly with the virtual representation of the building design. These 

interactive features can also create better conditions for other stakeholders, such as design team 

members and facility planners, to understand for example how the design proposal being 

reviewed, influences for example, updated work practices among building occupants (e.g., 

teaching, providing healthcare) (Wingler et al., 2019; Jouppila, 2022), or how project 

constraints related to building codes and requirements can be satisfied (Alghamdi et al., 2017; 

Foroughi Sabzevar et al., 2025). 

In this thesis, interactive features such as object interaction and exploration are defined 

according to what LaViola et al. (2017) describe as fundamental interaction tasks. These tasks 

are considered necessary for users to accomplish objectives in a 3D environment and include 

object selection, object manipulation, travel, and system control. Specifically, object interaction 

encompasses both object selection (identifying and selecting objects) and object manipulation 

(adjusting an object's position and rotation). LaViola et al. (2017) further define exploration as 

a subclass of the travel task, where users do not have an explicit movement goal but instead 

navigate the environment to gather spatial information, observe objects, and develop an 

understanding of the virtual space. For multi-user functionality, this thesis adopts the definition 

by Churchill & Snowdon (1998), which describes a Collaborative Virtual Environment (CVE) 

as a computer-based, distributed virtual space where people can meet and interact with others, 

agents, or virtual objects. Immersive HMD VR is not inherently a CVE; rather, it can function 

as one when specific features supporting collaboration review are added, such as shared virtual 

space, embodied avatars, awareness cues, and synchronous interaction with shared objects. 

Depending on the set of interactive features available in the virtual environment, end-user 

involvement can range from individuals freely exploring and evaluating different design layouts 

(Hahm et al., 2007), to collaborative design processes in which end-users, architects, and other 

stakeholders make real-time changes, thereby accelerating the design cycle (Roupé et al., 2020; 

Ehab et al., 2023). 

For example, research has shown that when users are able to freely navigate virtual 

environments, they are more likely to identify spatial issues and provide detailed feedback on 

layout and functionality (Chrastil and Warren, 2013; Huang, 2023). The argument is that 

exploring the building design freely allows for a more thorough understanding, as all points of 

interest (i.e., unidentified design issues) are not necessarily known in pre-defined walkthroughs 

or static representational formats (e.g., conventional 2D drawings with fixed viewpoints, 3D 

view on a flat screen) (Berg et al., 2017; Haahr and Knak, 2022). Similarly, multi-user feature 

has shown to accelerate the overall lead time during design review, as the shared frame of 

reference and use of non-verbal cues (e.g., gesturing, pointing at objects) in the virtual 
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environment allows for immediate and more accurate real-time feedback between different 

involved stakeholders doing design review (Truong et al., 2021; Johansson and Roupé, 2022).  

Lastly, object interaction as an interactive feature, such as adjusting an object’s position and 

rotation or adding and deleting objects in the virtual environment (LaViola et al., 2017), has 

been shown to help end-users identify design issues that are difficult to detect in visual-only 

virtual environments (Wolfartsberger, 2019). In addition, when combined with multi-user 

functionality, object interaction enables end-users and other involved stakeholders, such as 

design team members, to collaboratively explore alternatives and develop new design solutions 

within the virtual environment (Roupé et al., 2020). As a result, faster consensus on design 

changes can be made while jointly identifying and developing design solutions that adhere to 

both project requirements and building occupants’ needs and wants (Roupé et al., 2020). Still, 

few studies focus on object interaction as a variable in design review (Paes and Irizarry, 2018). 

This can be due to technical factors, such as software limitations and interoperability constraints. 

In addition, non-technical factors, including traditional workflows in which design changes are 

typically made using non-immersive representational formats by design team members, affect 

the conditions for implementing features such as object interaction (Du et al., 2018; Panya et 

al., 2023; Spittle et al., 2023; Rehman et al., 2025). In sum, these factors limit immersive HMD 

VR use in design reviews to visualization only, instead of real-time design iteration of the 

architectural proposal viewed in the virtual environment.   

These limitations, however, are not unique to immersive HMD VR. They reflect broader 

challenges within the Collaborative Virtual Environment (CVE) field, where interactive 

features, such as object interaction and multi-user features, are viewed as essential for realizing 

key collaborative criteria. Specifically, CVE literature emphasizes shared context, awareness 

of others, negotiation and communication, and having access to flexible and multiple 

viewpoints (Snowdon et al., 2001). In this way, CVE principles help frame end-user 

involvement in immersive environments as an active Co-Design process, rather than limited to 

a passive or purely informative form of involvement. 

2.5 Collaborative Virtual Environments 

Collaborative Virtual Environments (CVEs) are defined as computer-based, distributed virtual 

spaces in which people can meet and interact with others, with agents, or with virtual objects 

(Churchill et al., 2001). From early definitions (Churchill et al., 2001), collaboration has been 

central to CVE systems, extending beyond individual visualization to support synchronous 

interaction among multiple users working toward a shared task. CVEs have therefore been 

proposed as virtual environments for facilitating early-stage collaboration between designers, 

end-users, and other stakeholders, particularly when spatial and functional coordination is 

critical (Churchill et al., 2001; Snowdon et al., 2001). Immersive systems based on head-

mounted displays (HMD VR) can be understood as current CVEs that combine embodied 

immersion with interactive features supporting collaboration. Similar to earlier CVE systems, 

immersive HMD VR can support coordination between users with different roles and expertise. 

By presenting the design through a shared visual representation, CVE systems such as 

immersive HMD VR help reduce differences in how participants interpret the design and reason 

about spatial and functional aspects of the environment. From a cognitive fit perspective, 

immersive collaborative environments may support individual understanding of design 

proposals by presenting information in a format that aligns more closely with how building 
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occupants typically understand space when considering how they will use it. Such alignment 

can facilitate initial interpretation of spatial information on an individual level, thereby 

providing more favorable conditions for discussing design implications and identifying issues 

during collaborative review (van der Land et al., 2013). These forms of collaborative support 

reflect established criteria for collaboration in CVE systems (Roupé et al., 2016, 2020). 

Early theoretical work on CVEs has specified these criteria by describing the forms of 

interaction and representation required for collaborative work in virtual environments 

(Churchill et al., 2001). These include shared context (e.g., users interacting with the same 

virtual environment or object when reviewing specific design elements), awareness of others 

(e.g., perceiving others’ presence and activity through avatars or non-verbal cues), negotiation 

and communication (e.g., using speech, gestures, or shared object manipulation to discuss and 

resolve design issues), and access to flexible and multiple viewpoints (e.g., switching between 

2D plans and immersive perspectives depending on task demands) (Churchill et al., 2001). 

Related to these criteria is the distinction between what researchers refer to as action space and 

reflection space, both considered characteristics of CVE systems (Arias et al., 2000; Fischer et 

al., 2005). Action space refers to the part of a CVE system’s interface that supports collaborative 

activity, where users jointly and incrementally construct a shared understanding of the design 

problem, while reflection space refers to the part of the interface that supports individual 

exploration and validation, allowing users to examine the consequences of design decisions 

made in the action space. Together, these spaces support collaborative design by enabling users 

to alternate between shared design activity and individual assessment of design outcomes 

(Roupé et al., 2020). 

In CVEs used for architectural design, interaction and representation mechanisms have 

different relevance depending on the task (e.g., informative walkthrough versus design review) 

and the type of end-user involved. For instance, a simple distance-measure feature may be a 

poor indicator of visibility or work-practice implications for building occupants in a complex 

interior environment, while the same measurement tool may be valuable for facility planners or 

stakeholders with similar backgrounds when assessing whether distances between structural 

and non-structural elements comply with accessibility requirements for wheelchair users. This 

task- and stakeholder-dependent relevance of interactive mechanisms remains largely 

unexplored in immersive HMD VR and the CVE literature more broadly. Only in recent years 

have advances in hardware (e.g., tracking precision, display fidelity, and real-time processing 

capability), and VR software (e.g., more stable rendering performance, synchronized multi-user 

environments), made interactive features such as multi-user and multi-scale readily available 

for immersive HMD VR (Ibayashi et al., 2015; Truong et al., 2021).  

These developments improve the conditions for evaluating how CVE systems, such as 

immersive HMD VR, can fulfil established CVE criteria and support building design review 

for end-users. They also make it possible to explore how end-users with different backgrounds 

interpret and evaluate the same virtual space from distinct perspectives. Specifically, relevant 

knowledge needed to solve the task is distributed across participants and must be brought 

together through shared interaction with the content represented in the virtual space and 

communication around it (Salomon, 1997; Arias et al., 2000; Fischer et al., 2005). This is 

particularly relevant in design review sessions. In this thesis, immersive HMD VR is examined 

as a CVE in cases where it was configured with the features needed to support collaborative 

review, namely multi-user with awareness of other users, a shared virtual space, and 
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synchronous interaction with shared design objects (as specified per case in Section 3.2). Where 

such features are present, immersive HMD VR can support higher levels of end-user 

involvement, including Co-Design. 

Achieving this requires understanding how individual participants cognitively engage with and 

are able to perform their task in a virtual environment, as collaboration depends on participants 

being able to contribute on the basis of their own, individual, understanding of the task at hand. 

In this respect, cognitive load becomes critical at the level of individual engagement. During 

design review, participants must construct and refine a mental representation of the proposed 

environment in order to assess its spatial and functional implications. Constructing such a 

representation requires cognitive effort and depends on how clearly spatial relationships, scale, 

and functional elements are perceived within the virtual environment. The conditions under 

which these individual mental representations are formed therefore influence how effectively 

participants can contribute to collaborative evaluation and shared understanding (van der Land, 

2013).  

Despite the strong theoretical foundations of CVEs and the increasing technical maturity of 

immersive systems, the relationship between individual cognitive engagement, task 

performance, and collaborative outcomes has rarely been examined in real-world architectural 

design review settings. Early CVE research in the 1990s shifted focus from hardware and 

software challenges toward users’ tasks; however, study participants were largely novices, 

enabling controlled laboratory experiments with undergraduate students rather than skilled 

domain professionals (Arias et al., 2000). This reliance on student participants has persisted 

well into the 2010s and is reflected more broadly in reviews of immersive VR research in the 

built environment (Han and Leite, 2021; Johansson and Roupé, 2024). To this point, recent 

studies highlight the need for empirical investigations involving larger and more diverse 

participant groups, particularly expert practitioners, to provide more reliable evidence on the 

use of immersive VR in real design practice (Sepasgozar, 2020; Paes et al., 2021; Sornoza-

Parrales et al., 2025).  

These reviews also indicate that studies are predominantly small-scale and exploratory, with a 

main focus on proof-of-concept testing rather than evaluation in real-world project settings 

(Prabhakaran et al., 2022a; Sornoza-Parrales et al., 2025). For example, Kim et al. (2013) 

classified 150 journal articles published between 2005 and 2011 and found that only 36 studies 

(26%) addressed collaborative use of VR systems, with only two involving immersive head-

mounted display (HMD) technology. Fewer than 9.3% of the reviewed studies combined 

usability evaluation (e.g., user experience and perceived ease of use) with effectiveness 

measures (e.g., accuracy of spatial judgments, error detection), and only 7.3% involved 

industrial practitioners and tested systems in real projects. Based on the distribution of studies 

reviewed by Kim et al. (2013), this corresponds to an average of approximately 4.6 quantitative 

effectiveness studies and 2.7 comparative studies (immersive VR systems compared to other 

representational formats) per year during the 2005–2011 period. As a result, there remains 

uncertainty regarding whether immersive VR systems lead to measurable improvements in user 

performance in construction-related applications such as design review. This uncertainty is 

largely due to the limited availability of quantitative and comparative evidence across 

representational formats and user groups (Paes et al., 2017). More recent reviews indicate that 

these limitations persist despite advances in hard- and software linked to immersive HMD VR 

systems. For example, Yu et al., (2022) show that academic research on immersive virtual 



16                                                             CHALMERS, Architecture and Civil Engineering 

environments for design collaboration has not kept pace with technological development. While 

visualization itself is a central component of design review, much of the existing research stops 

at evaluating perceptual qualities of the virtual environment, with comparatively fewer studies 

examining how users actually perform, communicate, and evaluate design proposals during 

collaborative review tasks. Similarly, Derouech et al., (2024) show in their CVE literature 

review, including HMD VR systems, how recent studies have explored social dynamics, 

interaction design, and user experience. Still, much of this work emphasizes user experience 

and interaction quality and is rarely linked to systematic quantitative measures of task 

performance or cognitive demands during design review. Therefore, this indicates that 

empirical evidence remains limited regarding how current immersive HMD VR systems 

support end-users in cognitively demanding design review tasks under real-world conditions. 

The scarcity of quantitative, real-world studies also raises concerns about the ecological validity 

of existing research on immersive HMD VR for end-user involvement during design review. 

Design review practice varies across project settings and relies heavily on domain knowledge, 

yet many studies involving student participants fail to reflect the practical limitations and 

unequal roles that shape real-world projects. For example, in healthcare facility design, 

opportunities for healthcare professionals to participate directly in design review are often 

limited, as managers or representatives typically speak on behalf of entire units (Stichler, 2016; 

Jouppila, 2025). Moreover, the long lifespan of healthcare buildings means that staff may 

encounter only one or two such opportunities during their careers (Thompson et al., 2012; Clark, 

2014). These conditions increase the risk of miscommunication between designers and end-

users, since they often use different terms and have different experience interpreting 

architectural representations (Cesario, 2009; Reno et al., 2014; Bazzaro et al., 2018). As a result, 

limited end-user input during design review can undermine the project team’s shared 

understanding of the building design, increasing uncertainty and ambiguity in decision-making 

(Hey et al., 2007). To keep the design process moving forward, designers often rely on 

assumptions (Koskela, 2000), which, if incorrect, may lead to costly rework later in the project 

lifecycle (Gomes and Tzortzopoulos, 2018). Immersive virtual environments can facilitate the 

articulation and alignment of stakeholder perspectives during design review, thereby enabling 

the identification of design issues that might otherwise be overlooked (Kim et al., 2016; Yu et 

al., 2022, 2024) 

The three theoretical fields used in this thesis, Cognitive Fit Theory, CVE collaboration criteria, 

and end-user involvement frameworks, operate at different levels but work together rather than 

in parallel. Cognitive fit operates at the individual level and concerns how representational 

format aligns with the user's task and domain expertise. CVE collaboration criteria and end-

user involvement frameworks operate at the collective level and concern how individuals act 

together within a shared representation. The argument made in this thesis is that the individual 

level conditions the collective level. When the representational format aligns with the task and 

the user's expertise, cognitive resources are freed from interpreting the representation itself and 

become available for contributing to shared review (van der Land et al., 2013). When the format 

is misaligned, cognitive resources are spent on interpreting the representation, and what an 

individual can contribute to collaboration is constrained, regardless of how the session is 

organized. Individual cognitive fit is therefore treated as a necessary, though not sufficient, 

precondition for more effective collaborative review and for the higher levels of end-user 

involvement described in the participatory-design literature. This framing also implies that no 

single representation is universally appropriate, and that the question of what fits is not 
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reducible to a binary contrast between immersive VR and 2D drawings. Rather, what fits 

depends on the configuration of user, task, and project condition. A building occupant 

evaluating workflow and visibility may benefit more from immersive HMD VR, while a facility 

planner checking accessibility compliance against a layout may benefit more from conventional 

2D drawings, and many real review situations involve both user groups and both task types 

within the same session (Caixeta et al., 2019; Carthey, 2021). Immersive VR is therefore used 

in this thesis not as a representational format or as a participatory tool in isolation, but as a 

representational configuration whose cognitive consequences shape what end-users can 

contribute to collaborative review. Through that contribution, the configuration also shapes the 

level of involvement that becomes possible in a given project setting. 

