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Abstract 

Teams are ubiquitous in today’s organisations, though for them to be effective their 

members must engage in both teamwork and taskwork. Particularly in the case of High 

Reliability Organisations, such as the military, it is critical that team members possess 

teamwork specific knowledge, skills, and attitudes. Team training interventions delivered 

through virtual environments have been shown to have a positive effect on team performance, 

as well as present several benefits compared to traditional training methods. Furthermore, 

with the increased availability of consumer-level Head Mounted Displays, there is a growing 

interest in adopting these for training teams. However, research so far has failed to 

demonstrate consistently that a training benefit exists in the case of the more expensive Head 

Mounted Display-based Virtual Reality systems over the more established desktop-based 

training.  

A common limitation of studies in this area is that they focus on the system as a whole, 

thus it is difficult to isolate particular features that might have influenced the results. A 

number of environmental, organisational and operational factors are known to be either 

inputs or moderators in the process of training teamwork. However, research is needed to 

ascertain whether features endogenous to virtual environments can also influence teamwork 

processes. Based on a semi-systematic review of the literature, three features were chosen 

as the focus of this research based on their saturation and relative importance in these 

frameworks and empirical studies, as well as often being suggested to affect both task 

performance and teamwork; immersion, presence, and psychological fidelity. 

An initial theoretical model of Team Training in Virtual Environments was proposed 

based on existing models of real-world teamwork, virtual teamwork, and training transfer. 

This was further adapted, with potential moderating features of virtual environments 

identified and used as the conceptual framework, for two empirical studies. An exploratory 

pilot study was conducted to ascertain potential relationships in the variables of interest. It 

was clear that in addition to prior task training, system interface training (familiarity) is a 

key prerequisite. Following this, the confirmatory study, which was conducted virtually, used 

expert task and interface users. Collectively, the findings from these studies informed the 

‘empirically corrected’ model of Team Training in Virtual Environments, highlighting 
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further moderating endogenous features, as well as a number of areas that require further 

research. 

This research will benefit both practitioners and scholars in the area of team training in 

virtual environments. On one hand, it will help practitioners make informed design decisions 

for optimising virtual environments for the training of teamwork, by providing a set of design 

guidelines based on the findings of this research. On the other, it will provide scholars with 

a framework for future studies in this area, as well as guidance on fully virtual studies and 

their limitations. 



 iii 

 

Declaration of Authorship 

Whilst registered as a candidate for the above degree, I have not been registered for any 

other research award. The results and conclusions embodied in this thesis are the work of 

the named candidate and have not been submitted for any other academic award. 

Word count: 73,000  

Signed:  

Date: 31/08/2021 

 



iv   

 

Acknowledgements 

First and foremost, I would like to thank everyone on my supervisory team, past and 

present: Dr Brett Stevens, Dr Neil Dansey, Dr Tom Garner, Dr Wendy Powell, Dr Vaughan 

Powell, and Dr Andreea Molnar. Their guidance and support made this point in my doctoral 

journey possible. 

Special thanks to Dr Brett Stevens, without whose support, red pen, and faith in me this 

work would never have been possible. Thank you for constantly challenging me 

intellectually and questioning my every decision – you have helped me grow both as a 

researcher and as a person. Special thanks to Dr Wendy Powell as well, who believed in me 

from the beginning and without whose support and encouragement I would never have 

embarked on this journey.  

I owe a huge debt of gratitude to my mentors, Dr Helen Dudfield, Raphael Pascual, and 

Donna-Marie Glynn, for their words of encouragement and for sharing their knowledge with 

me. Thank you for reminding me how exciting and important the work was, especially on 

the days when I would forget.  

I would also like to thank Dr Travis Wiltshire for guiding me around the topic of multi-

level modelling. Similarly, special thanks go to Danny Boylan who was a fantastic research 

assistant, helping me run the exploratory study.  

Furthermore, I would like to thank the PAYDAY 2 community for their help with the 

experiments. Special thanks go to MrWombat for their advice and help with recruitment.  

Thank you to all my friends and family for believing in me and for providing support and 

companionship over the years. I am particularly grateful to Matthew Higgins, Jahangir Udin, 

Laurence Piras, and Csaba Koles, for the most welcome distractions - countless hours spent 

playing video games and board games.  

Finally, none of this would have been possible without the unwavering love and support 

of my parents, Eva and Attila, sister Orsi, and, most importantly, my partner Ben.  

Dedicated to my family, my partner Ben and cats Freya & Kara, my friends, supervisors, 

and mentors, without whom this journey would not have been possible.



Contents v 

 

Contents 

ABSTRACT ................................................................................................................................................ I 

DECLARATION OF AUTHORSHIP ................................................................................................... III 

ACKNOWLEDGEMENTS .................................................................................................................... IV 

CONTENTS ............................................................................................................................................... V 

LIST OF FIGURES ................................................................................................................................. IX 

LIST OF TABLES ................................................................................................................................... XI 

LIST OF ABBREVIATIONS ................................................................................................................ XII 

DISSEMINATION ............................................................................................................................... XIII 

CHAPTER 1 INTRODUCTION ............................................................................................................... 1 

1.1. CONTEXT ........................................................................................................................................... 1 

1.1.1. The Role of Technology in Training the Next Generation for an Uncertain World .................. 1 

1.1.2. Collective Training within the UK ............................................................................................ 5 

1.2. THE INTEREST IN VIRTUAL REALITY IN THE CONTEXT OF TEAM TRAINING ...................................... 6 

1.3. HIGH LEVEL RESEARCH QUESTIONS .................................................................................................. 7 

1.4. CONTRIBUTIONS TO KNOWLEDGE ...................................................................................................... 8 

1.4.1. Contributions to Theory and Empirical Evidence ..................................................................... 8 

1.4.2. Contributions to Synthetic Team Training Design and Team Research Practice ................... 10 

1.4.3. Contributions to Research Practice ........................................................................................ 11 

1.5. THESIS OUTLINE .............................................................................................................................. 12 

CHAPTER 2 TEAMS AND THE ROLE OF VR IN THEIR TRAINING .......................................... 16 

2.1. INTRODUCTION ................................................................................................................................ 16 

2.2. TEAMWORK AND SYNTHETIC TRAINING .......................................................................................... 17 

2.2.1. Understanding the Difference between Teamwork and Taskwork .......................................... 17 

2.2.2. The “Big Five” Teamwork Model’s Applicability to HROs.................................................... 20 

2.2.2.1. Aspects that Influence Teamwork .................................................................................................... 23 

2.2.2.2. Validity of the Model ....................................................................................................................... 25 

2.2.3. Team Training ......................................................................................................................... 26 

2.2.4. Synthetic Training Misconceptions ......................................................................................... 28 

2.2.5. Synthetic Training Benefits ..................................................................................................... 29 

2.2.6. Computer-Mediated Communication Theories ....................................................................... 31 

2.3. DESKTOP VS VIRTUAL REALITY FOR TRAINING ............................................................................... 35 

2.3.1. Studies Comparing Different Display Types in the Context of Teams .................................... 37 



vi Contents 

 