Against the above framing, prior research reveals a gap between the theoretical and technical 

potential of CVEs, including immersive HMD VR systems, and the empirical evidence needed 

to assess their effectiveness in real-world architectural design review settings. Although 

immersive visualization is often described as advantageous for end-users, uncertainty remains 

regarding how immersive VR compares to traditional representational formats in supporting 

task performance. A recurring challenge is the lack of objective and comparable evaluation 

metrics, particularly when effectiveness is examined in terms of cognitive demands and user 

performance (Paes and Irizarry, 2018). As a result, many existing studies rely on qualitative or 

exploratory approaches and primarily report usability-oriented outcomes (e.g., perceived ease 

of use, satisfaction, or presence), while providing limited quantitative evidence on how 

representational format, task demands, and professional expertise jointly shape design review 

outcomes within CVE-supported environments (Kim et al., 2013; Paes et al., 2017). Recent 

work therefore highlights the importance of comparative studies conducted in real projects with 

domain expert end-users, using interactive immersive systems that reflect contemporary CVE 

criteria (Paes et al., 2017; Sepasgozar, 2020; Sornoza-Parrales et al., 2025). In response, this 

thesis investigates how immersive virtual environments, including multi-user and other 

interactive features, support end-user involvement during design review. It further examines 

how cognitive fit between representational format, task demands, and professional expertise 

shapes individual task performance, which is necessary for effective collaboration and Co-

Design. 
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3 Research methodology  

3.1 Research approach 

This thesis deals with how immersive virtual environments are used to support end-user 

involvement during building design review in real-world building projects. To investigate this 

phenomenon, the research adopts a mixed-methods research approach combining qualitative 

and quantitative data. This is an embedded mixed-methods design (Creswell and Creswell, 

2017): qualitative data is primary across Papers 1–3, with a quantitative component embedded 

in Paper 4 to make one specific format contrast (2D vs. immersive HMD VR) directly 

comparable under matched conditions. At the thesis level, the qualitative and quantitative 

findings are also compared against each other through methodological triangulation in the 

cross-case synthesis (Section 3.6), so that conclusions are supported by more than one type of 

evidence 

Both the qualitative and quantitative work sit within a single multiple case study research design 

(Yin, 2018), which provides the structure for examining immersive design review across several 

real-world building projects. Within this design, qualitative observations, interaction analyses, 

and quantitative measures of cognitive load and task performance were used, described in detail 

in Section 3.3 (data collection) and Section 3.4 (data analysis). In this thesis, a case refers to 

immersive design review situations in which end-users evaluate specific spatial environments 

within ongoing building projects (e.g., ICU units, emergency wards, or classrooms). Case study 

research is well suited for investigating contemporary phenomena within real projects where 

multiple sources of evidence are required (Yin, 2018). 

The empirical material consists of 11 building projects (9 healthcare and 2 elementary school), 

13 cases, and 63 design review sessions. The breakdown is given in Section 3.2 and Table 1. In 

addition, Paper 4 includes quantitative analysis of cognitive load (NASA-RTLX) and issue 

identification performance, enabling comparison of design review conducted using immersive 

virtual environments and conventional 2D drawings. Combining qualitative observations with 

quantitative performance measures provides a more comprehensive understanding of how 

immersive virtual environments influence both participation in design review and the 

identification of design issues. This combination follows the embedded design described above. 

In other words, qualitative observations explain how design review unfolded in context, while 

the quantitative measures in Paper 4 make the format contrast directly comparable. 

The research follows an abductive research approach, where theoretical perspectives and 

empirical observations were developed in parallel and informed each other throughout the 

research. Rather than moving linearly between theory and data, the research evolved through 

an iterative process in which insights from empirical design review sessions influenced 

theoretical framing, while theoretical perspectives helped guide subsequent data collection and 

analysis. This iterative interplay between theory and empirical material corresponds to what 

Dubois and Gadde (2002) describe as systematic combining, where the research direction 

gradually develops as the phenomenon under study becomes more clearly defined. Figure 1 

illustrates how the three fields of research, empirical material, and methodological choices 

relate and jointly interplay with the research phenomenon, and together informed the 

development of the thesis. 
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Fig. 1: Relationships between theory, empirical material, and methodological approach in the thesis 

research design. Adapted from: (Dubois and Gibbert, 2010). 

 

The figure also highlights the role of theory in the research design. The three theoretical fields 

used in this thesis, cognitive fit, collaborative virtual environment (CVE) research, and end-

user involvement frameworks, were selected because they address different aspects of 

immersive design review. Cognitive fit helps explain how spatial representations influence 

understanding and task performance, while CVE and end-user involvement research provide 

perspectives on collaboration and participation during design review. Together, these 

perspectives informed how immersive design review situations were examined and interpreted 

in relation to end-user involvement. The figure illustrates how theoretical perspectives, 

empirical material, and methodological choices were considered together and informed the 

development of the study. 

3.2 Multiple case study research 

This thesis examines end-user involvement in immersive design review as a single overarching 

phenomenon, studied across multiple building projects and empirical investigations. To 

describe the empirical material consistently, the following terms are used throughout the 

chapter: a building project is the real-world setting that contains one or more cases; a case is a 

design review situation in which end-users evaluated a specific spatial environment (e.g., an 

ICU bedspace, emergency ward, or classroom) using immersive virtual environments; a design 

review session is the empirical event in which a case was studied (a workshop, observed project 

meeting, or scheduled VR session); and a study is the research investigation reported in each 

appended paper. Across the four appended papers, the thesis draws on 11 building projects (9 

healthcare and 2 elementary schools) and 13 cases (8 in Paper 1, 1 in Paper 2, 1 in Paper 3, and 

3 in Paper 4), examined through 63 design review sessions. 

The remainder of this chapter first describes the healthcare and school cases (Sections 3.2.1 and 

3.2.2), then the data collection (3.3), data analysis (3.4), research process (3.5), cross-case 

synthesis (3.6), and reflections on research quality (3.7). 

The empirical work presented in the four included papers draws on immersive design review 

activities conducted within several healthcare and school building projects. These building 
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types were selected because building design directly affects how occupants work, interact, and 

use space in their daily activities. Such projects typically involve multiple stakeholder groups, 

specialized functional requirements, and ongoing design negotiations, making them suitable 

settings for studying end-user involvement in immersive design review. The intention is not to 

suggest that the findings generalize across all building types, but rather to examine immersive 

design review situations where user involvement is particularly consequential for decision-

making (Ulrich et al., 2008; Woolner, 2010).  

These projects involved architects, facility planners, client representatives, and building 

occupants such as healthcare staff and teachers. In this thesis, cases were defined as specific 

spatial environments examined during immersive design review within the participating 

building projects, such as ICU units, emergency wards, or classrooms. The selection of cases 

was therefore determined by the design review situations made available within the 

participating projects rather than by predefined sampling, since access to design review 

processes was not specified at the start of the PhD project and depended on what participating 

projects could make available. The cases span different project phases, design challenges, and 

levels of user involvement, allowing exploration of how immersive design review operates 

under varying practical conditions. Figure 2 provides representative examples of the building 

projects included in the thesis. The empirical material includes healthcare facility projects 

(Papers 1 and 4) and school projects (Papers 2 and 3), some of which (Cases E and F in Paper 

1; all three cases in Paper 4) involved immersive multi-user design review. While some analyses 

(the quantitative comparisons in Paper 4) focus on specific subsets of cases (specifically Paper 

4's Cases A–C) depending on available data, such as the quantitative comparisons in Paper 4, 

the cases collectively represent real applications of immersive design review across different 

building types. These stakeholder groups are not treated as a homogeneous category in this 

thesis. They differ in domain knowledge of the work practice the building supports and in prior 

experience with design review, and Section 3.6.1 operationalizes these differences explicitly. 
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Fig. 2. Representative immersive VR environments used during design review in healthcare (upper row) 

and school projects (lower row). 

 

The conducted multiple case study in this thesis supports analytical rather than statistical 

generalization (Yin, 2018). Accordingly, the study aims to develop insights that may inform 

similar situations where immersive virtual environments are used for design review, 

particularly in building types with intensive operational requirements, such as healthcare and 

educational facilities, where building design directly affects occupants' work practices. Across 

the cases included in this thesis, data collection took place within ongoing healthcare and 

educational building projects where research access was available. Because these cases reflect 

specific project situations rather than statistically representative samples, statistical analyses 

(Paper 4) help clarify patterns within the studied cases rather than support population-level 

generalization. Comparing findings across different projects, stakeholder groups, and 

representational formats also enables methodological triangulation, where converging 

qualitative observations, interaction analyses, and quantitative performance measures 

strengthen the credibility of conclusions regarding cognitive load, task performance, and 

collaborative design review. 

3.2.1 Healthcare building projects 

The healthcare cases included in this thesis were examined within several ongoing healthcare 

building projects, although some of these projects have since been completed. Immersive virtual 

environments were introduced as part of design review activities involving architects, 

healthcare staff, facility planners, and client representatives. Healthcare building projects are 

characterized by complex functional requirements where spatial layout, equipment 

configuration, and workflow directly influence clinical practice, communication, and patient 

safety (Joseph and Rashid, 2007; Ulrich et al., 2008). This makes end-user involvement 

particularly relevant during design review, as there are few opportunities for end-users, such as 

building occupants, to express their wants and needs regarding the design proposal (Jouppila, 

2025). 
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Table 1 summarizes the healthcare cases included in the thesis, outlining project type, design 

phase, purpose of VR use, and available interactive features. The table provides a descriptive 

overview of the empirical material rather than presenting case findings. In some projects, 

multiple related environments were examined within the same building project. These are 

distinguished in Table 1 using labels such as C1 and C2, which indicate different spatial 

environments examined within the same project (e.g., separate ICU rooms, or classrooms in 

different parts of the building). Each healthcare case represents a design review situation in 

which immersive virtual environments were used to evaluate specific spatial environments 

within an ongoing healthcare building project. 
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Table 1. Overview of healthcare cases included in the thesis, indicating the purpose of VR use, design 

phase, interactive features, and number of VR sessions. 

Case (within 
project) 

Purpose for 
using VR 

Project phase, interactive 
features and number of VR 

sessions 
    Paper 

Case A. 
The ICU unit for a whole 

hospital floor 

• Explore how alternative 
visual- and information 
mediums could provide 
better understanding for 
future workplace and 
validate design 
requirements  

Technical design phase 
• Exploration 
• Single-user  
• 4 VR-sessions Paper 1 

Case B1-B2. 
The psychiatric ward, 

including patient rooms, 
administrative area and 

dining area 

• Inform healthcare staff of the 
design of the new facility and 
provide healthcare staff with 
an accurate insight into their 
future workplace 

 

Concept design & technical 
design phase 
• Exploration 
• Single-user 
• 2 VR-sessions 

Paper 1 

Case C1-C2.  
(various facilities) 
Various types of 

operations and common 
areas independent of a 

particular operation 

• Inform and explore how 
alternative visual- and 
information mediums could 
address certain design issues 
more accurately (e.g., 
sightline from ICU control 
room, logistical flow) 

 

Concept design, spatial 
coordination, and technical 
design phase.  
• Exploration 
• Single-user 
• 30 VR-sessions 

Paper 1 

Case D. 
ICU unit and hyperbaric 

chamber 

• Explore an alternative visual- 
and information medium to 
validate set spatial 
requirements in final design 
review before construction 
document were handed over 

 

Technical design phase  
• Exploration 
• Single-user 
• 8 VR-sessions Paper 1 

Case E. (ViCoDE) 
Unit of obstetrics and 

gynecology - 
Robot assisted surgical 

room 

• Explore an alternative visual- 
and information medium 
that can address design issue 
related to fitting new surgical 
room in existing space 

Concept design phase 
• Exploration 
• Multi-user 
• Object interaction 
• 2 ViCoDE-sessions  

       Paper 1 

Case F. 
A single radiology room 
with adjacent corridor 

and common area 

• Explore an alternative tool 
that can address design issue 
related to fitting new 
radiology operation room in 
existing space 

Technical design phase 
• Exploration 
• Multi-user 
• Object interaction 
• 3 VR-sessions 

Paper 1 

Case P4-A. 
Emergency ward 

including reception, triage 
room,  orthopedic 

emergency unit 

• Address overcrowding, 
limited patient capacity, and 
outdated layouts affecting 
staff workflow and patient 
safety. 

Preparation and brief 
• Exploration 
• Multi-user 
• Object interaction 
• 1  VR-session 

Paper 4 

Case P4-B. 
ICU units and  ICU 
medication room 

 

• Address corridor congestion, 
insufficient bedspace layouts, 
and obstructed sightlines 
affecting workflow and 
patient supervision. 

Preparation and brief 
• Exploration 
• Multi-user 
• Object interaction 
• 1 VR-session 
 

Paper 4 

Case P4-C. 
Emergency ward 

including workstation 
and monitor room 

• Replace an outdated facility 
with limited equipment 
capacity and undersized 
spaces that did not meet 
clinical standards. 
 

Preparation and brief 
• Exploration 
• Multi-user 
• Object interaction 
• 1 VR-session 
 

Paper 4 
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The healthcare cases listed in Table 1 (Cases A-F in Paper 1 and Cases P4-A-P4-C in Paper 4) 

contribute to the analyses presented in Paper 1 and Paper 4, while the school building cases 

(Elementary school project in Papers 2 and 3) presented later contribute to Paper 2 and Paper 

3. Across the healthcare cases, immersive virtual environments were used to support design 

review in different project phases, ranging from early concept development to later technical 

design stages, as illustrated in Figure 3. The projects varied in scope, including both new 

construction and renovation of existing buildings. These variations provided opportunities to 

examine how immersive virtual environments were used under different project conditions 

while maintaining a focus on end-user involvement during design review.  

 

Fig. 3. Overview of healthcare cases within the studied building projects (Table 1), showing the project 

phases in which the cases were examined and the interactive features available in the immersive 

environments. 

 

Figure 3 provides an overview of the healthcare cases in relation to project phases and available 

interactive features in the immersive environments. In this thesis, interactivity refers to the types 

of interactive features available to users during design review, including exploration of the 

virtual environment, object interaction, and multi-user collaboration. Exploration refers to 

users’ ability to freely navigate the virtual environment to examine spatial arrangements, 

identify potential design issues, and develop an understanding of the proposed spatial 

environment. Object interaction refers to selecting and manipulating spatial elements (e.g., 

fixed and movable furnishings or equipment), including adjusting their position or orientation 

to evaluate alternative configurations. The multi-user feature allows multiple participants to be 

present simultaneously in the same virtual environment, supporting a shared frame of reference 

and discussion of design proposals. Together, these interactive features can influence how end-

users interpret design proposals and engage in design review. 

3.2.2 School building projects 

School building projects were included as cases to examine immersive design review in 

environments where spatial layout directly influences daily work practices, communication, 

supervision, and movement between educational activities. Schools involve multiple 

stakeholder groups, including teachers, school leadership, facility planners, architects, and 
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client representatives, whose perspectives on space use may differ. End-user involvement 

during design review is therefore important for identifying spatial requirements related to 

teaching activities, student supervision, and shared learning environments. In the school cases 

studied here, this perspective was represented through client representatives involved in the 

design process, since direct teacher access was limited (see Section 3.3). Compared with 

healthcare building projects, school projects typically focus less on clinical workflow and safety 

requirements but still require careful consideration of visibility, spatial flow between 

classrooms and shared areas, and accommodation of different age groups. 

In the school cases, immersive virtual environments were used during design review in several 

project phases: preparation and brief (Paper 3), concept design (Paper 3), spatial coordination 

(Paper 3), and technical design (Paper 2). The design review sessions focused on evaluating 

spatial layout, visibility conditions, furnishing arrangements, and relationships between 

different learning environments using immersive virtual environments. These cases provided 

opportunities to examine how immersive design review supported end-user involvement in 

educational projects where spatial organization directly affects teaching practices. 

In the school cases, interactive features were particularly oriented toward supporting shared 

orientation and discussion of overall building layouts. In Paper 2, this included multi-user 

collaboration combined with a multi-scale feature allowing participants to shift between full-

scale (1:1) and reduced-scale (1:40) representations within the same immersive environment. 

Similar to Case E in Paper 1, Paper 3 used the CVE system ViCoDE, which supported both 

immersive user interfaces (immersive HMD VR) and non-immersive interfaces (multitouch 

table and projected display), enabling participants to engage with the design through different 

representational formats during review. Together, these school cases provide an additional 

setting for examining how immersive virtual environments support end-user involvement when 

stakeholders evaluate both classroom-level spatial conditions and overall building layout 

relationships. Table 2 summarizes the school project types, design phase, purpose of VR use, 

available interactive features, and number of VR sessions. Unlike the healthcare cases, the two 

school cases sit at preparation/brief, concept design, and spatial coordination phases (Paper 3) 

and at technical design (Paper 2); a separate figure is not provided as the visual would carry 

only two markers. 
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Table 2. Overview of school building projects included in the thesis, indicating the purpose of VR use, 

project phase, interactive features, and number of VR sessions. 

 

 

3.3 Data collection 

Table 3 provides an overview of the empirical data included in the four appended papers of this 

thesis. The data were collected across several healthcare and school projects through design 

review sessions, interviews, and workshops involving different stakeholder groups, including 

building occupants, client representatives, facility planners, and architects. The data are 

organized according to participant groups (end-users and design team members), type of data 

collection activity (e.g., design review sessions, workshops, interviews), and project type. In 

some projects, multiple related environments were examined within the same building project. 

The overview in Table 3 illustrates how the four appended papers relate to one another and 

clarifies the project settings underpinning the four appended papers. Detailed descriptions of 

interview procedures, workshop formats, and design review sessions are provided in the 

respective papers. 

 

 

 

 

 

 

 

 

Case (within 
project) 

Purpose for using VR 
Project phase, interactive 

features and number of VR 
sessions 

Paper 

Classrooms, 
shared learning 

spaces, 
connecting 

hallways and 
food court 

 

• VR was introduced when 2D 
drawings and 3D models were found 
insufficient for achieving adequate 
spatial understanding among project 
participants. 

 

Technical design phases 
• Exploration 
• Multi-user 
• Multi-scale 
• 2 VR-sessions 

 

Paper 2 

Classrooms, 
woodshop, 

school 
cloakroom and 
shared learning 

spaces 

• Although the project initially relied 
on 2D drawings, the shift toward VR 
was driven by the client’s recognition 
that drawings and rendered images 
did not provide sufficient spatial 
understanding. 

 

Preparation & brief, 
conceptual design, 
spatial coordination  
• Exploration 
• Multi-user 
• Multi-scale 
• Object interaction 
• 3 VR-sessions 

 

Paper 3 
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Table 3. An overview of the collected data in the four appended papers. 

 

Across the appended papers, participants were selected to represent relevant stakeholder roles 

in ongoing building projects, including end-users such as healthcare staff and teachers, as well 

as architects, planners, and project representatives. In the healthcare projects, end-users 

primarily consisted of healthcare staff who work directly in the facilities, together with other 

stakeholders involved in the operational planning of the units, such as facility planners and 

project representatives. In the school building projects, the operational perspective was instead 

represented by client representatives involved in the design process rather than teachers as 

everyday users of the spaces. Selection criteria varied depending on each paper's focus but 

generally included involvement in the design process, prior experience with design review 

practices, and access to relevant project material, such as room data sheets or BIM models (e.g., 

Revit or IFC files) from which VR models could be generated. These stakeholder groups differ 

in their familiarity with conventional design representations and in their everyday use of the 

spaces being designed, and are therefore not treated as a single homogeneous user category. 

Section 3.6.1 specifies how role and expertise are operationalized in the cross-case synthesis: 

Participant group Data collection method Reviewed environment 

Paper 1 

3 BIM coordinators, 8 

project leaders, 4  

facility planners, 4 

architects, 13 building 

occupants 

32 semi-structured 

interviews supported by 

2 ViCoDE workshops, 

several VR workshops 

(>10), a study visit 

Healthcare facility projects 

that included 2 ICU units, a 

psychiatric clinic, a 

hyperbaric chamber, a 

robot assisted surgical 

room and a radiology room 

Paper 2 

An assisting project 

leader, a project leader, 

4 client 

representatives, a 

design manager, an 

interior architect, 2 

architects 

2 workshops supported 

by open-ended 

discussion where 

participants shared 

experience of using VR 

for design review 

purposes 

Classrooms, shared 
learning spaces, connection 

hallways and food court 

 

Paper 3 

2 client 

representatives, 2 

exterior architects, 1 

interior architect 

8 semi-structured 

interviews with 6 

exterior architects and 2 

client representatives, 3 

ViCoDE workshops 

Classrooms, woodshop, 

school cloakroom and 

shared learning spaces 

Paper 4 

111 healthcare staff 

(nurses, assistant 

nurses, doctors) and 

21 non-healthcare staff 

(facility and functional 

planners, project 

leaders) 

3 project-team design 

review sessions, 6 days 

end-user design review 

(2D+VR/VR-only), 8 

semi-structured 

interviews with project 

team members 

Different healthcare facility 

projects including 1 

renovation and 1 new build 

of emergency ward as well 

as an ICU unit 



CHALMERS, Architecture and Civil Engineering                                  29 

organizational labels are treated as case-level descriptors, with role used where appropriate as 

a proxy for domain knowledge and prior experience with 2D-based design review. 

Participant selection was also influenced by practical access to stakeholders within the ongoing 

projects. Specifically, during the school building projects, access to teachers as everyday users 

of the classroom environments was limited due to availability constraints. Lastly, the inclusion 

of multiple project types and representational formats (e.g., conventional 2D drawings and 

immersive VR) allowed the thesis to capture variations in how stakeholders engage with design 

proposals, supporting both qualitative analysis of user involvement and quantitative assessment 

of design review performance. 

3.3.1 Design review setting 

The collaborative design review sessions examined in this thesis took place within ongoing 

building projects and were conducted either as scheduled sessions coordinated with project 

teams (Papers 2–4) or as observed project meetings (Paper 1). Depending on practical access 

constraints in each project, sessions were held either on-site within healthcare facilities to 

enable a larger number of participants without affecting clinical operations, or at the university 

(Chalmers) where the ViCoDE system was available, with examples of these settings shown in 

Figure 4. In most cases, immersive virtual environment sessions followed earlier design reviews 

conducted using conventional representational formats such as 2D drawings or rendered 

images. These prior materials formed part of the project documentation and served as a 

reference point for participants’ subsequent evaluation of design proposals in VR. 

 

 

Fig. 4: Examples of design review settings in healthcare facility projects with healthcare staff (top row) 

and school building projects with client representatives and architects (bottom row). 
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The duration of sessions varied across projects. In Papers 2, 3, and 4, sessions were organized 

as dedicated workshops lasting several hours, while in Paper 1 existing design review sessions 

were observed and detailed timing information was not consistently documented. Across the 

appended papers, design review sessions formed part of ongoing projects while simultaneously 

providing the empirical basis for this research. This allowed immersive design review to be 

examined under real project conditions, including constraints related to project schedules and, 

in the healthcare projects, clinical operations. 

3.3.2 CVE systems and VR-model preparation 

Across the appended papers, immersive virtual environments were mainly implemented using 

immersive HMD VR systems to support design review in ongoing building projects. These 

systems typically consisted of VR-ready computers connected to HMDs with handheld 

controllers (e.g., HTC Vive, Oculus rift, Oculus Quest 3) enabling navigation, spatial 

exploration, and interaction with virtual environments. Interaction capabilities varied across 

cases and included object interaction, spatial exploration, and multi-user collaboration, 

following established classifications of interaction in collaborative virtual environments 

(Churchill et al., 2001; LaViola et al., 2017). 

In addition to standalone immersive VR setups, two cases (Case E in Paper 1 and Paper 3) 

employed the Virtual Collaborative Design Environment (ViCoDE) system, which integrates 

immersive HMD VR systems with complementary user-interfaces such as a multitouch table 

and projected shared views. The multitouch interface provides a top-down facility visualization 

allowing users to pan, zoom, and manipulate BIM-based components (e.g., furniture and 

medical equipment) through drag-and-drop interaction. Changes (i.e., moved objects in the VR-

model) made on the multitouch table are updated in real-time across connected user-interfaces, 

enabling synchronous collaborative design review among users. 

Virtual environments used in Papers 2–4 were typically generated from Building Information 

Modelling (BIM) data, including Revit or IFC models, and prepared for immersive review using 

the BIMXplorer VR viewer (Johansson & Roupé, 2024), as illustrated in Figure 5. Instead of 

focusing primarily on geometric simplification to improve rendering performance, VR models 

were prepared to support interaction with both fixed building elements and loose objects such 

as furniture and medical equipment. This involved removing objects within the review areas 

from the imported BIM model and reintroducing them as individual prefabs—reusable BIM-

derived components (Revit families) containing metadata and preview information (Johansson 

et al., 2023). Prefab organization was informed by project material such as Room Data Sheets 

(RDS) or equipment databases, including the Swedish national healthcare database PTS 

(Program for Technical Standard) (PTS, n.d.). This preparation enabled participants to interact 

with different aspects of the design proposals, including spatial layout, building elements, and 

movable objects, allowing them to focus on elements most relevant to the design review 

questions addressed during the session. 
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Fig. 5: Workflow for preparing BIM-based architectural models for interactive immersive VR design 

review across the studied projects. Adapted from Paper 4. 

 

3.3.3 Data types collected 

Across the four appended papers, multiple types of empirical data were collected from design 

review sessions to capture both the review processes and participants’ experiences of different 

representational formats. These included observational data from design review sessions, 

interview material, questionnaire responses, and documentation of identified design issues. 

Observational data primarily consisted of recordings and field notes from immersive VR design 

review sessions and related workshops (Paper 2 and 3). These materials captured participants’ 

interactions with virtual environments, discussions among stakeholders, and reflections 

emerging during design evaluation activities. In Paper 4, design review sessions involved both 

conventional 2D drawings and immersive VR environments, enabling comparison of how 

design issues were identified across representational formats. 

Interview data were collected through semi-structured interviews with project stakeholders, 

including end-users such as healthcare staff, facility planners, client representatives and project 

leaders, as well as design team members (interior- and exterior architects). The interviews 

focused on experiences of design review processes, use of representational formats, and 

perceived value of immersive environments for design review and collaboration. 

Quantitative questionnaire data were collected in Paper 4 specifically examining cognitive load 

and task performance during design review. These included standardized instruments such as 

the NASA Raw Task Load Index (NASA-RTLX) questionnaire (Hart and Staveland, 1988), 

alongside counts of identified design issues under different review conditions, namely 2D and 

immersive HMD VR design review, or VR-only design review. 
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3.4 Data analysis 

3.4.1 Qualitative analysis 

Qualitative analysis was used to understand how immersive virtual environments were applied 

in design review practice and how different representational formats influenced participants’ 

engagement, collaboration, and identification of design issues across the appended papers. The 

qualitative data included interview transcripts, observations from design review sessions, 

workshop discussions, and documentation of identified design issues. 

In Paper 1, analysis focused mainly on observational material and interviews to understand how 

immersive VR was introduced and used in real healthcare facility projects. Papers 2 and 3 

examined workshops with architects, client representatives, and end-users, focusing on how 

participants interacted with the virtual environments and how these interactions supported 

collaborative design review. In Paper 3 in particular, attention was given to patterns of 

interaction, including how participants engaged with the CVE system and how this influenced 

involvement in design discussions. 

More systematic qualitative coding was conducted in Paper 4, where design review sessions 

were documented and identified design issues were categorized to support comparison between 

representational formats (2D drawings and immersive HMD VR). Interview material from 

project stakeholders was also analyzed to describe how design review was carried out within 

ongoing projects. 

3.4.2 Quantitative analysis 

Quantitative analysis was conducted in Paper 4 only. The reason is empirical: it was not until 

the final year of the PhD project that access to a sufficiently large and comparable end-user 

sample (n = 132 across three healthcare projects) became available, which made matched-

condition comparison feasible. Earlier in the project, the empirical material was qualitatively 

rich but unevenly distributed across stakeholder groups, which would not have supported a 

credible quantitative comparison. Quantitative data (NASA-RTLX ratings on an ordinal 20-

point scale, and counts of identified design issues) were analyzed using non-parametric tests 

appropriate for ordinal data and small subgroups: Wilcoxon signed-rank for within-participant 

2D-vs-VR comparisons, Mann–Whitney U for between-group comparisons, Kruskal–Wallis 

with Bonferroni-corrected Dunn's post-hoc for cross-case comparisons, and Spearman's ρ for 

correlations between cognitive load, self-rated performance, and objective performance. 

Comparisons were made between review conditions involving conventional 2D drawings and 

immersive VR environments, as well as between participant groups with different professional 

backgrounds. The number of identified design issues was used as an indicator of task 

performance during design review. 

Statistical comparisons including correlation analysis were done to examine differences 

between representational formats and participant groups. In Paper 4, qualitative interview data 

was primarily used to support interpretation of the quantitative results, providing additional 

insight into participants’ experiences of cognitive load, spatial understanding, and perceived 

advantages or limitations of different representational formats. 



CHALMERS, Architecture and Civil Engineering                                  33 

3.5 Research process 

3.5.1 Research timeline 

Figure 6 illustrates the research process of this PhD project from its start in April 2021 to the 

completion of the doctoral thesis and the doctoral defense in June 2026. The timeline highlights 

key milestones that have shaped the development of the research, including conferences, journal 

publications, and the licentiate seminar. Filled circles indicate journal papers included in the 

thesis, while hollow circles represent conference papers produced during the PhD project, with 

the CAADRIA and CONVR 2024 papers forming part of the thesis. The lower part of the figure 

shows the empirical investigations and data collection activities conducted in both school and 

healthcare building projects. These activities include multiple design review sessions and 

project phases that form the empirical basis for the appended papers and ongoing research in 

the thesis. 

Fig. 6: Research timeline of the PhD project showing key milestones, empirical investigations, and 

appended papers. 

 

The empirical research presented in this thesis is based on a series of empirical investigations 

conducted in ongoing building projects within the healthcare and school building sectors. These 

investigations involved design review sessions in which end-users and other project 

stakeholders evaluated design proposals using different representational formats, including 

conventional 2D drawings and immersive virtual reality environments. The investigations were 

carried out across multiple projects and design phases, allowing the research to examine design 

review practices across different projects and stages of the design process. The collected 

empirical material forms the basis for the four appended papers included in the thesis. Some 

appended papers cover multiple design review sessions within the same project (Paper 3), while 

others cover design review sessions across different projects (Papers 1 and 4) or across different 

design phases within the same project (Paper 4). Together, these investigations provide the 

foundation for exploring how immersive virtual environments support end-user involvement 

and design review in real-world building projects. 

During the early phase of the PhD project, the research focused on reviewing literature on 

design review practices, end-user involvement, and immersive virtual environments. Part of the 

empirical material used in Paper 1 builds on data originally collected during my master thesis, 

which was further developed and analyzed during the PhD project. The COVID-19 pandemic 
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temporarily affected access to field sites, particularly healthcare facilities, which required 

adjustments to planned design review sessions. For example, design review sessions were 

organized at the university with client representatives rather than on-site with building 

occupants (Paper 3). Also, at the time of the school project cases, access to teachers as everyday 

users of the classroom environments was limited due to availability constraints. Consequently, 

the school design reviews involved client representatives and architects participating in the 

design process rather than teachers as direct users of the spaces. Toward the later stages of the 

PhD project, access to teachers became available through separate collaborations with schools, 

enabling subsequent investigations to involve teachers as end-users. As access to project sites 

was limited during this period, most doctoral courses were completed during the first two years 

of the PhD project in order to allow later phases of the research to focus on data collection in 

real-world projects. 

In the later stages of the PhD project, additional cases were examined in healthcare projects. 

These investigations focused on how different representational formats, including conventional 

2D drawings and immersive virtual reality environments, influenced end-users' ability to 

interpret design proposals and identify design issues during design review. Several design 

review sessions were carried out across different projects and phases of the design process, 

forming the basis for Papers 3 and 4. These investigations enabled comparisons between 

representational formats and provided insights into how immersive environments support end-

user participation and design review performance in real-world project settings. These 

investigations, together with the earlier ones described above, are analyzed and discussed in the 

four appended papers included in this thesis. 

3.6 Cross-case synthesis and analytical strategy 

The 13 cases reported across the four appended papers were not examined as a single 

coordinated comparative study. They differ in project type, design phase, participant groups, 

VR system configuration, available interactive features, and data collection methods. This 

heterogeneity reflects how immersive VR is used in real-world projects rather than under 

controlled study conditions. At the same time, it means the cases cannot be compared directly 

as if they had been examined under matched conditions. Cross-case claims at the kappa level 

therefore rely on an explicit synthesis strategy that preserves each case's within-paper analysis 

before any cross-case comparison is made. 

The kappa-level synthesis follows Yin's (2018) case-based approach to multiple-case study 

research. In this approach, each case is first analyzed within its own project context (e.g., its 

specific participants, design review setting, and method). These within-case analyses are 

reported in the appended papers themselves. The kappa then takes these within-case findings 

and develops cross-case patterns across the 13 cases through interpretation, rather than by 

counting cases as if they were data points. The aim is not to produce a general claim that "VR 

works" by aggregating across cases. Instead, the synthesis works toward higher-order concepts 

that the cases together point to (Yin, 2018). In this thesis, that higher-order concept concerns 

how Cognitive Fit Theory, traditionally treated as an individual-level framework, also shapes 

collaborative design review. The synthesis proceeds in three steps, summarized in Figure 7. 