2.3.2. Studies Comparing HMDs and Desktops in the Context of Individuals .................................. 39 

2.4. CONCLUSIONS AND RESEARCH GAP ................................................................................................ 46 

CHAPTER 3 VIRTUAL ENVIRONMENT FEATURES AND THEIR RELATIONSHIP WITH 

TEAM TRAINING ........................................................................................................................................ 49 

3.1. INTRODUCTION ................................................................................................................................ 49 

3.1.1. Literature Review Process ...................................................................................................... 50 

3.2. SYNTHETIC TRAINING SYSTEM DESIGN FRAMEWORKS ................................................................... 51 

3.3. IMMERSION ...................................................................................................................................... 60 

3.3.1. Technological Immersion ........................................................................................................ 60 

3.3.2. Psychological Immersion ........................................................................................................ 62 

3.3.3. Potential Benefits/Effects ........................................................................................................ 64 

3.4. PRESENCE ........................................................................................................................................ 66 

3.4.1. Presence Operationalisations ................................................................................................. 67 

3.4.2. Potential Benefits/Effects ........................................................................................................ 71 

3.5. FIDELITY .......................................................................................................................................... 73 

3.5.1. Different Conceptualisations of Fidelity ................................................................................. 74 

3.5.2. Fidelity and Transfer............................................................................................................... 76 

3.5.3. Psychological Fidelity ............................................................................................................. 77 

3.6. A MODEL OF TEAM TRAINING IN VIRTUAL ENVIRONMENTS ........................................................... 78 

CHAPTER 4 RESEARCH METHOD .................................................................................................... 85 

4.1. INTRODUCTION ................................................................................................................................ 85 

4.2. DESIGN ............................................................................................................................................ 86 

4.3. CONCEPTUAL FRAMEWORK ............................................................................................................. 89 

4.3.1. Process .................................................................................................................................... 89 

4.3.2. Virtual Environment Moderators ............................................................................................ 92 

4.3.2.1. Immersion ........................................................................................................................................ 92 

4.3.2.2. Presence ........................................................................................................................................... 94 

4.3.2.3. Psychological Fidelity...................................................................................................................... 95 

4.3.2.4. Relationships between VE Moderators ............................................................................................ 95 

4.3.3. Environmental Moderators ..................................................................................................... 96 

4.3.4. Other Confounding Variables ................................................................................................. 97 

4.3.4.1. Workload ......................................................................................................................................... 97 

4.3.4.2. Usability .......................................................................................................................................... 98 

4.4. SAMPLE CONSIDERATIONS ............................................................................................................... 99 

4.5. APPARATUS ................................................................................................................................... 100 

4.5.1. Experimental Task ................................................................................................................. 100 

4.5.2. System – Immersion (Independent / Explanatory Variable) .................................................. 102 

4.6. MEASURES ..................................................................................................................................... 104 

4.6.1. Teamwork Questionnaire (Outcome Variable) ..................................................................... 104 

4.6.2. Short Stress State Questionnaire (Explanatory Variable) ..................................................... 105 



Contents vii 

 

4.6.3. Presence Questionnaire (Explanatory Variable) .................................................................. 105 

4.6.4. Demographics (Confounding / Control Variable) ................................................................ 106 

4.6.5. NASA-TLX (Confounding / Control Variable) ...................................................................... 107 

4.6.6. System Usability Scale (Confounding / Control Variable) .................................................... 107 

4.7. PROCEDURE ................................................................................................................................... 108 

4.8. THREATS TO VALIDITY .................................................................................................................. 110 

4.9. CONCLUSION ................................................................................................................................. 111 

CHAPTER 5 EXPLORATORY STUDY: PRESENCE, IMMERSION AND PSYCHOLOGICAL 

FIDELITY  ......................................................................................................................................... 113 

5.1. OBJECTIVES AND METHOD ............................................................................................................ 113 

5.1.1. Participants ........................................................................................................................... 113 

5.1.2. Data Analysis ........................................................................................................................ 114 

5.2. RESULTS ........................................................................................................................................ 116 

5.2.1. Sample Characteristics ......................................................................................................... 116 

5.2.2. Reliability and Validity Checks ............................................................................................. 118 

5.2.3. Exploratory Data Analysis .................................................................................................... 119 

5.2.3.1. Differences between levels of Immersion ...................................................................................... 119 

5.2.3.2. Correlational Analyses ................................................................................................................... 130 

5.3. DISCUSSION ................................................................................................................................... 133 

5.4. EXPLORATORY STUDY CONCLUSIONS AND DIRECTIONS FOR THE CONFIRMATORY STUDY ........... 136 

CHAPTER 6 CONFIRMATORY STUDY: EFFECT OF IMMERSION, PRESENCE AND 

PSYCHOLOGICAL FIDELITY ON TEAMWORK ............................................................................... 138 

6.1. INTRODUCTION .............................................................................................................................. 138 

6.2. METHOD ........................................................................................................................................ 139 

6.2.1. Design ................................................................................................................................... 139 

6.2.2. Hypotheses ............................................................................................................................ 144 

6.2.3. Sample Considerations.......................................................................................................... 146 

6.2.4. Apparatus .............................................................................................................................. 150 

6.2.5. Measures ............................................................................................................................... 155 

6.2.5.1. Demographic ................................................................................................................................. 156 

6.2.5.2. Psychological Stress Measure ........................................................................................................ 156 

6.2.5.3. Qualitative Experience ................................................................................................................... 157 

6.2.6. Participants ........................................................................................................................... 157 

6.2.7. Procedure .............................................................................................................................. 160 

6.2.8. Data Analysis ........................................................................................................................ 161 

6.2.8.1. Main Quantitative Component ....................................................................................................... 161 

6.2.8.2. Qualitative Component .................................................................................................................. 165 

6.3. RESULTS ........................................................................................................................................ 166 

6.3.1. Reliability and Validity Checks ............................................................................................. 166 

6.3.2. Control Check ....................................................................................................................... 167 



viii Contents 

 

6.3.3. Main Analysis ........................................................................................................................ 167 

6.3.3.1. Assumption Testing ....................................................................................................................... 167 

6.3.3.2. Regression Analysis ....................................................................................................................... 169 

6.3.3.3. Exploratory Analysis ..................................................................................................................... 172 

6.3.4. Integrating Qualitative Results ............................................................................................. 172 

6.3.4.1. Usability Issues .............................................................................................................................. 173 

6.3.4.2. Teammate Traits ............................................................................................................................ 174 

6.3.4.3. Team Climate ................................................................................................................................ 174 

6.3.4.4. Team Type ..................................................................................................................................... 175 

6.3.4.5. Communication Affordances ......................................................................................................... 175 

6.4. DISCUSSION ................................................................................................................................... 176 

6.4.1. Addressing the Research Questions ...................................................................................... 176 

6.4.2. A Revised Model of Team Training in Virtual Environments ............................................... 178 

6.4.2.1. Relationship between Presence and Immersion ............................................................................. 178 

6.4.2.2. Usability affects both Presence and Immersion ............................................................................. 179 

6.4.2.3. Research Design Considerations for Evaluating the Effects of Psychological Fidelity ................. 182 

6.4.2.4. The Influence of Team Type on the Results .................................................................................. 184 

6.4.2.5. Virtual Environments as a Function of both Software and Hardware ............................................ 186 

6.5. CONCLUSIONS ................................................................................................................................ 190 

6.5.1. Implications of Findings for Theory and Practice ................................................................ 192 

6.5.2. Feasibility of Supervised Remote VR Studies with Uncompensated Samples ....................... 195 

CHAPTER 7 CONCLUSION ................................................................................................................ 197 

7.1. THESIS SUMMARY.......................................................................................................................... 197 

7.2. CONTRIBUTIONS TO KNOWLEDGE .................................................................................................. 202 

7.2.1. Contribution to Theory: Synthetic Team Training and Teamwork ....................................... 202 

7.2.2. Contributions to Practice: Synthetic Team Training Design and Team Research ................ 207 

7.2.3. Contributions to Methodology .............................................................................................. 210 

7.3. FUTURE RESEARCH AVENUES........................................................................................................ 211 

7.4. FINAL COMMENT ........................................................................................................................... 214 

REFERENCES ....................................................................................................................................... 215 

APPENDIX A. RESEARCH ETHICS REVIEW CHECKLIST ...................................................... 236 

APPENDIX B. EXPLORATORY STUDY DATA COLLECTION INSTRUMENTS ................... 240 

APPENDIX C. CONFIRMATORY STUDY DATA COLLECTION INSTRUMENTS ................ 258 

APPENDIX D. CONFIRMATORY STUDY CODEBOOK .............................................................. 286 

APPENDIX E. MULTIPLE REGRESSION DIAGNOSTICS ......................................................... 289 



List of Figures ix 

 

List of Figures 

Figure 1-1. Training Continuum - Individual/Team/Collective. Adapted from Defence Direction and 

Guidance for Training and Education (JSP 822). Part 2: Guidance (p 16), by Ministry of Defence, 

2017b. Copyright 2017 by the Ministry of Defence. ................................................................................ 5 

Figure 1-2. Revised model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). ................................................ 9 

Figure 2-1. The "Big Five" Teamwork Model. Adapted from Salas, Sims, and Burke (2005). ....................... 21 

Figure 2-2. From centralised training, on the left, to anywhere anytime training concept, on the right (Mallam 

et al., 2019, p. 432) ................................................................................................................................. 31 

Figure 3-1. A model linking instructional objectives, trainee competencies, and instructional features 

(Kozlowski & Bell, 2007, p. 27) ............................................................................................................. 52 

Figure 3-2. Elaborated model of learning in 3-D Virtual Learning Environments, incorporating unique 

characteristics and learning affordances (Dalgarno & Lee, 2010, p. 24) ................................................ 54 

Figure 3-3. Conceptual model for metaverse research (Davis et al., 2009, p. 92) ............................................ 55 

Figure 3-4. Virtual team research model (Priest et al., 2004, p. 2610) ............................................................. 56 

Figure 3-5. Relationships between game attributes and teamwork competencies (Marlow et al., 2016, p. 417)

 ................................................................................................................................................................ 57 

Figure 3-6. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004).................. 80 

Figure 3-7. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004) and updated 

with the Input and Output from Baldwin and Ford (1988). .................................................................... 81 

Figure 3-8. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), Baldwin and 

Ford (1988) and updated with the Environmental Moderators from Driskell et al. (2003). ................... 82 

Figure 3-9. The proposed Model of Team Training in Virtual Environments. Adapted from Priest et al. 

(2004), Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). .................................. 83 

Figure 4-1. Model of Team Training in Virtual Environments: highlighting the research aim, the influence of 

Virtual Environment Moderators on Teamwork (Process). .................................................................... 86 

Figure 4-2. Explanatory, Confounding and Outcome variables. Note: T - theoretical construct; O - 

operationalisation of construct; M - measurement tool of construct. ...................................................... 89 

Figure 4-3. Conceptual Framework: Teamwork Processes. ............................................................................. 89 

Figure 4-4. Conceptual Framework: Virtual Environment Moderators. .......................................................... 92 

Figure 4-5. Difference between participant perspectives: desktop (top) and VR (bottom) (Starbreeze Studios, 

2013). ...................................................................................................................................................... 94 

Figure 4-6. Conceptual Framework: Environmental Moderators ..................................................................... 96 

Figure 4-7. Desktop setup. ............................................................................................................................. 103 

Figure 4-8. Flow chart of the experimental procedure. .................................................................................. 108 

Figure 5-1. Mean of intra-team familiarity by team and by condition. .......................................................... 117 

Figure 5-2. Answers to the "Was there a team leader in your group?" question by condition. ...................... 119 



x List of Figures 

 

Figure 5-3. Team survivability by condition. ................................................................................................. 120 

Figure 5-4. Individual teamwork scores (without leadership) by condition. .................................................. 121 

Figure 5-5. Teamwork scores (without leadership) aggregated to the team level. ......................................... 122 

Figure 5-6. Individual teamwork processes by condition. Note: * stands for p < 0.05; ** stands for p < 0.01.

 .............................................................................................................................................................. 122 

Figure 5-7. Individual workload scores by condition. .................................................................................... 124 

Figure 5-8. Individual usability scores by condition. ..................................................................................... 125 

Figure 5-9. Individual presence by team number and by condition. .............................................................. 126 

Figure 5-10. Individual pre-distress and post-distress by condition. .............................................................. 127 

Figure 5-11. Individual pre-engagement and post-engagement by condition. ............................................... 128 

Figure 5-12. Individual pre-worry and post-worry by condition. ................................................................... 129 

Figure 5-13. Worry, engagement, and distress state changes (post - pre) by condition. ................................ 129 

Figure 6-1. Explanatory, Confounding and Outcome variables. Note: T - theoretical construct; O - 

operationalisation of construct; M - measurement tool of construct. .................................................... 143 

Figure 6-2. Power calculations for single-level linear multiple regression using G*Power: sample size 

required for testing main effects (left) and sample size required for testing interaction effects as well 

(right). ................................................................................................................................................... 150 

Figure 6-3. Shadow Raid preplanning tool (Starbreeze Studios, 2013) ......................................................... 153 

Figure 6-4. Range and distribution of HMDs reported by participants. ......................................................... 158 

Figure 6-5. Confirmatory study procedure. .................................................................................................... 160 

Figure 6-6. Scatterplot of standardised residuals against standardised predicted values................................ 168 

Figure 6-7. Histogram of the standardised residuals (left) and normal P-P plot of the standardised residuals 

(right). ................................................................................................................................................... 169 

Figure 6-8. Revised Model of Team Training in Virtual Environments with the influence of Usability ....... 182 

Figure 6-9. Revised Model of Team Training in Virtual Environments with the hypothesised influence of 

Team Climate ....................................................................................................................................... 186 

Figure 6-10. Revised Model of Team Training in Virtual Environments. ..................................................... 187 

Figure 6-11. Summary of research results. Rounded rectangles are quantitative variables; framed variables 

were identified from the qualitative data. Positive associations are marked with (+), negative 

associations are marked with (-), and (?) represent potential associations that need future evaluation.