In the first step, each case's within-case findings, established in the appended papers, are 

preserved in their original project context before any cross-case comparison is made. The 

within-case analyses themselves were conducted within each appended paper, on each 
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individual case, and are not repeated at the kappa level. What the thesis adds is the cross-case 

mapping in Step 2 and the inference-level sorting in Step 3. Findings were read in relation to 

each paper's specific project, participants, and methods (left column of Figure 7), rather than 

being treated as if they were directly comparable to findings from other papers. This keeps each 

case's contribution in its own context before any cross-case comparison takes place. 

In the second step, within-case findings from each paper were mapped onto a set of analytical 

dimensions so that the cases could be compared despite their differences in project type, phase, 

and method. The six dimensions came from re-reading the four appended papers and applying 

two criteria. The first criterion was whether the dimension was documented in each of the four 

appended papers in enough detail to describe each case on that dimension. The second criterion 

was whether the dimension was relevant to the thesis's research questions (RQ1–RQ3) and 

grounded in at least one of the three theoretical fields used in this thesis, namely Cognitive Fit 

Theory, CVE collaboration criteria, and end-user involvement frameworks. Other factors 

appeared within individual papers, such as level of detail in the VR model, degree of 

photorealism, project size, and specific HMD hardware, but were not used to compare cases 

because they were not documented consistently across all four appended papers. These factors 

remain part of the within-case findings preserved in Step 1. 

The dimensions, shown in the center column of Figure 7, are: (i) representation format (e.g., 

2D drawings, immersive HMD VR, projector screen, multitouch table); (ii) interactive features; 

(iii) end-user role and expertise; (iv) type of design review task (e.g., spatial functionality, 

workflow, equipment layout, building-code compliance); (v) project type and setting (brief, 

concept, spatial coordination, technical design phases; healthcare versus educational); and (vi) 

observed design review outcomes (design issues identified, cognitive load, decision-making 

roles, collaboration patterns). The first five dimensions describe how each design review was 

set up. The sixth describes what was observed during it. Table 3 (Section 3.3) describes the 

empirical material underlying each appended paper. Table 4 records the analytical mapping 

used in the synthesis. The mapping is not meant to combine the four papers into a single 

comparison. Rather, it makes clear where the cases can be compared and where they differ, 

which in turn determines what types of cross-case claim each paper can support in Step 3. 

In the third and final step, cross-case claims from the Step 2 mapping are sorted into three 

inference levels, ranked from strongest support at the top to weakest at the bottom (right side 

of Figure 7). Each claim is based on a primary paper whose study design directly supports it. 

Some claims also draw on secondary papers, which observed something consistent with the 

claim even though their main study focus was different. How well a claim holds up at any level 

depends on what role each dimension plays in supporting it. Figure 7 shows three such roles, 

used throughout the synthesis. A dimension is manipulated or varied (M) when it differs across 

the cases being compared, giving the claim the difference it is built on. It is held constant (C) 

when it stays the same across the comparison, ruling out alternative explanations for the 

difference. It is the outcome (O) when it is what gets observed or measured, where the claim is 

tested.  

Case naming follows each appended paper's convention, which reflects how each paper 

structured its empirical material. Where a paper studied multiple project sites, cases are letter-

coded (Paper 1: A through F across six healthcare projects, with B1/B2 and C1/C2 marking 

distinct VR uses within the same project; Paper 4: A, B, and C across three healthcare projects, 

referred to as P4-A through P4-C in this thesis to distinguish them from Paper 1's cases). Where 
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a paper studied a single project site, the case is referred to by setting (Paper 2 and Paper 3).   

The unit of analysis is the case, defined in Section 3.2 as a design review situation in which 

end-users evaluated a specific spatial environment using immersive virtual environments. The 

four appended papers together examine 13 such cases, which form the basis for the cross-case 

synthesis. 
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Fig. 7: Three-step cross-case synthesis across the four appended papers, adapted from Yin's (2018) case-based approach to multiple-case study 

research. Step 1 preserves each paper’s within-case findings in their original project context. Step 2 maps these findings onto six analytical 

dimensions used for cross-case comparison. Step 3 sorts cross-case claims into three inference levels, ordered by methodological strength.
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Comparative claims are supported when one dimension is varied within matched cases while 

the other dimensions are held constant, so the effect of that dimension can be observed on its 

own (Figure 7). In this thesis, only Paper 4 meets these conditions. Within each of the three 

healthcare cases (A, B, C), representation format is the manipulated dimension. The same 

participants reviewed the same design proposal first in 2D and then in immersive HMD VR. 

Type of design review task and the available interactive features are held constant within each 

within-subject comparison. For any given participant, the design proposal, the review brief, and 

the VR system configuration did not change between the 2D and the VR review. NASA-RTLX 

cognitive load and the number of design issues identified against a project-team reference list 

are the outcomes. End-user role and expertise (healthcare versus non-healthcare staff) is treated 

as a between-subjects moderator on the format effect. Role is used as a proxy for domain 

knowledge and prior 2D-review experience, not as a cognitive profile. Comparative claims 

about cognitive load and task performance therefore have Paper 4 as their primary support. 

Paper 3 contributes secondary support. Across three review sessions on a single school project, 

it documents how the same architects and client representatives engaged differently with 2D 

drawings and the multi-interface VR system. This is consistent with a format effect, but the 

study was not designed as a within-subject 2D-versus-VR comparison. 

Recurring patterns are supported when the same pattern appears across cases that differ in 

setting, participants, and method, so that the heterogeneity of the cases itself becomes the basis 

for the inference (Yin, 2018) (Figure 7). This is weaker than direct comparison but stronger 

than single-case observation. Across the four papers, claims about how interactive features 

shape collaboration during immersive design review belong here. Interactive features are the 

manipulated dimension, varying in configuration across the cases. End-user role and expertise, 

type of design review task, and project type and setting vary across the set, and the pattern is 

claimed because it survives this variation. Observed collaboration during design review is the 

outcome. Papers 1, 2, and 3 jointly provide primary support as three independent cases. Paper 

1 observes the pattern across eight cases in six healthcare projects with systematically varying 

feature configurations. Paper 2 and Paper 3 are two distinct elementary school projects in 

Gothenburg, both involving the municipality but otherwise independent in their participants, 

VR system, and study design. Paper 4 contributes secondary support. Its three healthcare 

projects show collaboration patterns consistent with the claim, but the study was designed 

around within-subject comparisons of representation format rather than cross-case replication 

of feature configurations. 

Single-case illustrations are made when a configuration or within-case dynamic is observed in 

only one case and is used to illustrate a possibility rather than to support a general claim (Figure 

7). The egocentric–allocentric multi-scale configuration of Paper 2 and the cross-session 

engagement dynamics observed in Paper 3 are used illustratively in this way (Table 4). The 

discussion chapter draws on both to describe how each shaped the observed outcomes within 

its own case. It also uses them to motivate further study of which stakeholder roles benefit from 

which combinations of interactive features and representational format during design review, 

rather than to argue that the configurations studied here work in general. At this level there is 

no cross-case comparison and no cross-case replication, so only the outcome role applies. The 

three-tier structure carries into the discussion chapter, where each cross-case claim is attributed 

to its primary and secondary papers in line with Figure 7. 
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3.6.1 Operationalization of analytical dimensions 

Four dimensions of the synthesis require explicit operationalization, namely representation 

format, interactive features, end-user role and expertise, and observed design review outcomes. 

Each has been used inconsistently in the literature, defined or measured differently across the 

appended papers (e.g., what counts as design review performance differs between papers), or 

is specific to this thesis. The remaining dimensions in Figure 7 (type of design review task and 

project type and setting) are used to describe each paper's case rather than to anchor cross-case 

claims, and are summarized for each paper in Table 4. 

Representation format refers to how the design is shown during review (e.g., 2D drawings, 

immersive HMD VR). This is separate from interactive features, which describe how users 

engage with the design and are covered in the following paragraphs. Four representation 

formats appear across the appended papers. These are 2D drawings, immersive HMD VR, the 

projector screen mirroring an HMD user's view, and the multitouch top-view table. Within 

these, immersive HMD VR is treated as a single category at the level of the synthesis, even 

though the specific HMD hardware varies across the appended papers (listed in Section 3.3.2). 

Hardware-level differences in field of view, resolution, and tethering were not measured 

systematically and are not used to support cross-case claims. 

Two cases require clarification. In Paper 2, the multi-scale toggle between full-scale and 

miniature views is treated as an interactive feature, not as a separate representation format. 

Switching between these scales changes how the user navigates the same VR model, but the 

format itself stays the same. In Paper 1 Case E and Paper 3, the ViCoDE configuration 

combined HMD VR, the projector screen, and the multitouch table in a single session. The 

synthesis treats this combined setup as a single ViCoDE configuration rather than as three 

separate representation formats. Paper 3 documents within-ViCoDE dynamics, including which 

stakeholders engaged with which interface during a session. These dynamics are captured under 

interactive features and observed design review outcomes rather than under representation 

format. 

Interactive features are operationalized as three sub-dimensions that distinguish how users 

interact with the technology and user interface, with the representation content, and with other 

users. Interaction with the user interface covers how users move through and reframe the virtual 

environment, including exploration in LaViola et al.'s (2017) sense of free navigation without 

an explicit movement goal, and view-switching such as the multi-scale toggle between full-

scale and miniature views observed in Paper 2. The related travel subclasses of wayfinding, 

search, and maneuvering (LaViola et al., 2017) are not analyzed, because the empirical material 

across the appended papers does not consistently distinguish them. Interaction with the 

representation content covers object selection and manipulation, including adjusting the 

position and rotation of design elements while preserving their shape. Interaction with other 

users covers the multi-user feature in immersive HMD VR, drawing on Churchill et al.'s (2001) 

definition of collaborative virtual environments. The multi-user feature means multiple users 

are in the same virtual model at the same time. Whether collaboration occurs between those 

users is recorded as an observed design review outcome and is described per paper in Table 4. 

The appended papers vary in which features are available and in how those features are used 

during design review. Multi-scale view-switching is observed only in Paper 2 and is therefore 

treated as a single-case illustration in Figure 7 rather than as a basis for cross-case claims. Object 

interaction and multi-user appear across Papers 1, 3, and 4 but in different configurations (Table 
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4). Object interaction is implemented via a multitouch table in Paper 1 (Case E) and Paper 3, 

and via HMD controllers in Paper 1 (Case F) and Paper 4. Task-based scenarios are how the 

three interactive features (object interaction, multi-user, and exploration) get put to use during 

a review session in ways that shape the design review. A task-based scenario is a structured 

work-practice activity carried out within the review, such as simulating a clinical workflow or 

testing equipment placement against a procedure. Task-based scenarios are observed in Paper 

1 (Cases E and F), Paper 3, and Paper 4 (Cases P4-A–P4-C). Cross-case claims about feature 

impact are anchored to task-based scenarios. Where a session shows feature availability but no 

task-based scenario, the synthesis records the availability but does not claim that the features 

shaped the review. 

End-user role and expertise are operationalized as case-level descriptors of who participated in 

each design review session (healthcare staff, facility planner, client representative, architect), 

not as variables we use to explain how participants performed. The synthesis does not treat 

these labels as cognitive profiles. It does not assume, for example, that healthcare staff are 

inherently less able to interpret 2D drawings than facility planners or architects. Where the data 

supports it, role is used to indicate two things about each user. The first is domain knowledge 

of the activity that the building supports (e.g., clinical work in healthcare facilities or teaching 

in schools). The second is prior experience with 2D-based design review. Together, these two 

factors shape each user's mental model of the workplace. Paper 4 records each participant's 

prior design-review experience separately from their professional role. This means Paper 4 can 

show whether a result is driven by role or by experience, where the other papers cannot. The 

appended papers did not administer standardized measures of individual spatial ability or 

cognitive style, nor did they operationalize the more detailed user-characterization frameworks 

available in the HCI literature, including individual mental-model frameworks (Norman, 1983). 

Drawing literacy was approximated only through participants' self-reported prior experience 

with 2D-based design review, captured in Paper 4. Mental models, as reviewed in Chapter 2, 

are domain-specific representations of the workplace shaped by everyday work practice. They 

are not individual cognitive profiles. In Chapter 5, cognitive fit is therefore applied to 

participants' domain knowledge of the work practice and their prior experience with 2D-based 

design review, not to cognitive profiles inferred from their professional role. 

Observed design review outcomes are operationalized as the measures used to record what 

happened during a design review session. The appended papers document different outcome 

measures depending on their study design. Paper 1 records levels of end-user involvement 

(informative, consultative, participatory design, Co-Design) and the design issues identified 

during sessions. Papers 2 and 3 record collaboration patterns, including which stakeholders 

engaged with which user-interface and how decision-making shifted across sessions. Paper 4 

records cognitive load using the NASA Raw Task Load Index (NASA-RTLX) (Hart and 

Staveland, 1988) and task performance as the number of design issues identified during a 

review session, validated against a project-team reference list. Cross-case claims draw on 

different outcome measures depending on the level of inference. Comparative claims about 

cognitive load and task performance rely on Paper 4. Recurring-pattern claims about 

collaboration rely on Papers 1, 2, and 3. Single-case illustrations draw on within-case 

engagement dynamics in Papers 2 and 3. 

Issue identification was chosen as a task-performance measure in Paper 4 for two reasons. It is 

countable across participants and conditions, and it can be cross-checked against a project-team 
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reference list of issues considered relevant for the design phase. It is, however, a partial 

measure. It captures whether issues were detected but not their severity, design impact, or 

whether the resulting design changes improved operational outcomes after construction. Claims 

about task performance in the synthesis should be read with this limit in mind. 

Step 3 of the synthesis sorts cross-case claims into inference levels (Figure 7). Within this step, 

each dimension plays one of three roles in supporting a cross-case claim. These roles are 

manipulated or varied (M), held constant (C), and outcome (O). For comparative claims, M is 

the dimension that is intentionally changed across the cases being compared, while everything 

else stays the same. This is what Paper 4 does within each healthcare project, where the same 

participants review the same design proposal first in 2D and then in immersive HMD VR. C is 

a dimension that stays the same across the compared cases, which rules out alternative 

explanations for any observed difference. O is what the comparison measures, such as cognitive 

load or the number of design issues identified in Paper 4. 

For recurring patterns, M is a dimension that already varies across the supporting cases, because 

those cases are different from each other. This pattern is claimed because it appears despite this 

variation. C is not used at this level of inference, because no dimension stays strictly the same 

across heterogeneous cases. For single-case illustrations, only the outcome (O) is marked in 

Figure 7. M and C do not apply, because no comparison or replication takes place. Table 4 

shows, for each appended paper, which dimensions correspond to which role in supporting 

which level of claim, with bracketed tags [M], [C], and [O] in each cell indicating the role that 

dimension plays in that paper's primary cross-case contribution. Design issues identified, listed 

under Observed design review outcomes for Papers 1 and 4, is treated in the synthesis as a 

partial performance indicator (Section 3.6.1). 
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Table 4. Rows show analytical dimensions; columns show how each paper contributes to that dimension. Bold text marks the main point in each cell. 