 .............................................................................................................................................................. 189 

Figure 7-1. Initial model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Salas et al. (2005), and Driskell et al. (2003). ............................................ 200 

Figure 7-2. Revised model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). ............................................ 204 

 



List of Tables xi 

 

List of Tables 

Table 2-1. The applicability of HRO characteristics in the military domain ................................................... 18 

Table 2-2. The definitions and behavioural markers of teamwork KSAs (Salas et al., 2005, pp. 560-561) .... 22 

Table 2-3. Studies comparing desktop and HMD systems. Note: DT stands for desktop. ............................... 45 

Table 3-1. Technological features included in the frameworks reviewed. Note: constructs in capital letters are 

categories and the lowercase constructs are subcategories in their respective frameworks. ................... 58 

Table 3-2. Components of presence (recreated from Chertoff & Schatz, 2012, p. 859) .................................. 69 

Table 3-3. Fidelity subconstructs and their definitions. ................................................................................... 75 

Table 4-1. Differences between HMD and desktop along the immersive properties proposed by Slater and 

Wilbur (1997). Note: DT – desktop. ....................................................................................................... 93 

Table 4-2. Hardware setup for each condition. .............................................................................................. 103 

Table 4-3. Threats to validity and steps taken to minimise these. .................................................................. 111 

Table 5-1. Characteristics of Participants in both Conditions. Note: M = mean; N = number of participants; 

SD = standard deviation........................................................................................................................ 116 

Table 5-2. Partial correlations between presence, psychological fidelity, and teamwork, controlling for 

immersion. Note: PF stands for Psychological Fidelity. * stands for p < 0.05. df for the zero-order 

(Pearson) correlations was 20, and 19 for the partial correlations controlling for condition. ............... 130 

Table 5-3. Partial and zero-order correlations between immersion, presence, and psychological fidelity. Note: 

PF stands for Psychological Fidelity. * stands for p < 0.05. df for the zero-order (Pearson) correlations 

was 18, and 17 for the partial correlations controlling for condition. ................................................... 131 

Table 5-4. Partial and zero-order correlations between variables of interest. Note: * stands for p < 0.05. ** 

stands for p < 0.01. df for the zero-order (Pearson) correlations was 17, and 15 for the partial 

correlations controlling for condition and usability. Psychological Fidelity is operationalised as distress, 

engagement, and worry. ........................................................................................................................ 132 

Table 6-1. Mapping of experimental scenario onto teamwork KSAs. ........................................................... 155 

Table 6-2. Characteristics of participants. Note: M = mean; N = number of participants; SD = standard 

deviation. .............................................................................................................................................. 159 

Table 6-3. Estimates of Covariance Parameters. Dependent Variable: Teamwork Score (without Leadership).

 .............................................................................................................................................................. 163 

Table 6-4. Regression results. Note: N = 77. CI = confidence interval. SE = standard error. LB = lower 

bound. UB = upper bound. * stands for p < 0.05, ** stands for p < 0.01, *** stands for p < 0.001..... 170 

Table 6-5. The final regression model and its associated coefficients (unstandardised and standardised). Note: 

N=77. sr2 = squared semipartial correlations. *** stands for p < 0.001. .............................................. 171 

Table 6-6. Exploratory analysis: differences between the two conditions. .................................................... 172 

Table 7-1. Design guidelines for designers of synthetic team training systems and researchers in the field of 

team research. ....................................................................................................................................... 209 



xii List of Abbreviations 

 

List of Abbreviations 

CAVE Cave Automatic Virtual Environment 

CMC Computer Mediated Communication 

COTS Commercial-Off-The-Shelf 

CT Collective Training 

FTF Face-to-Face 

HMD Head Mounted Display 

HRO High Reliability Organisation 

ICC Intraclass Correlation Coefficient 

JSP Joint Service Publication 

KSA Knowledge, Skills, and Attitudes 

MLM Multi-Level Modelling 

MOD Ministry Of Defence 

OLS Ordinary Least Squares 

PD2 PAYDAY 2 

UK United Kingdom 

US United States 

VE Virtual Environment 

VR Virtual Reality 

 

 



Dissemination xiii 

 

Dissemination 

This thesis is based on the following published works: 

Balint, B. N. (2019). [DC] Designing VR for Teamwork: The Influence of HMD VR 

Communication Capabilities on Teamwork Competencies. Proceedings of the 2019 

IEEE Conference on Virtual Reality and 3D User Interfaces (VR), 1365-1366. 

https://dx.doi.org/10.1109/VR.2019.8798147 

Balint, B.-N., Stevens, B., Dudfield, H., & Powell, W. (2020). Exploring the characteristics 

of immersive technologies for teamwork. Paper presented at the Virtual 

Interservice/Industry Training, Simulation, and Education Conference. Retrieved 

from 

https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=794

06&CID=572#View 

Research presentations: 

 

Balint, B.-N. (2020, March 9-11). Academia-industry collaboration [Conference 

presentation]. Defence Simulation Education & Training (DSET) 2020 Conference, 

Bristol, United Kingdom. 

Balint, B.-N. (2021, May 24-27). Effectiveness of Immersive Technologies: an alternative 

approach and lessons learnt [Conference presentation]. Defence Simulation 

Education & Training (DSET) 2021 Conference, Bristol, United Kingdom. 

 

 

https://dx.doi.org/10.1109/VR.2019.8798147
https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=79406&CID=572#View
https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=79406&CID=572#View




Chapter 1 Introduction 1 

 

Chapter 1  

 

Introduction 

“I hear and I forget, 

I see and I remember, 

I do and I understand.” 

- Chinese Proverb 

1.1. Context 

1.1.1. The Role of Technology in Training the Next Generation for an Uncertain 

World 

In a speech on his vision of a British military prepared for future challenges, General Sir 

Nicholas Houghton (2015) described the global security context as one of uncertainty and 

increasing complexity, concluding that “to describe a military fit for future challenges rather 

than past conflicts, […] would be a military that embraces the need for continuous adaptation 

which I would favour: a military imbued with the spirit of innovation rather than 

preservation.” It follows then that with the global security context changing so rapidly and 

the uncertainty surrounding its future, the military might no longer be training for any 

specific war, but rather war in general. Recognition of the changing character of war and the 

wide spectrum of threats is vital in order to ensure an acceptable level of preparedness 

(Richards, 2010). Thus, as the UK Government (as cited in Ministry of Defence, 2017a) 

acknowledged, it is important to instil a certain degree of structured agility and adaptability 

in its force. Similarly, Kuchan (2010) stressed the inherent need for adaptation in the United 

States (US) Army to ensure readiness against the unconventional nature of future conflict. 