Analytical dimension Paper 1 Paper 2 Paper 3 Paper 4 

Representation 

format 

  

• [M] 2D drawings and immersive 
HMD VR ;in some cases (Paper 1, 
case E; Paper 3) also projector screen 
and multitouch table (ViCoDE) 

• [M] Immersive HMD VR with 
combined 1:1 full-scale and 1:40 
miniature views  

• [M] Multi-interface ViCoDE: HMD 
VR, multitouch table, projector 
screen   

• [M] 2D drawings versus 
immersive HMD VR within the 
same projects 

Interactive 

features 

 

• [M] Variable across the eight 
cases: from exploration only to 
exploration + multi-user + object 
interaction 

•[M]  Exploration, multi-user, 
multi-scale (egocentric ↔ 
allocentric switching) 

• [M] Exploration, multi-user, 
object interaction (via multitouch 
table) 

• [C] Exploration, object 
interaction, multi-user (within 
project teams) 

End-user role 

and expertise 

  

• [M] Healthcare staff, architects, 
facility planners, project leaders 
across 6 projects 

•[M] Architects and client 
representatives 

• [M] Architects and client 
representatives ( same 
participants across 3 sessions) 

• [M] Healthcare staff (n = 111) and 
non-healthcare staff (n = 21); prior 
design-review experience reported 
separately from role 

Type of design 

review task 

 

• [M] Brief, concept, spatial 
coordination, and technical design 
tasks 

• [M] Spatial overview, flow, room 
relationships in an educational 
facility 

• [M] Layout iteration, spatial 
coordination, building-code review 

• [C] Workflow, equipment layout, 
sightlines, room size, building-
code compliance in equipment-
intensive healthcare spaces 

Project type 

and setting 

 

• [M] 6 healthcare facility projects, 
multiple design phases 

• [M] One elementary school 
project, 2 workshops 

• [M] One elementary school 
project, 3 ViCoDE workshops 

• [C] 3 healthcare facility projects: 
2 renovations (Cases P4-A, P4-B) 
and 1 new build (Case P4-C) 

Observed design 

review outcomes 

 

• [O] Levels of end-user 
involvement (informative → 
consultative → participatory → Co-
Design); design issues identified 

• [O] Egocentric-allocentric 
switching; collaborative spatial 
orientation; design issues 
identified at multiple scales 

• [O] Shifts in stakeholder 
engagement and decision-making 
roles across repeated sessions; 
interaction-pattern analysis 

• [O] NASA-RTLX cognitive load; 
design issues identified by category 
(flow, sightlines, room size, 
equipment layout, flexibility, 
technical requirements) 
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3.6.2 Contaminating differences and plausible rival interpretations 

The cases in this thesis differ in several ways. They cover different project phases, use different 

VR system setups, involve participants with different levels of design-review experience, and 

take place in different building types. Ignoring these case differences would weaken any cross-

case claim made in this thesis (Yin, 2018). The synthesis therefore treats the case differences 

as limits on what each claim can say. For example, Paper 4 shows that immersive HMD VR 

reduces cognitive load compared to 2D drawings. This finding comes from equipment-intensive 

healthcare projects. It cannot be assumed to hold in less equipment-intensive settings without 

further study.  

Two of those differences need direct attention. First, prior experience with 2D-based design 

review differs across the appended papers. Paper 4's healthcare staff had little or no prior 

experience. Non-healthcare staff in Paper 4 had this experience. So did the architects and client 

representatives in Papers 1, 2, and 3. Differences in how many issues were identified could be 

due to experience, not the representation format itself. The synthesis therefore treats Paper 4 as 

the only primary basis for comparative claims about cognitive load and task performance, 

because its within-case design keeps project context the same. Second, in Paper 4 Case P4-B, 

the 2D drawing did not include the medical equipment that the VR model showed. Issues found 

only in VR in that case could reflect this development gap rather than the representational 

format itself. 

Two rival interpretations also need to be addressed. The first is a novelty effect from first-time 

VR use. This cannot be ruled out in any of the cases. Paper 3's three sessions with the same 

participants and Paper 4's within-subject comparison both reduce the chance that novelty alone 

explains what was found. The second is self-selection. In Paper 4, healthcare staff signed up for 

time slots themselves. Those who signed up may differ from those who did not, in ways that 

could affect engagement and reported workload. These are the two most likely rivals to the 

comparative claims and the only ones addressed here (Yin, 2018). 

3.7 Reflections on research quality 

The cases included in this thesis were conducted within ongoing building projects rather than 

controlled laboratory settings. This provided access to professional stakeholders, real project 

material, and authentic design review situations, supporting ecological validity. At the same 

time, working in real-world project settings introduced practical constraints, including limited 

availability of participants, design proposals at varying stages of development, and the need to 

schedule sessions around ongoing professional and clinical activities. 

To assess the quality of the case study research presented in this thesis, four criteria from Yin 

(2018) are used: construct validity, internal validity, external validity, and reliability. Construct 

validity is supported by the operationalization of the key constructs in Section 3.6.1, and by the 

use of multiple sources of evidence (observations, screen recordings, interviews, NASA-RTLX 

ratings, and counts of design issues identified against a project-team reference list). Internal 

validity is addressed through pattern-matching across cases (Section 3.6) and by naming the 

most plausible rival interpretations, novelty effect and self-selection, rather than treating them 

as a generic disclaimer. External validity rests on analytical, not statistical, generalization. The 

inference levels in Figure 7 make the boundary conditions of each cross-case claim visible. 

Reliability is supported by detailed reporting of data collection and analysis procedures in each 

appended paper, including intercoder agreement on issue coding in Paper 4. 
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In several cases, design review took place during early project phases when architectural models 

were not yet fully furnished or detailed. This was particularly the case in the three healthcare 

projects in Paper 4, where the VR models were prepared by adding loose furniture and medical 

equipment that did not yet appear in the architects' 2D drawings at the time of review. The 

added items were not chosen arbitrarily, they were sourced from the project's Room Data Sheets 

and from the Swedish national healthcare database PTS, and some items in Case P4-B were 

laser-scanned and modelled because they were missing from the database. Without this 

preparation, healthcare staff could not have evaluated the rooms in relation to their actual work 

practice, since the spaces would otherwise have been empty. This preparation is named here as 

a study condition rather than treated as neutral background. It means the VR model carried more 

content than the 2D drawings did at the time of review, and design issues identified only in VR 

could in principle reflect this content gap rather than the representational format itself, 

particularly in Case P4-B, where the gap was largest. The synthesis therefore treats this as a 

boundary on the comparative claim in Paper 4. Reviewing the design at early phases was 

nonetheless a deliberate choice, since this is when end-user input has the greatest potential to 

shape the design before structural decisions are locked in. 

Participant experience with design review tools and immersive VR varied across the appended 

papers. In real-world settings, multiple factors may influence design review performance, 

including prior familiarity with drawings or VR, professional domain knowledge, and the level 

of detail available in the design representations. These factors are difficult to isolate 

systematically in project-based studies, and potential novelty effects associated with VR use 

cannot therefore be fully excluded. 

Finally, although the included projects represent both healthcare and school settings, the 

findings remain grounded in specific real-world cases. End-user expertise is often closely tied 

to particular building types and work practices, which may influence how design proposals are 

interpreted and which issues are identified. The intention is therefore not to suggest 

generalization across all building types, but rather to examine immersive design review in 

situations where user involvement is particularly consequential for decision-making in building 

design. 

Ethical considerations 

The research was conducted in accordance with principles of research integrity, transparency, 

and respect for participants. All participants were informed about the purpose of the research 

and how the collected data would be used before participating in design review sessions, 

interviews, or questionnaire-based data collection. Participation was voluntary, and participants 

could withdraw from the study at any time. 

When design review sessions were recorded for research purposes, participants were informed 

beforehand. Personal identifiers were not included in the analysis or reporting of results, and 

findings are presented at an aggregated level to prevent identification of individual participants 

or organizations. Data storage and management followed applicable research ethics and data 

protection guidelines. 

Use of AI 

The period during which this thesis was developed coincided with rapid advancements in 

artificial intelligence technologies, particularly large language models. These developments 

created new opportunities to support research workflows while maintaining methodological 
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rigor. In this thesis, AI tools such as ChatGPT and Copilot were used in a limited and transparent 

manner to support specific aspects of the writing process. AI-assisted language tools were 

employed to improve the clarity, coherence, and academic tone of the English writing, including 

refining sentence structure and ensuring stylistic consistency across chapters. In addition, AI 

assistance was used to improve the visual layout and pedagogical clarity of Figure 7 (cross-case 

synthesis), while the analytical content of the figure remains the author's own work. All 

conceptual content, analytical reasoning, and scientific conclusions presented in this thesis 

remain the author’s own work. 
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4 Results and summary of appended papers 

4.1 Overview of how the papers are related 

Figure 8 shows how the four papers (P1-P4) relate to the research phenomenon of this thesis: 

understanding how immersive virtual environments can support end-user involvement and Co-

Design during building design review. Each paper addresses a different aspect of immersive 

design review. Paper 1 examines how immersive virtual environments may support different 

levels of end-user involvement. Paper 2 and Paper 3 focus on collaborative design review in 

immersive environments and examine how interactive features influence stakeholder 

interaction and participation. Paper 4 investigates how representational format (conventional 

2D drawings and immersive HMD VR) affects cognitive load and task performance during 

design review. Together, the papers contribute complementary perspectives on how immersive 

environments support end-user participation and design review in real-world building projects. 

 

Fig 8: Overview of how papers 1–4 relate to the research phenomenon of the thesis. 

 

Table 5 presents an overview of how the four appended papers relate to the three research 

questions guiding the thesis. Paper 1 provides the primary contribution to RQ1, examining how 

immersive virtual environments influence levels of end-user involvement, ranging from 

informative participation to more collaborative forms of involvement and Co-Design. Papers 1, 

2, and 3 jointly provide the primary contribution to RQ2, investigating how interactive features 

in immersive virtual environments support collaborative design review and stakeholder 

interaction. 

Paper 4 provides the primary contribution to RQ3 by examining how representational format, 

specifically conventional 2D drawings and immersive HMD VR, influences cognitive load and 

task performance during design review. While each paper addresses a specific research question, 

several papers also provide secondary contributions to other questions. In sum, the four papers 
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provide complementary insights into end-user involvement, collaborative interaction in 

immersive environments, and the cognitive processes involved in interpreting design proposals.  

 

Table 5. Relationship between the appended papers and the thesis research questions. Filled circles 

denote primary contributions, open circles secondary contributions, and dashes no direct contribution. 

Research question 
Paper 

1 
Paper 2 Paper 3 Paper 4 

RQ1: How can immersive virtual environments support 

higher levels of end-user involvement, including Co-Design, 

during building design review? 

● 

Primary 

○ 

Secondary 

○ 

Secondary 
– 

RQ2: How do interactive features in virtual environments 

shape collaboration during immersive design review? 

● 

Primary 

● 

Primary 

● 

Primary 

○ 

Secondary 

RQ3: How does cognitive fit between representational 

format, task demands, and end-user expertise influence end-

user performance and involvement during design review? 

– – 
○ 

Secondary 
● Primary 

 

4.2 Summary of Appended Paper I 
 

From informative to Co-Design: the role of immersive Virtual Reality for user-involvement in 

healthcare facility design 

Sateei, S., Roupé, M., and Johansson, M. (2025)  

Published in: Journal of Information Technology in Construction (ITcon), May 2025. 

4.2.1 Background and aim 

Previous studies have shown that immersive VR can support end-users’ spatial understanding 

during design review. However, less attention has been paid to how specific interactive features 

in VR, such as object interaction and multi-user, influence different forms of collaborative 

practices and level of end-user involvement. Moreover, the integration of immersive VR as a 

representational format within established collaborative practices, such as participatory design 

and Co-Design, remains underexplored. The aim of this paper was therefore to gain an 

understanding of how different interactive features in immersive VR facilitate different levels 

of end-user involvement and collaborative practices throughout the design process. 

4.2.2 Methods 

The study is based on six real-world healthcare projects conducted in Sweden and the United 

States. The cases formed part of ongoing healthcare facility projects and included both new 

build and renovation of existing healthcare facilities. Empirical data were collected through 

semi-structured interviews with design team members (e.g., architects and BIM coordinators) 

and end-users (e.g., healthcare staff and facility planners). In addition, video observations were 

conducted during VR sessions used both for design review and for informative purposes, where 

end-user feedback was not formally incorporated into the design process. 
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4.2.3 Results 

The results show that the level of end-user involvement during design review is closely related 

to the interactive features available in the VR environment. When VR supported object 

interaction and multi-user interaction, end-users were able to engage in task-based scenarios 

that allowed them to evaluate how design layouts affected their daily work practices. In contrast, 

VR environments limited to free exploration primarily supported increased spatial 

understanding and identification of design issues.  

Overall, the findings demonstrate that immersive VR can facilitate different collaborative 

practices depending on available interactive features, ranging from informative and consultative 

use to participatory design and Co-Design, where end-users actively contribute to the 

development of design proposals. 

4.2.4 Contribution to thesis 

This paper contributes to the thesis by establishing a conceptual foundation for understanding 

end-user involvement in immersive VR-supported design review. Most notably, it introduces a 

classification of end-user involvement that links levels of collaboration, informative, 

consultative, participatory design, and Co-Design, to the interactive features available in the 

virtual environment (Fig. 9). 

The findings show that interactive features such as object interaction, multi-user and freely 

exploring the virtual environment are enablers of higher levels of end-user involvement. The 

paper therefore provides a structured way of understanding how immersive HMD VR can shift 

design review practices from information delivery toward Co-Design among end-users. 

 

Fig. 9: Classification of immersive HMD VR used in different collaborative practices. 
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4.3 Summary of Appended Paper II 
 

Collaborative Design Review Sessions In Virtual Reality: Multi-Scale And Multi-User   

Sateei, S., Roupé, M., and Johansson, M. (2022) 

Presented at: 27th International Conference of the Association for Computer Aided Architectural Design 

Research in Asia (CAADRIA) 2022. Vol. 1, p.29-38, April 2022. 

4.3.1 Background and aim 

While immersive VR has been shown to support spatial understanding during design review, 

previous research has also highlighted limitations related to orientation, overview, and 

collaboration, particularly in large and complex building projects. In practice, design review 

often requires stakeholders to move between detailed, first-person experiences of space and 

more abstract, overview-based representations in order to reason about functional relationships, 

workflows, and spatial configurations. However, fewer studies have explored how immersive 

VR can support such shifts in scale and perspective within the same collaborative setting and 

representational format. As such, the aim of this paper was to investigate how multi-scale and 

multi-user functionality in immersive VR can support collaborative design review, with 

particular focus on spatial understanding, orientation, and cross-disciplinary collaboration in a 

real-world project. 

4.3.2 Methods 

The paper is based on a qualitative case study of two immersive VR workshops conducted 

during the detailed design phase of a real-world elementary school project. The participants 

included architects and client representatives responsible for different aspects of the design 

process. Immersive VR was used as the primary design review medium during both workshops. 

Empirical data were collected through video-recorded observations of the VR workshops, 

complemented by group discussions and reflections with the participants. The VR system 

supported multi-user collaboration and allowed participants to switch between a full-scale, first-

person VR experience and a miniature, bird’s-eye 1:40 scale representation of the building 

within the same virtual environment. 

4.3.3 Results 

The results show that the ability to switch between different scales within the immersive VR 

environment played a central role in supporting collaborative design review. The full-scale, 

first-person perspective enabled participants to experience spaces from an end-user perspective 

and identify design issues related to functionality and workflow. In contrast, the miniature 

representation provided an overview that supported orientation, navigation, and understanding 

of spatial relationships across the building. The combination of multi-scale representations 

facilitated collaborative discussion among participants with different roles and expertise. By 

jointly navigating and referencing the virtual environment at different scales, participants were 

able to align their understanding of the design, identify potential issues, and discuss alternative 

solutions more effectively than would have been possible using a single representational format. 

4.3.4 Contribution to thesis 

This paper contributes to the thesis by demonstrating how specific interactive features in 

immersive VR, namely multi-user and support for multi-scale representation, enable 

collaborative design review practices. It shows that immersive VR can function as a shared 
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workspace in which stakeholders collectively reason about design decisions by moving between 

overview and detailed perspectives (Figure 10). Moreover, observations from the second 

workshop show that adding loose and fixed equipment to the virtual environment helped 

stakeholders better understand the operational setting in which design issues emerged. 

In relation to the overall thesis aim, the paper shows how the levels of end-user involvement 

introduced in Paper 1 are enacted through specific interaction and representation mechanisms 

in immersive VR. By demonstrating how representational formats typically associated with 2D 

drawings (i.e., overview and multi-scale perspectives) are integrated with full-scale immersive 

experience, the paper illustrates how active participation during design review is supported. As 

such, it connects the conceptual framing of end-user involvement in Paper 1 with later studies 

that explore stakeholder engagement and cognitive aspects, as well as design issues found in 

both conventional 2D drawings and immersive virtual environments (Paper 4). 

 

 

Fig. 10: Miniature model (1:40 scale) showcasing the building in its entirety as well as sectioning of 

the various floors reviewed by the client representatives. 