For the reasons mentioned above, training prospects are inherently liable to change in order 

to accommodate the training needs of the Future Force. Therefore, a more thorough 

discussion of training is warranted in order to understand the role of technology in this shift 

in training prospects.  
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In the context of this thesis, the term ‘training’ will adhere to the definition used by the 

Ministry of Defence (MOD) as encompassing “any training, education, learning or 

development, both individual and collective, that is designed to meet the needs of a Training 

Requirements Authority” (Ministry of Defence, 2017a, p. 1). Training can then be delivered 

in different ways depending on the training objectives that need to be met. For example, 

Aidman et al. (2002) consider training delivery methods, or environments, on a spectrum 

ranging from fully controlled (such as in a classroom) to free play environments (such as in 

the field). Furthermore, the level of control of the training method should be adapted to the 

trainees’ level of proficiency (i.e. new recruits would spend more time on the fully controlled 

end of the spectrum; Aidman et al., 2002; Johnston et al., 2002). Free play training exercises 

promote a sense of uncertainty therefore aiding the development of cognitive readiness in 

trainees, especially relevant to today’s “irregular warfare” (Fletcher & Wind, 2014, p. 27). 

Within the military domain training environments are divided into three categories:  

• Live – real people operating real systems (e.g., training in the field, live firing 

of weapons on ranges etc.); 

• Virtual – real people operating virtual systems (e.g. flight simulators, Virtual 

Battlespace; Bohemia Interactive Simulations, 2014); 

• Constructive – virtual entities, or artificial intelligence, operating virtual 

systems (e.g. the opposing forces in a virtual training exercise; Page & Smith, 

1998; Newendorp et al., 2011; van der Pal, Keuning, & Lemmers, 2011; 

Curry, Price, & Sabin, 2016; Ministry of Defence, 2017b; U.S. Department 

of Defense, 2017). 

Of the three, live training is more expensive, poses logistical difficulties and is often 

dangerous (Alexander et al., 2005). However, a common belief of military commanders is 

that training should be realistically representative of the way soldiers plan to fight (Brown, 

2010; Opall-Rome, 2015; Ministry of Defence, 2017a), or, as the training motto goes, “train 

the way you fight” (Gratch & Marsella, 2003, p. 65). Therefore, there is an irreducible 

amount of live training required to ensure the preparedness of soldiers, with the consensus 

being that Virtual and Constructive training should be used to augment it (Brittan, 2016; U.S. 

Department of Defense, 2017). This approach presents numerous practical and economic 

benefits (Government Business Council & Rockwell Collins, 2014). However, there is no 

unanimity on the term used to describe Virtual and/or Constructive training.  
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The Defence Direction and Guidance for Training and Education (Joint Service 

Publication, JSP 822) Part 1 (Ministry of Defence, 2017a, p. 102) has a chapter postulating 

the directive for “simulated” training where the term ‘simulation’ encompasses “modelling 

[…], and simulation activities that are either computer based or computer supported, 

including synthetics and synthetic environments”. Despite this, the term ‘synthetic training’ 

is used in JSP 822 Part 2 (Guidance; Ministry of Defence, 2017b) when describing training 

environments and categorising them as live or synthetic. According to a US Government 

Document on Navy Training (United States Government Accountability Office, 2012, p. 1), 

synthetic training is “any training that takes place in a virtual environment” and simulators 

are “specific devices that mimic actual equipment”. Similarly, the Royal Navy also typically 

uses the term ‘synthetic training’ (Deputy Flag Officer Sea Training (DFOST), 2014). 

Therefore, to avoid confusion throughout this thesis, the term ‘synthetic training’ will be 

used to describe training that is conducted within a virtual environment, where virtual 

environment (VE) is defined as a ‘computer-generated environment’ (Slater & Wilbur, 1997; 

Montoya, Massey, & Lockwood, 2011). 

Overall, there is an increased focus on synthetic training partly due to the budget cuts that 

military organisations around the world have been facing (Government Business Council & 

Rockwell Collins, 2014; Strategic Defence Intelligence, 2014). However, cost-effectiveness 

is not the only advantage of synthetic training systems. Steve Brittan (2016), CEO at the UK 

Defence Solution Centre, considers these training solutions to have fewer limitations 

(compared to live training), aid in expediting training of personnel, and are safer. Similarly, 

during his keynote address at the DSET conference (March 7, 2018), Brigadier General 

William E. Cole (Program Executive Officer, STRI, USA) argued that soldiers find live 

training easier and more productive after having spent time in virtual training. 

According to the UK MOD (2017a), synthetic training is under the umbrella of 

Technology Enhanced Learning which involves the use of software to improve and enhance 

the learning experience of trainees. This is achieved by targeting engagement, satisfaction 

and as a result, retention; ensuring that the skills and knowledge required to succeed within 

the MOD environment are covered; adopting a proactive approach towards the usage of 

“inspirational and innovative training”; and by providing personalised training that 

encourages personal development. It could be argued that this strategy is an effort to target 

current and future recruits - the digital natives, those who were born in the digital age, after 

1980 (Prensky, 2001; Palfrey & Gasser, 2008). According to their analysis of the 21st century 
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cohort, Holton and Fraser (2015) consider them to be the “millennials” or “generation Y” 

(born between 1980-1997) and “post-millennials” or “generation Z” (born after 1997).  

Contrary to Palfrey and Gasser’s (2008) view, Holton and Fraser (2015, p. 22) postulate 

that post-millennials are the “first true digital natives” unlike millennials who are early 

digital immigrants. According to the authors, both generations require up-to-date technology 

in the workplace, further emphasising the different learning style of post-millennials as 

preferring personalised, ad hoc learning rather than traditional, pre-planned education. 

Similarly, Werth and Werth (2011) suggested that due to the millennials’ preference towards 

interactive and engaging teaching methods, lectures should be de-emphasised in favour of 

effective use of technology in order to efficiently target the generation. It is therefore 

apparent, as Pauling (2008, p. 406) posits, that “digitally mediated learning will play a 

primary role in satisfying twenty-first century learner needs”. Therefore, another benefit of 

synthetic training could potentially be an improvement in the recruitment and retention of 

the next generation of Service personnel.  

As well as potentially targeting the new generation of recruits, the increased focus on the 

use of technology for learning in the UK military is further illustrated through the 

introduction of the New Employment Model (Ministry of Defence, 2016). This programme 

seeks to increase the stability of Service personnel by increasing the availability of 

‘Distributed Training’, ultimately reducing the time spent away from home for residential 

training purposes. An increase in Distributed Training adoption would have a positive impact 

on personnel’s harmony time (time when Service personnel are unavailable for operations 

or “down-time”, in between deployments, for example time spent with family or on leave), 

therefore minimising the prospects of breaching the Harmony Guidelines (Defence 

Committee, 2008a). This is important since the Defence Committee (2008b) has presented 

evidence to suggest that the strain on personnel’s families and relationships resulting from 

the inability to meet Harmony Guidelines seriously affects retention in the Armed Forces. 

Therefore, increasing the use of Technology Enhanced Learning solutions, such as synthetic 

training, could help improve retention rates. Similarly, it could also be possible that the 

ability to remain within Harmony Guidelines could also positively impact attraction when 

recruiting new personnel. Consequently, synthetic training does not only benefit future 

recruits, but also improve the experience of current personnel by helping ensure that 

Harmony Guidelines are met. 
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In summary, it is clear from the discussion so far that synthetic training plays a central 

role in the overall training of military personnel around the world, as well as providing 

numerous benefits. These are not only fiscal in nature, but they could also improve 

performance, expedite training, offer variety and availability to learn for trainees, and 

“availability to Reservists at the most appropriate time and place” (Ministry of Defence, 

2017a, pp. 95-96). However, in Defence, no role can be considered in isolation - it is a 

collective, or team, centric capability (Ministry of Defence, 2017b). 

1.1.2. Collective Training within the UK 

Collective Training (CT) is one of the MOD’s primary ways of achieving force generation, 

which is the process of resourcing “personnel and equipment to carry out […] operations 

and missions” (NATO, 2017). The MOD (2017a, p. 66) considers CT as “training that is 

aimed at improving the ability of teams, units or formations to function as a cohesive entity 

and so enhance operational capability”. The individual training that new recruits must 

undergo upon joining the Armed Services is to prepare them with their role-related 

Knowledge, Skills and Attitudes (KSAs) and behaviour required to successfully function as 

part of a team/collective. Thus, military training (in the UK) can be considered on a 

continuum from individual to collective (Figure 1-1). 

 
Figure 1-1. Training Continuum - Individual/Team/Collective. Adapted from Defence Direction and 

Guidance for Training and Education (JSP 822). Part 2: Guidance (p 16), by Ministry of Defence, 2017b. 

Copyright 2017 by the Ministry of Defence. 



6 Chapter 1 Introduction 

 

The uncertainty surrounding future conflicts, the new generation of recruits, and 

technological advances consequently stimulate changes in training prospects (Section 1.1.1). 

In terms of the training delivery method for CT, within JSP 822, the MOD promotes the use 

of innovative training technologies (Ministry of Defence, 2017a). Whilst the optimum 

training delivery systems (e.g., live vs synthetic) are determined based upon a Training 

Needs Analysis, the directive proposes primarily using synthetic environments for both 

training and assurance unless there are constraints that could justify otherwise. However, the 

MOD (2017a, pp. A-12) acknowledges that innovative training technologies should be used 

as a means to optimise training and that there “will be an irreducible minimum of live 

training”. This resonates with the guiding principles on determining the optimal training 

environment blend in the US Navy, wherein synthetic training should be used in every 

situation unless detrimental to operational readiness and training effectiveness (United States 

Government Accountability Office, 2012). However, the CT part of the directive and 

guidance (Ministry of Defence, 2017a; Ministry of Defence, 2017b) is a recent addition and 

could be linked to the recent research efforts in developing a deeper understanding of the 

teamwork aspect of team and collective performance (Cahillane, Webb, Smy, & MacLean, 

2017).  

In conclusion, as the training continuum demonstrates (see Figure 1-1), individuals must 

first be able to operate as part of a team, before being able to operate as part of a Collective, 

thus effectively contributing to Defence outputs. Furthermore, it is recommended that 

whenever feasible, synthetic training systems should be employed for the training of teams 

and that of collectives, i.e., teams of teams.  

1.2. The Interest in Virtual Reality in the Context of Team Training 

It is clear from the discussion so far that collectives play a central role in Defence. 

However, a collective must first demonstrate effectiveness at the team-level in order to 

enhance operational capability. Team training is an intervention designed to improve team 

performance and effectiveness by targeting team competencies (Baker et al., 2005). While 

there are a number of different media (i.e., classroom-based or role-play) to deliver team 

training, desktop-based synthetic training has been shown to be an effective delivery method 

in a number of high-risk domains (Aggarwal et al., 2004; Salas, Cooke, & Rosen, 2008; 

Shuffler, Pavlas, & Salas, 2012; Forrest, McKimm, & Edgar, 2013; Barton, Bruce, & 

Schreiber, 2017). Moreover, it is clear that military organisations are pushing to increase 
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their use of these systems as a means to reduce cost, train aspects that are not feasible in a 

live setting, and to enhance the learning experience of trainees.  

With the increased availability of consumer-level Head-Mounted Displays (HMDs), such 

as the Oculus Rift, Virtual Reality (VR) systems have started to gain traction as a delivery 

method for team training. One such example of an HMD-based team training system is the 

Collective Innovative Training Environment (xCITE) Concept, developed by QinetiQ UK 

(2017). xCITE is a Concept Capability Demonstrator that is aimed at demonstrating the use 

of innovative technologies to improve training efficiency and effectiveness through a Royal 

Navy Submarine Service use case. It is a blend of three innovative learning approaches 

(adaptive learning, gamification, and team HMD VR) that offer adaptive, gamified, 

immersive, and distributed training, anywhere, anytime (24/7). This PhD research was part-

funded by QinetiQ under the xCITE project, specifically, the VR team training component 

constituting the initial motivation behind exploring the use of VR for team training.  

1.3. High Level Research Questions 

Although desktop-based synthetic training systems have a long-standing history of being 

successfully used by military organisations, i.e., Virtual Battlespace (Bohemia Interactive 

Simulations, 2014), with the advent of consumer-ready HMDs there is an increased interest 

in adopting these for team training, i.e., xCITE (QinetiQ, 2017). However, it is not clear 

whether using an HMD over a traditional, flat-screen desktop setup leads to a training benefit 

in the context of team training. This is important since there is an increased cost associated 

with these immersive systems compared to the less immersive desktop variants (Bowman & 

McMahan, 2007; Knerr, 2007; Bogan, Bybee, & Bahlis, 2019). A review conducted by 

Stevens et al. (2015) concluded that the empirical evidence fails to support the decision of 

employing the more expensive HMDs in terms of training benefits. Most research comparing 

HMDs to desktops is done in the context of individuals and the results vary depending on 

the task type and methods employed (e.g. Buttussi & Chittaro, 2018). Therefore, the initial 

research question this thesis aimed to address was: “Are team competencies supported 

differently in immersive HMD VR compared to the more traditional and less immersive 

desktop systems?”.  

This question was further refined as part of two literature reviews (Chapter 2 and Chapter 

3) that considered the roles of presence (the sense of ‘being there’ in the virtual environment), 

level of immersion (defined as the objective and measurable description of a system, i.e. 
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desktop as ‘less immersive’ and HMD VR as ‘more immersive’), and psychological fidelity 

(defined as the ability of the VE to elicit similar psychological and behavioural responses as 

the environment it emulates), which resulted in the following two main research questions:  

RQ1: Do individuals’ perception of teamwork in a team-based virtual environment 

change with the level of immersion, presence, and psychological fidelity? 

RQ2: What is the nature of the relationship between immersion, presence, and 

psychological fidelity, and how does it influence individuals’ perception of teamwork? 

1.4. Contributions to Knowledge 

With the continued advancement of VR HMDs and the critical role that teams play in 

High Reliability Organisations (HROs), research is needed to explore how to optimise virtual 

environments for the training and assessment of team competencies. This thesis, therefore, 

explores the factors that can affect the ability of individuals to engage in team competencies 

inside a virtual environment, ultimately contributing to synthetic team training design and 

team research practice (Sections 1.4.2 and 7.2.2) and VE team training theory (Sections 1.4.1 

and 7.2.1). Whilst significant attention has been given to the theories informing training 

curricula for teams in the past, less is known about which factors endogenous to virtual 

environments can affect training outcomes. This is even more evident when considering 

prior empirical work (Section 2.3). The suitability of a remote methodology for the empirical 

programme (Section 6.2.1) also contributed to knowledge (Sections 1.4.3 and 7.2.3), and 

showed this was an appropriate approach for future research (Section 7.3). 