 

4.4 Summary of Appended Paper III 
 

Transitioning from 2D to VR in design review – Resistance to Engagement  

Sateei, S., Roupé, M., and Johansson, M. (2023) 

Presented at: 23rd International Conference on Construction Applications of Virtual Reality, CONVR 

2023. Vol. 23, p. 85-96, November 2023. 

 

4.4.1 Background and aim 

Although immersive VR has been shown to support spatial understanding and collaborative 

design review, its adoption in real-world projects remains uncertain, particularly among 

architects. Previous research has largely emphasized the benefits of immersive VR, while fewer 

studies have examined why certain stakeholders remain resistant to its use and how such 

resistance may change over time. Moreover, there is limited empirical knowledge of how 

immersive and non-immersive VR user-interfaces influence interaction, roles, and decision-

making during repeated design review sessions. 

The aim of this paper was therefore twofold: (1) to understand architects’ and client 

representatives’ resistance and receptiveness toward different user-interfaces part of a VR-
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system during design review, and (2) to examine how interaction and collaboration evolve when 

such a VR-system with different user-interfaces is used across multiple design review sessions 

in a real-world project. 

4.4.2 Methods 

The study followed a qualitative case-study approach based on three design review workshops 

conducted during different phases of a real-world elementary school project. The same client 

representatives and architects participated in all three workshops. The VR system used 

(ViCoDE) supported both immersive (HMD VR) and non-immersive user-interfaces 

(multitouch table and projector screen), allowing participants to interact with the design 

proposal in different ways. 

Empirical data were collected through video recordings of the workshops and semi-structured 

interviews with architects and client representatives who participated in the sessions, 

complemented by additional interviews with architects and clients from related projects. The 

analysis focused on interaction patterns, use of different user-interfaces, and changes in 

participants’ roles and attitudes toward VR across the three workshops. 

4.4.3 Results 

The results show a contrast between architects’ and client representatives’ engagement with the 

different VR user-interfaces. Client representatives were receptive to both immersive and non-

immersive VR from the first workshop and actively used the HMD VR and multitouch table to 

identify and resolve design issues through task-based scenarios. This enabled them to assess 

spatial relationships, furnishment, and functional layouts in ways they found difficult when 

using 2D drawings alone. 

In contrast, architects were initially resistant to using HMD VR for design review and primarily 

engaged with the virtual environment through non-immersive interfaces such as the projector 

screen and multitouch table. Over the three workshops, architects’ engagement increased, 

particularly through growing use of the multitouch table for object interaction and validating 

their sketched ideas for immediate feedback. This shift was reflected by changes in interaction 

patterns and decision-making, where client representatives initially led design review activities 

and architects gradually re-engaged, especially when addressing building code requirements 

and regulatory constraints. 

Overall, the findings show that engagement with different VR user-interfaces varies across 

stakeholders, and that the choice of user-interface is closely tied to professional roles, 

familiarity with representational formats, and perceived relevance to specific design tasks (e.g., 

supporting spatial understanding versus ensuring compliance with building codes). 

4.4.4 Contribution to thesis 

This paper contributes to the thesis by showing that stakeholder engagement with immersive 

VR during design review is shaped by the interplay between user roles, representational formats, 

and available interactive features. The findings demonstrate that a preference for non-

immersive user-interfaces does not necessarily reflect a rejection of immersive VR as a whole, 

as evidenced by the increased use of the multitouch table. Rather, it reflects which types of 

design review questions are addressed through user-interfaces that align with stakeholders’ 

familiar work practices. For example, non-immersive interfaces such as the multitouch table—

closely aligned with established design practices like sketching—were primarily used by 
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architects, while HMD-based VR supported embodied spatial experiences that were more 

frequently used by client representatives when evaluating classrooms and spatial layouts. 

In relation to the overall thesis aim, this paper shows that immersive virtual environments can 

support end-user involvement and Co-Design particularly when stakeholders are able to engage 

with the VR system in ways that align with their prior experience and familiarity with traditional 

design representations and tools. By highlighting how engagement between stakeholders and 

choice of user-interface varies across repeated VR sessions, the paper shows how specific user-

interfaces support joint reflection and discussion. In particular, the multitouch user-interface 

enabled architects and client representatives to jointly reflect on and discuss design issues by 

using available object interaction and testing alternative solutions in the shared virtual 

environment. Specifically, architects are making changes on the multitouch table via object 

interaction, which client representatives could experience via immersive HMD VR and provide 

immediate feedback. Apart from immediate validation of changes to the design made via the 

multitouch-table, the findings further indicate that immersive HMD VR allowed design issues 

that had previously remained unnoticed to be identified and resolved, enabling client 

representatives to take a more active role in identifying and discussing design concerns (Fig. 

11). In contrast, design issues related to building code compliance were more often addressed 

through non-immersive user-interfaces, which aligned more closely with established design 

review practices (conventional 2D drawings). In this way, the paper clarifies the conditions 

under which different, immersive and non-immersive, user-interfaces of a VR-system become 

relevant for collaborative design review. It also connects earlier papers that focus on interactive 

features and collaborative practices with the final paper, which provides a cognitive explanation 

of why immersive and non-immersive representational formats support end-users differently 

during design review.  

 

Fig. 11: Interaction analysis illustrating how communication patterns and use of immersive and non-

immersive VR user-interfaces differed between stakeholders across two design review sessions. 

 

4.5 Summary of Appended Paper IV 
 

How Representation Format Affects End-User Design Review: Cognitive Load and Task 

Performance in 2D drawings and immersive HMD Virtual Reality 

Sateei, S., Gustafsson, M., Roupé, M., and Johansson, M. 

Under review in Journal of Virtual Reality, submitted January 2026. 

4.5.1 Background and aim 

Design review of building design often relies on traditional representational formats such as 

conventional 2D drawings, which can be demanding for end-users to interpret because they 
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require mental reconstruction of three-dimensional space from abstract and fragmented 

representations (e.g., plans, sections and elevations). This is particularly challenging in 

healthcare facility design, where healthcare staffs’ ability to evaluate flow, room size, sightlines, 

and equipment-related work tasks is essential for identifying design issues early. While 

immersive HMD VR has been shown to support spatial understanding, fewer studies have 

examined how differences in representational format relate to variations in cognitive load and 

task performance in real-world projects involving domain experts. 

The aim of this paper was therefore to examine how representational format (2D drawings and 

immersive HMD VR) affects end-users’ cognitive load and task performance during design 

review in three ongoing healthcare facility projects, and to interpret these effects through 

Cognitive Fit Theory—i.e., the alignment between representational format, task demands, and 

end-user expertise.  

4.5.2 Methods 

The study was conducted across three real-world healthcare projects involving both renovation 

and new build. Participants included healthcare staff, facility planners, project leaders, and 

technical consultants. Design review sessions were carried out using both conventional 2D 

drawings and immersive VR, with some participants completing both conditions and others 

participating only in immersive VR. 

Empirical data were collected using a mixed-methods approach. Quantitative analysis was 

made possible by measuring cognitive load using the NASA Raw Task Load Index (NASA-

RTLX), while task performance was assessed through the number and type of design issues 

identified during design review. The quantitative analysis was complemented by semi-

structured interviews with project team members (head nurses, physicians, facility planners, 

and project leaders) from each project to help interpret the quantitative results. Moreover, 

coding of the issues identified was done to identify patterns in types of issues identified during 

design review, resulting in six different design issue categories: medical equipment layout, flow, 

sightline, room size, flexibility and technical requirements. 

4.5.3 Results 

The results show that immersive HMD VR provided a better cognitive fit than conventional 2D 

drawings for healthcare staff during design review of healthcare facilities. Healthcare staff 

experienced significantly lower cognitive load and identified a higher number of task-relevant 

design issues in immersive VR, particularly those related to workflow, spatial layout, sightlines, 

and equipment placement. In contrast, non-healthcare stakeholders—despite reporting lower 

cognitive load during 2D design review—identified fewer issues related to everyday work 

practices and use of space (e.g., sightlines, room size, flow), and instead primarily identified 

issues linked to requirements and compliance. This suggests that cognitive fit depends not only 

on representational format but also on domain-specific expertise (facility planning/work 

practice in healthcare facilities) and task demands (e.g., evaluating spatial qualities of a space 

versus building code compliance). In addition, healthcare staff’s self-assessed performance 

showed a strong positive correlation with task performance in immersive VR, indicating that 

immersive review supported more reliable judgments of spatial functionality than 2D drawings. 

The results further show that different representational formats supported different types of 

design reasoning. Immersive HMD VR primarily facilitated identification of design issues that 

depend on embodied and perceptual assessment, such as blocked visibility, undersized rooms 
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when furnished, and conflicts in equipment layout. In contrast, 2D drawings were more 

effective for identifying circulation logic, adjacency conflicts, and issues related to regulatory 

requirements. 

Comparisons between review conditions revealed that healthcare staff identified significantly 

more design issues when reviewing 2D drawings followed by immersive VR than when using 

VR alone, achieving an overall increase of 46% in issue detection. At the same time, the VR-

only condition resulted in the lowest median cognitive load, suggesting that direct immersion 

can reduce mental effort by eliminating the need to translate between representational formats 

(Fig. 12). Finally, differences between renovation and new-build projects highlighted the role 

of environmental familiarity, as mental demand during 2D review was highest when no existing 

physical reference was available. 

4.5.4 Contribution to thesis 

This paper contributes to the thesis by providing a cognitive explanation for why immersive 

and non-immersive representational formats support end-users differently during design review. 

By applying Cognitive Fit Theory, the paper shows that immersive HMD VR reduces cognitive 

effort and supports higher task performance for healthcare staff when design review tasks 

depend on embodied, perceptual assessment of space, such as evaluating workflow, sightlines, 

room size, and equipment layout. In contrast, conventional 2D drawings provide a sufficient 

cognitive fit for tasks focused on regulatory requirements, building code compliance, and 

spatial flow, particularly for end-users with professional experience in interpreting such 

representations. The results further show that combining 2D drawings with immersive VR 

supported the highest overall identification of design issues (46% more than VR-only), 

indicating that different representational formats can complement each other during design 

review. 

In relation to the overall thesis aim, the paper explains how immersive virtual environments can 

support end-user involvement and, in particular, Co-Design by lowering the cognitive demands 

associated with interpreting and validating design proposals. It complements earlier papers that 

focus on interaction and engagement by showing that the relevance of interactive features and 

representational formats is shaped by cognitive factors related to task demands and domain 

expertise. In this way, the paper brings together interaction, engagement, and cognition, and 

clarifies when and why immersive VR becomes a meaningful support for end-user involvement 

during design review. 

Fig. 12: Comparison of immersive VR and conventional 2D drawings showing how representational 

format affects design issue identification (left) and cognitive load during design review (right). 
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5 Discussion  

This chapter discusses the findings in relation to the research questions introduced in Chapter 

1. The discussion is organized around the three analytical themes underlying the research 

questions. Section 5.1 discusses end-user involvement during immersive design review, Section 

5.2 addresses collaboration through interactive features in immersive environments, and 

Section 5.3 considers the cognitive conditions influencing design review performance. 

5.1 End-user involvement and Co-Design in immersive design 

review 

Across the appended papers, immersive HMD VR is associated with more active end-user 

involvement, but the basis for this association varies by paper and should be read accordingly. 

Paper 1's classification of involvement levels and Paper 4's within-subjects comparison provide 

the strongest support, while Papers 2 and 3 contribute recurring observations of collaboration 

patterns within their specific cases. In Paper 4, healthcare staff identified more design issues 

and reported lower cognitive load in the immersive HMD VR condition than in the 2D drawing 

condition, while non-healthcare staff in Paper 4 did not show a comparable reduction in 

cognitive load. The reduction observed for healthcare staff enabled them to contribute 

operational knowledge within limited participation time by drawing on their work-practice 

experience in the virtual environment. In Paper 4, the non-healthcare participants (facility 

planners, project leaders and functional planners), despite prior experience with drawing-based 

design review, identified additional design issues during immersive sessions that had not 

emerged in earlier 2D-based reviews. Paper 2, in its elementary school case, records similar in-

VR identification of design issues that had not surfaced in earlier 2D-based review; Paper 3, in 

its separate elementary school case, records similar dynamics qualitatively (client 

representatives identifying issues independently of architects). Read with Paper 1's healthcare 

projects, Papers 2 and 3 show that participants find issues in VR that 2D missed across 

elementary school projects and earlier design phases too. 

From a building occupant perspective, end-users often have detailed knowledge of their work 

practice but limited experience interpreting conventional 2D drawings (Buchanan et al., 2022; 

Shi et al., 2020; Foroughi Sabzevar et al., 2025). In Paper 4, 2D review was associated with 

significantly higher cognitive load for healthcare staff, as participants had to decode abstract 

symbols in plans and sections and mentally reconstruct fragmented information into a coherent 

three-dimensional understanding of the proposed space (Kosslyn, 1994; Schnabel & Kvan, 

2003; Foroughi Sabzevar et al., 2025). In contrast, embodied interaction in immersive VR, 

where participants can move through the environment in ways that resemble everyday spatial 

experience, reduces the need for such mental translation. Paper 4 measured this reduction 

directly, and Paper 1 records consistent qualitative observations across its six healthcare 

projects of participants assessing the design through embodied movement rather than abstract 

interpretation. This helps explain why healthcare staff in Paper 4 identified more work-practice-

related design issues in immersive review than in 2D review, since cognitive resources could 

be directed toward functional evaluation rather than toward interpreting the representation 

format itself. Paper 1 reports the same pattern qualitatively across its six healthcare projects. 
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Beyond identifying more issues, by lowering the effort required to understand the proposal, 

immersive review allowed end-users to articulate work-practice-related concerns and identify 

spatial constraints more readily, with Paper 4 providing the quantitative comparison and Papers 

1, 2, and 3 contributing observations from their respective project contexts. In this sense, 

reduced cognitive effort may help strengthen the baseline conditions for end-user involvement, 

because participants can focus directly on evaluating the proposed space rather than first 

spending effort translating drawings into a spatial understanding. This can help narrow the gap 

between the intention to involve end-users and their actual ability to contribute useful input 

during design review (Eriksson, 2013; Soikkeli et al., 2023; Christiansson et al., 2011). Under 

such conditions, end-user involvement may be more likely to extend beyond purely informative 

input toward higher levels of participation (PD and Co-Design) (Paper 1). Across Paper 4's 

three healthcare cases (quantitatively), Paper 1's six healthcare projects, and the two elementary 

school cases in Papers 2 and 3, immersive review consistently revealed overlooked design 

issues. This suggests that even initial informative use can offer a starting point for project teams 

to more intentionally pursue higher levels of end-user involvement as the design process 

develops (Paper 1). 

However, the practical challenge is that building occupants such as healthcare staff often have 

limited time to participate in design review due to demanding work schedules and restricted 

organizational support (Pirinen, 2016; Støre-Valen, 2021; van Houwelingen et al., 2023). With 

healthcare staff identifying more work-practice-related design issues in immersive VR than in 

2D review (Paper 4), immersive sessions may help end-users such as building occupants 

provide more concrete input within the limited time available for participation. This is 

particularly important in healthcare facilities and schools, where design decisions directly affect 

daily workflow and coordination under strict functional requirements (Azzopardi-Muscat et al., 

2020; Soliman-Junior et al., 2021), and where staff may encounter only one or two opportunities 

to influence design over an entire career (Thompson et al., 2012; Clark, 2014). For this reason, 

even when involvement remains consultative, immersive review may increase the likelihood 

that end-user feedback is incorporated into later design iterations. Immersive HMD VR can 

help occupants identify operational design problems, such as circulation bottlenecks or 

visibility limitations, that might otherwise depend on the design team's interpretation or be 

filtered through representatives. Paper 1's six healthcare projects and Paper 4's three healthcare 

cases document occupants identifying these kinds of issues directly during VR-supported 

review; Papers 2 and 3 record similar identification by representatives in their two elementary 

school cases. 

Interactive features are particularly important because they allow end-users not only to identify 

issues that may be overlooked in traditional representational formats, but also to communicate 

operational needs directly within the shared virtual design proposal. Features such as multi-user 

collaboration and object interaction provide a shared spatial reference during review sessions 

(Churchill et al., 2001; Hey et al., 2007), allowing end-users to surface operational needs 

directly within the proposal rather than having them interpreted by the design team or relayed 

through representatives. Paper 1's Cases E and F (with object interaction available) document 

healthcare staff revising design proposals directly during review, and Paper 4 documents similar 

Co-Design moments in its three healthcare cases. In Paper 4, this supported healthcare staff in 

simulating future work practices and identifying workflow-related constraints, particularly in 

Case P4-C (new-build) where staff had no existing reference to draw on. The availability of 

such interactive features may also reduce misunderstandings that arise when designers and 
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building occupants use different professional terms and focus on different spatial aspects of the 

proposal (Cesario, 2009; Reno et al., 2014). In this sense, the classification developed in Paper 

1 provides a structured way to describe different levels of end-user involvement, ranging from 

commenting on predefined solutions to more active participation in exploring and shaping 

design alternatives. This is relevant not only for building occupants but also for non-clinical 

participants. Paper 4 documents facility planners, project leaders, and functional planners 

identifying more technical-requirements issues such as accessibility constraints in 2D, and 

Papers 2 and 3 record client representatives and architects raising regulatory and project-

requirement questions in their two elementary school cases. 

When end-users are able to contribute through interactive design review, as in Paper 1's Cases 

E and F, Paper 3's ViCoDE workshops, and Paper 4's three healthcare cases (all with object 

interaction available), design discussions may progress more efficiently than in sequential 

review cycles where issues are identified only after drawings are interpreted and revised 

(Koskela, 2000; Gomes & Tzortzopoulos, 2018). Interactive immersive review can therefore 

support the development of design solutions that better reflect both operational experience and 

project constraints, since multiple stakeholder perspectives are present during the session 

(Paper 1's Cases E and F; Paper 4's three healthcare cases). This may help reduce the reliance 

on assumptions that often characterizes drawing-based communication (Henderson, 1998; 

Sunesson et al., 2008). At the same time, immersive review can reduce designers' dependence 

on indirect end-user feedback for understanding operational needs, while also reducing 

occupants' dependence on the design team to translate drawings into a spatial understanding of 

their future workplace. Paper 4 documents this reduction directly for healthcare staff in its three 

healthcare cases, and Paper 1 records consistent qualitative observations across its six 

healthcare projects. Together, this suggests that immersive design review can support more 

direct mutual understanding between end-users and designers. Paper 4 and Paper 1's healthcare 

projects record key operational needs being identified directly by end-users, reducing the risk 

that such needs are left to indirect interpretation (Hey et al., 2007; Cesario, 2009; Reno et al., 

2014). 

Overall, higher levels of end-user involvement with immersive HMD VR depend not only on 

immersive visualization (which, in Paper 4, reduced cognitive load for healthcare staff across 

its three healthcare cases), but also on interactive features that support joint exploration and the 

development of feasible layout adjustments across stakeholder roles (Paper 1's Cases E and F; 

Paper 3's ViCoDE workshops; Paper 4's three healthcare cases). Operational concerns linked to 

work practice (Paper 1's six healthcare projects; Paper 4's three healthcare cases) and project 

requirements such as accessibility (Paper 4) can then be addressed within shared design review 

sessions, supporting higher levels of end-user involvement when design decisions remain 

negotiable (Yu et al., 2022) and relevant stakeholders are able to participate (Pirinen, 2016; 

Støre-Valen, 2021; van Houwelingen et al., 2023). Across the appended papers, the strongest 

support for this comes from Paper 1's involvement classification and from Paper 4's 

comparative data; Papers 2 and 3 contribute consistent within-case observations of 

collaboration patterns rather than comparative evidence. 
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5.2 Interactive features and collaboration in immersive design 

review 

When multi-user features are available, immersive design review can support collaboration 

through shared spatial understanding (Paper 1's Cases E and F; Paper 2's elementary school 

case; Paper 3's elementary school case; Paper 4's three healthcare cases). When both multi-user 

and object interaction are available, stakeholders can evaluate the functional implications of 

design choices by modifying the architectural proposal jointly in the virtual environment (Paper 

1's Cases E and F; Paper 3's ViCoDE workshops; Paper 4's three healthcare cases). Beyond 

earlier research's emphasis on immersive visualization supporting end-users' spatial 

interpretation (Nikolić & Whyte, 2021; Paes et al., 2017), the findings from sessions where 

task-based scenarios were observed (Paper 1's Cases E and F, Paper 3's ViCoDE workshops, 

and Paper 4's three healthcare cases) suggest that interactive features support not only building 

occupants but also architects, client representatives, and facility planners in exploring and 

negotiating the functional implications of design choices. In this way, interactive features can 

influence whether immersive design review is used mainly to support individual observation of 

pre-defined design proposals or also to discuss and test alternative design solutions together 

(Paper 1). 

Design review sessions often bring together stakeholders with different responsibilities (Paper 

4), such as building occupants focused on work-practice needs and project representatives 

concerned with functional and regulatory requirements (Daniels et al., 2019). Collaboration 

therefore depends on whether the immersive review environment allows these different 

perspectives to be shared and discussed in relation to the same part of the proposed layout 

(Gomes & Tzortzopoulos, 2018; Horvat et al., 2022). From a CVE perspective, this requires 

interaction features that establish shared context and awareness of others, enabling participants 

to focus on the same design aspects during review, such as room size, sightlines, or equipment 

placement (Churchill et al., 2001; Snowdon et al., 2001). As the findings show (Paper 2's 

elementary school case, centrally; Paper 3's separate elementary school case, with similar 

observations), the multi-user feature provided stakeholders with a shared frame of reference 

(Johansson & Roupé, 2022), by allowing them to explore the virtual environment 

simultaneously and communicate design concerns as they became apparent during review 

(Truong et al., 2021). This shared frame of reference allowed participants to direct each other's 

attention to specific locations in the model through bodily cues such as pointing and shared 

orientation (Johansson & Roupé, 2024), making design concerns easier to discuss and negotiate 

as part of the same spatial configuration (Paper 2's elementary school case). Rather than having 

to explain spatial concerns from different individual viewpoints, multi-user review enables 

stakeholders to reference the same spatial detail in real-time, which can reduce 

misunderstandings (Sfandyarifard & Tzortzopoulos, 2011), and support quicker agreement on 

necessary adjustments and compromises across different stakeholder priorities (Truong et al., 

2021; Johansson & Roupé, 2024). 
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In addition to shared context and awareness of others, CVE collaboration criteria emphasize 

the importance of supporting flexible and multiple viewpoints (Churchill et al., 2001). This 

means that participants may require different representations of the same proposal depending 

on whether they are evaluating room-level usability (e.g., staff movement and equipment 

placement) or considering broader layout concerns such as circulation and adjacency. As the 

findings show (Paper 2), the multi-scale feature allowed client representatives to alternate 

between full-scale immersion and an overview in the form of a 1:40 scale representation of the 

layout. This provided stakeholders with opportunities to examine the design from an embodied, 

egocentric 1:1 perspective, where questions about how staff would move, perform tasks, and 

use the space could be discussed in relation to the experienced room configuration (Nikolić & 

Whyte, 2021). It also enabled an overview, allocentric perspective, where broader spatial 

relationships such as circulation and adjacency could be considered (Paes et al., 2017; Paper 2). 

Such shifts between viewpoints reflect Churchill et al.’s (2001) argument that collaborative 

tasks often require multiple representations that support different participants’ subtasks, 

allowing stakeholders to raise different types of review concerns, as seen in Paper 4 (e.g., 

workflow-related usability issues versus layout-level organizational questions). In Paper 2, 

multi-scale interaction supported CVE conditions for collaboration by providing viewpoints 

that helped stakeholders address both room-level usability concerns and broader layout-level 

questions within the same review session. Because this configuration was observed only in 

Paper 2, it is treated here as an illustration of how multi-scale viewpoints can be used in a CVE, 

rather than as a cross-case claim. In Paper 4, an overview perspective was available through 

conventional 2D drawings, where circulation and flow-related issues could be identified from 

an allocentric representation. Paper 2 illustrates how making such an overview perspective 

available within the immersive environment may help integrate embodied and plan-like 

reasoning without switching between separate representational formats. The lower median 

cognitive load observed in the VR-only condition in Paper 4, compared to the VR session that 

followed 2D review in the sequential condition, is consistent with the possibility that remaining 

within a single representational format reduces cognitive effort during review, although this 

remains a single-study observation. 

At the same time, Paper 2's elementary school case and Paper 3's separate elementary school 

case indicate that providing multiple viewpoints within a CVE system does not ensure that all 

stakeholder groups interact with the system in the same way. While Paper 2 integrated 

egocentric and allocentric perspectives within the same immersive environment, Paper 3 

examined a CVE system that offered parallel interaction modes through immersive HMD VR, 

a multitouch table, and shared projection. From a CVE perspective, this reflects Churchill et 

al.’s (2001) argument that collaborative tasks often require different representations and 

interaction modes to support different participants’ subtasks. In Paper 3, both architects and 

client representatives initially interacted mainly through the multitouch table rather than 

immersive exploration, suggesting that early use was guided by familiar plan-like practices (e.g., 

use of conventional 2D drawings) rather than immersive navigation alone (Daniels et al., 2019; 

Horvat et al., 2022). Over repeated design review sessions in Paper 3, client representatives 

increasingly shifted toward immersive HMD exploration. Although the participants in Paper 3 

were client representatives rather than building occupants, this shift parallels separate 

observations in Paper 1's six healthcare projects and Paper 4's three healthcare cases, where 

healthcare staff used immersive HMD VR to evaluate operational implications of design 

proposals at full scale. Across sessions, the multitouch interface also supported architects in 
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rapidly proposing, testing, and discussing layout adjustments through object interaction, 

illustrating how different interaction modes within the CVE system aligned with different 

stakeholder subtasks during collaborative review (Paper 3) (Churchill et al., 2001; Roupé et al., 

2020). Multi-interface CVE systems can therefore support collaborative design review by 

combining embodied assessment in immersive HMD VR with more plan-like, table-based 

interaction modes. This suggests that collaboration may be strengthened when immersive 

review is complemented by interaction formats that different stakeholders can adopt, rather than 

relying on immersive HMD interaction alone, as observed in Paper 1's Case E and Paper 3's 

ViCoDE workshops. 

Alongside differences in how stakeholders use interaction features across different user-

interfaces, findings in Paper 1's Cases E and F and Paper 4's three healthcare cases also suggest 

that collaboration depends on whether interaction allows building occupants' work-practice 

knowledge to be made explicit within the proposal. Immersive design review therefore becomes 

collaborative not only through shared viewing, but through interaction that allows stakeholders, 

particularly building occupants, to externalize work-practice knowledge within the design 

proposal. CVE research similarly emphasizes that shared understanding develops when 

participants can respond to and build upon such externalized knowledge in a shared 

representation, rather than relying only on verbal interpretation (Arias et al., 2000; Fischer et 

al., 2005). In Paper 1's Cases E and F and across Paper 4's three healthcare cases, this was 

reflected in how healthcare staff could point out and enact work-practice issues in relation to 

the virtual room configuration, for example by testing equipment placement and spatial 

constraints instead of only describing concerns verbally. Arias et al. (2000) describe 

collaborative design activity as alternating between reflection, in which stakeholders interpret 

design implications, and action, in which alternative solutions are explored through direct 

changes to the representation. Object interaction supported the shift between reflection and 

action by enabling "what-if" exploration of layout adjustments with immediate spatial feedback, 

making design implications visible in real time rather than dependent on assumptions or 

retrospective explanation and interpretation (Paper 1's Cases E and F) (Fischer et al., 2005; 

Wolfartsberger, 2019). Shared feedback of this kind also provides better conditions for 

negotiation and communication of trade-offs during review, as emphasized in CVE 

collaboration criteria (Churchill et al., 2001). Making reflection and action available within the 

same representational format (Paper 4) is also practically important, since design review is often 

constrained to a small number of time-limited sessions. Interactive features that allow 

stakeholders to explore alternatives during the session could therefore reduce reliance on 

feedback being documented for later interpretation and incorporation (Pirinen, 2016; Støre-

Valen, 2021). Under these conditions, object interaction was the feature that most clearly 

allowed stakeholders to actively propose, test, and adjust design solutions within the proposal, 

rather than solely issue identification (Paper 1's Cases E and F; Paper 3's ViCoDE workshops). 

5.3 Cognitive fit and end-user expertise 

Task performance and end-user involvement during design review are shaped not only by 

immersive visualization or interactive features, but also by whether the representational format 

supports the cognitive demands of the task and the expertise of those involved. From a cognitive 

fit perspective, immersive HMD VR and conventional 2D drawings may provide different 

issue-identification support depending on whether stakeholders are assessing full-scale 

usability concerns, such as workflow, clearance, and sightlines (Paper 1's six healthcare projects; 
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Paper 4's three healthcare cases), or broader layout constraints, such as circulation and 

adjacency (Paper 3's elementary school case; Paper 4's three healthcare cases) (Vessey, 1991). 

Moreover, cognitive fit also depends on involving stakeholders whose domain experience 

allows them to recognize work-practice-related issues in the architectural proposal. This aligns 

with the idea that stakeholders who encounter the consequences of design decisions in everyday 

practice, “owners of the problem”, contribute tacit knowledge and perspectives that other 

participants may not access through representation format alone (Arias et al., 2000; Fischer et 

al., 2005) (Paper 1's six healthcare projects; Paper 4's three healthcare cases). Cognitive Fit 

Theory therefore helps explain why different representational formats support different forms 

of end-user contribution and subtasks (e.g., usability assessment versus requirement-oriented 

layout evaluation) to varying degrees during design review. 

This alignment between representational format and end-user expertise was particularly visible 

in Paper 4. Healthcare staff identified more design issues with immersive HMD VR than with 

conventional 2D drawings, while also reporting lower cognitive load. Such differences are 

consistent with earlier observations that immersive environments can reduce cognitive demands 

for end-users who lack training in plan-based representations, since room usability can be 

evaluated through full-scale experience rather than mental reconstruction (Nikolić & Whyte, 

2021; Paes et al., 2017). In Paper 4, this contrast became apparent because review of 2D 

drawings required participants to mentally reconstruct fragmented plans and sections into a 

coherent spatial understanding, whereas immersive VR allowed spatial concerns to be assessed 

more directly in relation to the experienced room configuration (Kosslyn, 1994; Schnabel & 

Kvan, 2003; Foroughi Sabzevar et al., 2025). Viewed through a cognitive fit lens, immersive 

environments provided better conditions for building occupants to draw on their detailed work-

practice knowledge, since less effort was spent interpreting the representational format itself. 

For example, distinguishing between medical equipment in 2D drawings can be difficult 

(Wingler et al., 2019), making it harder for healthcare staff to simulate task scenarios linked to 

everyday work (Paper 4). In immersive VR, by contrast, building occupants were able to assess 

the proposal from an egocentric frame of reference rather than from the fixed, allocentric 

viewpoint of drawings (Paper 1's six healthcare projects; Paper 4's three healthcare cases), 

experiencing the space in a way that more closely resembles how workplaces are experienced 

during daily tasks (Filimon, 2015). These conditions help explain why several design issues 

across the studied projects became visible only once the environment could be experienced at 

full scale through immersive VR (Paper 1's six healthcare projects; Paper 4's three healthcare 

cases). Issue identification via immersive HMD VR occurred even though multiple design 

review sessions had taken place beforehand using conventional representations (Paper 4's 

renovation Cases P4-A and P4-B, with seven and four prior 2D sessions respectively; with 

similar observations recorded across Paper 1's six healthcare projects), suggesting that 2D 

drawings provided a weaker cognitive fit for work-practice-oriented review. 

At the same time, non-building-occupant stakeholders in Paper 4 also identified more issues 

such as hidden sightlines and constrained room size through immersive HMD VR than with 

conventional 2D drawings. This suggests that certain spatial usability issues, such as hidden 

sightlines, constrained room size, or limited clearance around equipment, can be recognized 

through immersive full-scale experience even by stakeholders without detailed work-practice 

expertise (Filimon, 2015; Nikolić & Whyte, 2021). In these cases, immersive VR may reduce 

interpretive effort enough for a broader range of end-users to identify concerns that would be 

difficult to infer from allocentric drawings alone (Foroughi Sabzevar et al., 2025, Shi et al., 
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2020). Moreover, building occupants often contribute work-practice-relevant issues that other 

stakeholders may overlook, since they encounter the operational consequences of design 

decisions directly (with empirical support across Paper 4's three healthcare cases) (Lu et al., 

2022; Shultz & Jha, 2021). This creates a starting point from which other end-users, such as 

those prioritizing requirement compliance or long-term facility constraints, can build and 

negotiate subsequent design solutions, as illustrated in Paper 4's Cases P4-B and P4-C, where 

healthcare staff revisions (such as revised medical equipment layouts) were incorporated into 

the architect's subsequent design proposals. In sum, Paper 1's six healthcare projects and Paper 

4's three healthcare cases demonstrate how immersive HMD VR can strengthen cognitive fit 

for building occupants by supporting mental representations shaped by everyday spatial 

experience, enabling more effective identification of work-practice-related design issues during 

review. 