1.4.1. Contributions to Theory and Empirical Evidence 

A limitation of reviews seeking to ascertain the difference between desktop and VR based 

systems and how these may affect training outcomes (Stone et al., 2011; Stevens & Kincaid, 

2015; Buttussi & Chittaro, 2018) is the focus on studies conducted prior to the availability 

of consumer-ready HMDs. Consequently, this thesis contributes to knowledge through a 

semi-systematic review of studies post-2012 (Table 2-3), establishing that more immersive 

displays only benefit certain tasks and enabling the identification of task types where a 

training benefit is likely to occur (Section 2.3.2). 

Although prior work (Bell, Kanar, & Kozlowski, 2008; Marlow, Salas, Landon, & 

Presnell, 2016; Bailey, Johnson, Schroeder, & Marraffino, 2017) suggested the investigation 
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of specific features and their effect on training, this has only been done to develop theoretical 

frameworks for guiding future research in the area and for providing a conceptually 

grounded perspective for synthetic training systems. So far, there has been no attempt to 

synthesise these frameworks to aid in the identification of VE features that might influence 

training. Therefore, by identifying and selecting these frameworks through a rigorous 

process (Section 3.1.1) and, subsequently, synthesising the information contained within 

them (Table 3-1), this thesis contributes to the theory of synthetic training system design.  

This work also contributes, empirically and through theory, to the understanding of the 

effect of VE design on teamwork by proposing a model of Team Training in Virtual 

Environments. The initial model was developed by synthesising prior frameworks and 

literature on the features of immersion, presence, and psychological fidelity (Section 3.6).  

 

Figure 1-2. Revised model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). 

The effects of immersion, presence, and psychological fidelity, on teamwork were 

empirically established (Table 6-4), contributing to the understanding of the moderating 

effects of VE features on the ability of individuals to engage in team competencies. However, 

in the process of integrating the qualitative data gathered (Section 6.3.4), a number of 
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extensions to the initial model were proposed (Section 6.4.2), culminating in a revised model 

of Team Training in Virtual Environments (Figure 1-2).  

One further contribution to knowledge was that of the three features investigated, 

presence was found to have the largest influence on teamwork in VR (Table 6-5), with the 

joint interpretation of the quantitative and qualitative results leading to interesting findings 

with implications for theory. The results from the exploratory study suggested that higher 

levels of immersion may lead to an increase in individuals’ cognitive load due to perceived 

usability issues when users are not familiar with the respective system (Section 5.3). This 

could then lead to trainees being too distracted, by trying to engage in taskwork KSAs and 

trying to develop the necessary mental models, to fully leverage the affordances of the 

system to be able to focus on the expected teamwork KSAs (Balint et al., 2020). This 

suggestion was further supported by the findings of the confirmatory study (Section 6.4.2.2). 

Therefore, this thesis contributes to the understanding of the extent of usability’s influence 

on outcomes of interest, by establishing that even when users are familiar with the task, poor 

usability can have adverse effects on presence and the level of objective immersion of the 

system.  

Similarly, the qualitative results (Section 6.3.4.5) provided support for the effects of 

communication affordances on perceived teamwork. Therefore, it is argued that VEs should 

be understood as a function of not only the software, but also that of the hardware (Section 

6.4.2.5). This contributes to the field of user experience in VEs, proposing a new definition 

for VEs more in line with those used at the advent of VR as a field, where the two terms 

were used interchangeably (Ellis, 1994), i.e. the perceived environment is the sum of 

‘everything’, not just the computer-generated environment being interacted with. 

This thesis was based on a theoretical model of teamwork that had been used in face to 

face and desktop-based activities (Section 2.2.2.2). A further contribution was thus made by 

providing empirical evidence of the applicability of the “Big Five” teamwork model (Salas 

et al., 2005) to ad hoc teams of experienced users in HMD-based VR; demonstrated by 

qualitative data (Section 6.3.4) providing confirmation and triangulation of the quantitative 

measure of teamwork (Section 6.3.3.3). 

1.4.2. Contributions to Synthetic Team Training Design and Team Research Practice 

The findings of this thesis contribute to the practice of synthetic training systems design 

(Section 7.2.2) and that of team research by enabling informed decisions to be made, above 
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and beyond those informed by theories of team training curricula, presented as design 

guidelines (summarised below): 

1. Minimise, where possible, the severity and extent of latency issues, such as 

desynchronisation between client and server. 

2. Design the VR experience independently of other media. 

3. Design to maximise presence. 

4. Maximise the usability of the system. 

5. Consider both the software (i.e., the scenario) and the hardware (i.e., the input) 

when designing the VE. 

6. Opt for VR if non-verbal cues are identified as critical as a result of a Training 

Needs Analysis. 

7. When evaluating the effects of psychological fidelity use a VE that includes 

context-specific cues and a sample familiar with the task and real-world context 

to ensure the cues are recognised. 

8. The type of team (ad hoc vs established) needs to be considered. 

9. Studies evaluating the effectiveness of novel technologies, such as VR, should use 

participants familiar with such technologies, and/or be longitudinal in nature. 

These guidelines, explained in full in the thesis (Section 7.2.2), provide simple ‘questions’ 

to consider when designing VEs for team training. They are however based on the observable 

and measurable behaviour of participants within the research programme, thus enabling 

informed decisions to be made by designers and researchers, above and beyond those 

informed by theories of team training curricula alone. 

1.4.3. Contributions to Research Practice 

The data from the confirmatory study (Chapter 6) demonstrated the validity and 

feasibility of supervised remote studies, with uncompensated samples in a video game and 

VR, for team theory building and testing; i.e. it is possible to run online teamwork studies, 

where individuals are remote, and get results that are consistent with prior theory. This 

extends prior work (Mottelson & Hornbæk, 2017; Huber & Gajos, 2020; Mottelson et al., 

2021; Saffo et al., 2021), by demonstrating the design’s applicability and validity for studies 

evaluating teamwork, whilst similar work conducted during the COVID-19 restrictions has 

focussed on taskwork (Section 6.2.1).  
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As part of the process of running such a study, it was demonstrated that the benefits 

outweigh the drawbacks (Section 6.5.2). One notable benefit was the provision of insights 

into the decision-making process of prospective participants. For example, it highlighted that 

while challenges may be appealing to some individuals from the ‘gamer’ population 

(individuals who frequently play video games) and provide adequate intrinsic motivation 

through non-monetary means, it does preclude others from participating, increasing the risk 

of self-selection bias (Olsen, 2008). Furthermore, it is recommended that future studies, 

especially those within a defence context, are linked to an official portal to demonstrate their 

legitimacy to prospective participants who may question it (Section 6.2.3).  