However, the findings also indicate that representational formats supporting building occupants' 

experiential reasoning do not necessarily provide the same cognitive fit for other professional 

groups or design subtasks. Paper 3 shows that architects and client representatives initially 

relied more on plan-like interaction through the multitouch table than on immersive HMD 

exploration. Paper 2 records the same preference for allocentric overview through a different 

mechanism in its separate elementary school case, where the miniature 1:40 view within HMD 

VR was used more than expected. The same pattern across two different setups suggests that 

for these stakeholders, plan-like representations reflect what their design tasks typically require, 

rather than what any one representational format happens to offer. In Paper 3, these participants 

had extensive prior experience with 2D-based design review, and their early interaction patterns 

aligned with that experience rather than with immersive navigation (Daniels et al., 2019; Horvat 

et al., 2022). Rather than indicating resistance to immersive VR, the interaction analysis 

patterns in Paper 3, where stakeholders first engaged through plan-like representations before 

gradually adopting immersive exploration, can be understood in terms of cognitive fit. Tasks 

such as proposing layout adjustments, coordinating spatial relationships, and iterating design 

solutions were predominantly engaged through representations resembling conventional 2D 

drawings and sketch-based workflows, which align with professional design practices (Vessey, 

1991) (Paper 3). This pattern may help explain why stakeholders whose tasks rely on allocentric 

representations, such as regulatory assessment or layout coordination, did not experience the 

same cognitive load reduction in immersive HMD VR as building occupants (Paper 4). 

Stakeholders with limited prior 2D-based design review experience but detailed work-practice 

knowledge, such as the healthcare staff in Paper 1's six healthcare projects and Paper 4's three 

healthcare cases, were more likely to rely on egocentric, full-scale spatial experience when 

evaluating workflow, visibility, and operational conditions. 

With these differences in spatial reasoning strategies, representations that allow stakeholders to 

shift between egocentric and allocentric frames of reference become particularly important. 

Paper 2 demonstrated that multi-scale interaction enabled stakeholders to alternate between 

full-scale embodied experience and overview layout perspectives within the same review 

session. Across the three independent case studies (Papers 1, 2, and 3), with corroboration from 

Paper 4, the dimension that varied with cognitive fit was not professional role itself but the 

combination of domain knowledge of the work practice and prior experience with 2D-based 

design review. In Paper 4, participants whose review concerns centered on workflow, clearance, 

and visibility, primarily building occupants in these projects, drew more on full-scale, embodied 

evaluation (Filimon, 2015), while participants whose concerns centered on circulation, 
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functional relationships, and requirement compliance — primarily client representatives and 

facility planners — drew more on overview representations (Paes et al., 2017). These observed 

differences are consistent with variations in mental models of the workplace shaped by 

everyday practice, rather than with cognitive profiles inferred from professional role. 

Interactive features such as object interaction and multi-scale viewpoints further supported 

these differences by allowing stakeholders to externalize their reasoning within the shared 

representation (Arias et al., 2000, Fischer et al., 2005). In Paper 1's Cases E and F, building 

occupants could demonstrate work-practice concerns directly through changes to the virtual 

proposal, making tacit operational knowledge visible to other participants. Similarly, multi-

scale interaction in Paper 2 allowed non-building-occupant stakeholders to articulate layout- 

and requirement-related considerations through overview representations. Rather than aligning 

mental models directly, such interaction appears to support mutual understanding by making 

different perspectives explicit and available for discussion (Arias et al., 2000; Fischer et al., 

2005). This interpretation is consistent with CVE collaboration criteria emphasizing shared 

context and negotiation, where complementary representations allow operational work-practice 

concerns and broader organizational or regulatory priorities to be related within the same review 

session (Paper 1) (Churchill et al., 2001). Combining immersive and overview representations 

can therefore support different forms of end-user contribution during design review (Paper 4), 

since stakeholders bring different expertise, responsibilities, and review priorities that cannot 

be addressed through a single representational format alone (Arias et al., 2000; Gomes & 

Tzortzopoulos, 2018).  

Because different stakeholder priorities cannot always be addressed through a single 

representation, intended end-user involvement does not always translate into actual contribution 

during design review. Across the three independent case studies (Papers 1, 2, and 3), with 

corroboration from Paper 4, involvement appeared to depend on whether participants could 

work with the representation without first having to interpret it extensively. Specifically, in 

Paper 4, building occupants identified more work-practice-related issues once the design could 

be experienced at full scale in immersive HMD VR than during earlier drawing-based sessions, 

suggesting that higher representational complexity and the associated cognitive load can 

constrain stakeholders' ability to identify design issues, as also observed in design-review 

research (Gustafsson et al., 2025; Umair et al., 2022). 

 

At the same time, there is no universal “optimal level” of cognitive load during design review. 

Workload ratings are inherently relative and difficult to define across different tasks and 

conditions (Hart, 2006), and Cognitive Load Theory similarly emphasizes that effective 

performance depends on how cognitive demand aligns with task characteristics (e.g., evaluation 

of design review questions linked to work practice, requirement compliance) rather than on 

minimizing load alone (Sweller et al., 2019). For this reason, interpreting design review 

performance benefits from combining subjective workload assessments with objective 

performance indicators (Paas et al., 2003, Shi et al., 2020), since lower reported cognitive load 

does not automatically imply better task outcomes, and higher load may reflect engagement 

with complex spatial or operational questions rather than reduced performance (Paper 4). 

Findings from Paper 4 further illustrate that the relationship between cognitive load and design 

review performance varies depending on the review conditions. Immersive HMD VR alone was 

associated with the lowest cognitive load among building occupants, which may support rapid 
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end-user involvement in time-constrained review sessions or when engaging larger groups 

within a department. However, when immersive HMD VR was preceded by review in 

conventional 2D drawings, which support allocentric frames of reference, a broader range of 

design issues was identified (46% more in total) and review sessions appeared more accessible 

to non-building-occupant stakeholders, given the increase in flow- and sightline-related issues 

they identified. Together, these findings suggest that end-user involvement during design 

review depends less on minimizing cognitive load alone than on providing representational 

formats that allow stakeholders to apply their domain knowledge directly in evaluating spatial, 

operational, and requirement-related aspects of the building design. 

These observations indicate that variations in involvement and performance are closely tied to 

how well representational formats support stakeholders’ cognitive processes. The findings 

suggest that reduced end-user participation during design review does not necessarily reflect 

lack of expertise or difficulty understanding the design proposal itself, but may instead result 

from misalignment between the representational format, the review task, and stakeholders’ 

professional experience (Nikolić & Whyte, 2021; Vessey, 1991). Individual task performance 

during design review appears closely tied to how easily stakeholders can interpret and work 

with the representation, which in turn influences their ability to participate actively in design 

discussions (Paper 4). End-users such as building occupants are therefore more likely to engage 

as active contributors to the design process rather than as passive recipients, with immersive 

HMD VR helping shift their involvement from symbolic to more active participation 

(Christiansson et al., 2011; Nazeer et al., 2024). By enabling a better cognitive fit for building 

occupants, allowing them to apply their domain knowledge more directly, immersive HMD VR 

may create more favorable conditions for design review negotiation (Churchill et al., 2001). At 

the same time, immersive HMD VR may help end-users better understand why certain design 

requests cannot be implemented (Paper 4), reducing their reliance on design team members or 

representatives to interpret and justify design decisions on their behalf (Stichler, 2016; Jouppila, 

2025). In practice, improving involvement therefore appears to depend less on introducing 

immersive technology alone than on ensuring that representations allow different end-user 

groups to apply their domain knowledge directly during review (Papers 1, 2, and 3, supported 

by Paper 4). 
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6 Conclusions 

This thesis examined how immersive virtual environments can be used in practice to support 

end-user involvement and Co-Design during building design review. Drawing on four empirical 

studies conducted across several ongoing healthcare and school projects involving diverse end-

user groups, the findings show that immersive virtual environments can strengthen design 

review by enabling end-users to experience proposed environments at full scale, evaluate how 

design proposals affect daily operational work practices, and identify design issues related to 

room layout, visibility, spatial flow, and equipment placement at earlier stages of the design 

process. The findings further indicate that immersive environments were most effective for 

identifying design issues during design review when combined with conventional 2D drawings 

and interactive features rather than used as a standalone representational format.  

A key contribution of the thesis concerns how representational formats influence end-user 

involvement during building design review across different project phases. The findings 

indicate that immersive representations reduce the need for building occupants to reconstruct 

spatial layouts from abstract drawings, allowing them instead to apply their professional work-

practice experience to evaluate how design proposals would affect daily operations. In the other 

empirical studies, immersive and interactive representations similarly enabled end-users to shift 

between overview and full-scale perspectives when evaluating spatial layouts, discuss and 

iteratively assess alternative design solutions, and articulate operational concerns more actively 

during collaborative design review sessions. Together, these findings suggest that 

representational alignment can support more active participation and facilitate movement from 

lower levels of end-user involvement toward participatory design and Co-Design. At the same 

time, immersive visualization does not in itself ensure higher levels of end-user involvement. 

Rather, the degree of involvement depends on how interactive features, and representational 

formats align with the cognitive demands of the review task (e.g., evaluating room layout, 

workflow, and visibility) and with stakeholders’ domain expertise (e.g., building code 

compliance, work practice experience). Taken together, this suggests that different 

representational formats and interactive features can support a better cognitive fit between end-

users’ domain expertise, the spatial evaluation tasks involved, and their level of involvement in 

design review. Beyond individual cognitive alignment, these dynamics also shape the 

collaborative conditions of immersive design review. In this way, the findings extend research 

on Collaborative Virtual Environments by demonstrating how established collaboration criteria, 

such as shared context, awareness of others, and negotiation within a common representation, 

operate within real-world projects rather than controlled experimental settings. 

The thesis also contributes to cognitive fit research by extending its focus from individual task 

performance to collaborative design review settings. While Cognitive Fit Theory has 

traditionally examined how alignment between representational format, task demands, and user 

expertise affects information processing efficiency, the findings here indicate that such 

alignment also shapes the conditions under which active end-user involvement can occur. When 

representational formats require extensive mental reconstruction before operational knowledge 

can be applied, participation risks remaining symbolic even when formal opportunities for 

involvement are provided. Where building occupants are better able to articulate how design 

proposals affect their work practices, other end-user groups responsible for planning and 

coordination gain clearer insight into operational priorities. A similar constraint applies to non-
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operational end-users, such as facility planners. When representational formats make it difficult 

to maintain an overview of the layout or understand how design decisions affect different parts 

of the project, their planning and coordination expertise may not be fully applied. By contrast, 

representations that reduce the cognitive effort required to interpret the design enable 

stakeholders to evaluate proposals using their domain expertise more readily, thereby 

supporting more active contribution to design discussions. In collaborative review settings, 

cognitive fit is therefore not a single property of a representational format but a relationship that 

varies across participants within the same session: a format that aligns well with one stakeholder 

group's domain knowledge and prior representational experience may impose higher cognitive 

demands on another, so design review benefits from offering complementary representational 

formats that allow different participants to apply their respective expertise within the same 

session. In this way, the thesis demonstrates that cognitive fit not only influences individual 

understanding but also affects whether intended levels of end-user involvement can be realized 

in collaborative design processes. 

From a practical standpoint, the findings suggest that immersive design review is particularly 

useful for identifying operational design issues during design review when used alongside 

conventional 2D drawings or other overview-based representational formats rather than as the 

sole representational format. Across the studied projects, immersive review frequently revealed 

operational design issues, including workflow constraints, sightline limitations, spatial usability 

concerns, and equipment placement challenges, including projects where several rounds of 

conventional drawing-based reviews had already been conducted. Combining immersive full-

scale experience with overview views of the layout supports participation from end-user groups 

with different expertise, enabling both direct spatial understanding of the environment and 

evaluation of layouts, regulatory requirements, and project constraints. Interactive features such 

as multi-user environments, object interaction, and multi-scale perspectives allow operational 

concerns to be expressed directly within the design representation rather than relying solely on 

verbal explanation or subsequent interpretation by other participants. In this respect, immersive 

visualization appears to support cognitive alignment for spatial evaluation tasks, while 

interactive features further reinforce alignment by enabling end-users to explore, manipulate, 

and negotiate design proposals in ways consistent with their domain expertise and review 

objectives. Such interaction within immersive environments supports more direct 

communication between operational and planning perspectives and helps align design decisions 

more closely with end-user priorities. 

More broadly, the thesis contributes empirical insights from real-world design review sessions, 

extending prior research that has often relied on controlled experimental settings, student 

participants, or simplified design review tasks. By examining immersive virtual environments 

within ongoing building projects involving professional end-user groups and combining 

qualitative observations with quantitative measures of cognitive load and task performance, the 

research provides further understanding of how immersive virtual environments operate within 

practical project conditions. The findings indicate that immersive environments can support 

earlier identification of operational design issues, improve shared understanding among 

participants, and create more favorable conditions for active end-user involvement in building 

design processes. 

At the same time, the findings should be interpreted in relation to the specific projects studied, 

primarily healthcare and school projects where spatial design directly affects operational work 
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practices. Design review sessions are inherently shaped by project conditions, including project 

phase, stakeholder roles, organizational constraints, available project material, and 

organizational capacity. These project-related factors suggest that immersive virtual 

environments should be viewed not as universal solutions but as representational formats whose 

effectiveness depends on alignment with project needs, stakeholder expertise, and intended 

levels of involvement. When such alignment is achieved, immersive representations can 

support more active end-user involvement during design review and create favorable conditions 

for Co-Design. Ultimately, this highlights how alignment between representational format and 

end-users’ cognitive interpretation of design proposals can support more active participation in 

design review and thereby create favorable conditions for Co-Design in building design. 
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7 Future research 

Building on the findings of this thesis, several avenues for future research can be identified, 

which are discussed below.  

Longitudinal studies of immersive design review 

While this thesis demonstrates how immersive virtual environments influence cognitive load 

and issue identification during individual design review sessions, design review typically 

occurs through multiple sessions across different phases of the design process. It therefore 

remains unclear how repeated exposure to immersive and conventional representational formats 

affects cognitive load, issue identification performance, and time spent evaluating design 

proposals. As design proposals become more detailed over time, the cognitive demands 

associated with interpreting spatial information may also change. An additional open question 

concerns whether observed performance changes reflect increasing familiarity with 

representational formats or growing familiarity with the specific spatial layouts under review. 

Longitudinal studies could examine how these factors evolve across successive review sessions 

and how observed task performance changes over time. 

End-user expertise variation and cognitive fit 

Future research could extend the thesis’ cognitive fit contribution by exploring end-user 

expertise beyond professional roles. Rather than only comparing different end-user groups, 

studies could analyze within-group variation in work-practice experience, ability to interpret 

allocentric and egocentric representations, and experience spanning both operational and 

planning roles. An open question is whether cognitive fit during design review varies with 

work-practice experience or mainly reflects differences between end-user role groups. This 

issue is particularly relevant for end-users who have moved from operational roles into planning 

or representative positions, where prior work-practice experience may not fully match the types 

of design issues they are now expected to evaluate during design review. It also remains unclear 

how much work-practice experience is required before immersive design review reliably 

supports identification of domain-specific design issues in operationally demanding building 

types such as healthcare and educational facilities. 

Integration of conversational AI in immersive design environments 

Immersive design review often requires participants to relate spatial evaluation to dispersed 

project documentation, including project requirements, design guidelines, regulatory 

constraints, and prior project decisions. Accessing such material during design review in current 

practice may increase cognitive load and require attention to shift away from spatial evaluation, 

particularly for end-users responsible for coordinating operational needs with project 

constraints. This raises questions about how access to project information within immersive 

environments might support design review without interfering with spatial interpretation. 

Future research could examine how conversational AI integrated into immersive environments 

influences cognitive load, interpretation of design proposals, and the evaluation of design 

solutions. However, it is not yet established whether such support facilitates shared 

understanding during participatory design review involving both end-users and design team 

members. 
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