By providing a detailed conceptual framework that clearly presents the theoretical 

position in which the current research is grounded (Section 4.3), this thesis contributes to the 

understanding of the research process required to evaluate the influence of VE features on 

teamwork. Together with the revised model of Team Training in Virtual Environments 

(Section 6.4.2), it provides a theoretical framework that can be used and adapted for future 

research seeking to address similar research questions (Section 1.3). However, it is suggested 

that even if this is not used, it is good practice for each research study to clearly define its 

theoretical viewpoint and explain its terms so they can be compared or contrasted in any 

future meta-analyses. 

Finally, the detailed documentation of the process of analysing data collected from small 

teams (Section 6.2.8.1) constitutes a further contribution to knowledge in the area of 

methodology, by providing a thorough discussion of the decisions and steps involved in 

analysing such data.  

1.5. Thesis Outline 

Chapter 1 discusses the implications of the uncertainty surrounding future conflicts on 

training prospects, establishing in particular that synthetic training systems play a central 

role in achieving military readiness around the world. Furthermore, it is demonstrated that 

teams are critical for achieving defence outputs and that there is an interest in adopting 

innovative technologies for their training. Whilst virtual environments have been shown to 

be an effective delivery method for team training interventions, it is not clear whether the 

use of HMDs leads to a training benefit compared to traditional flat-screen desktop setups. 

Thus, it is argued that the setup used may support team competencies differently, and an 

initial research question is presented in order to explore this idea.  
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Chapter 2 presents an effort to refine and clearly delineate the research gap that this PhD 

aims to fill. It presents a critical review of team related concepts such as team performance 

and effectiveness in order to develop an understanding of what makes teams effective. There 

is consensus amongst scholars within this research area that for effective performance, teams 

must engage in both taskwork and teamwork. Consequently, an overview is provided of the 

importance of teamwork in the context of HROs and what processes subsume teamwork. 

Specifically, it establishes the suitability of the “Big Five” Teamwork Model’s (Salas, Sims, 

& Burke, 2005) for the purpose of this research.  

Since synthetic training is the focal delivery method for this thesis, the role of virtual 

environments in the training of teamwork is explored, critically reviewing the effect of 

computer mediated communication on team processes. Finally, the chapter synthesises past 

studies comparing HMDs to desktop setups, in the context of both individuals and teams, 

due to the limited number of team-based studies identified and their focus on task 

performance rather than teamwork. It is established that the evidence of a training benefit of 

immersive technologies over less-immersive desktop systems is inconsistent, and it is 

influenced by the type of task being trained. Thus, it is posited that rather than attempting to 

evaluate the effectiveness of systems as a whole, research should focus on developing an 

understanding of how the different features of these systems can affect training and how they 

can be optimised for the objectives of the training exercise. 

Following the identification of the research gap in the previous chapter, Chapter 3 

critically reviews extant literature on the topic of technological features, specifically in the 

context of virtual environments, and the empirical evidence for their influence on both 

individual and team performance, culminating in the development of a Model of Team 

Training in Virtual Environments. This is achieved through critical review of a number of 

different synthetic training design frameworks, ascertaining what features could be 

important for the optimisation of these training systems. Particularly, three features are 

chosen as the focus of this research based on their saturation and relative importance in these 

prior frameworks and empirical studies. The constructs of immersion, presence, and 

psychological fidelity are often suggested to affect both task performance and teamwork. 

Thus, a thorough discussion of their operationalisation is presented, and it is posited that 

these constructs are potential virtual environment moderators of team processes. Finally, the 

refined research questions are presented. 
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Chapter 4 details the research method proposed for validating the addition of immersion 

(technological), presence, and psychological fidelity to the model developed in Chapter 3. 

However, a common issue in the literature is the fragmented nature of the operationalisation 

of these constructs. This in turn can lead to a disconnect between scholars and current 

practice since it is difficult to ascertain whether different studies are indeed discussing and 

measuring the same constructs, thus rendering design and technology decisions more 

difficult. Consequently, a conceptual framework is presented to ensure that the variables 

measured are operationalised in the context of the research. Due to the nature of the research, 

to test and validate the proposed model, a quantitative approach is posited, following a 

between-subjects design, with the level of immersion as the independent variable. Since the 

available sample pool consists of gamers, a Commercial-Off-The-Shelf (COTS) video game 

that enables both VR and desktop play is identified as the experimental testbed. 

Chapter 5 presents the results of an exploratory study investigating whether there is a 

difference in the perceived ability of team members to engage in teamwork processes in a 

co-operative video game using an immersive VR system (HMD) or less-immersive system 

(desktop). Specifically, it serves as an exploration of the relationships (if any) between the 

constructs of immersion, presence, psychological fidelity, and their effect on teamwork 

processes. Moreover, it helps to identify aspects of the research design proposed in Chapter 

4 that may need adjusting before running a larger scale study, as well as helping to validate 

the measures in the context of a VR system. The findings suggest that systems higher in 

immersion may lead to an increase in individual’s cognitive load due to perceived usability 

issues. This, in turn, can then lead to trainees being too distracted by trying to engage in 

taskwork KSAs, and focusing on developing the necessary mental models to fully leverage 

the affordances of the system, to focus on the expected teamwork KSAs. These interesting 

findings also suggest a number of improvements to VR studies that are later incorporated 

into the experimental design proposed for the main study.  

Chapter 6 details the changes to the research method informed by the findings from the 

previous chapter. Unlike the exploratory study presented in Chapter 5, the confirmatory 

study detailed in this chapter follows a fully remote design. Due to usability issues affecting 

the results of the previous study, this study’s sample consisted only of individuals who were 

highly experienced in the video game used. Furthermore, a qualitative method was included 

in order to gather more context-specific data from the participants. The findings provide 

empirical evidence for the influence of immersion, presence, and psychological fidelity on 
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perceived teamwork, validating their addition to the model. While only presence was a 

significant predictor of teamwork, the findings provide interesting insights into the complex 

relationship between usability, presence, and immersion. Furthermore, the results suggest 

that the video game and sample used may not have been completely appropriate for inducing 

effects of psychological fidelity, providing important considerations for future studies 

evaluating its effects. Similarly, the qualitative data provided interesting insights into 

potential connections between the affordances of virtual environments, teamwork and the 

structural characteristics of the teams using the system. These interesting findings help to 

inform a revised model of Team Training in Virtual Environments and have a number of 

implications for both theory and practice. Finally, this chapter presents a detailed discussion 

of the strengths and weaknesses of fully virtual VR studies.  

Chapter 7 presents the conclusions of the research programme and discusses the main 

contributions to knowledge. It frames the findings from the two studies as guidelines for 

both the design and development of future synthetic team training systems, and the design 

of future team research in VEs. Further work is proposed, together with reflections on the 

research method and what it means for the validation of additional features.
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Chapter 2  

 

Teams and the Role of VR in their Training 

2.1. Introduction 

Defence, by nature, is a collective-centric capability (Ministry of Defence, 2017a). 

However, for a collective to enhance operational capability, it must first demonstrate 

effectiveness at the team-level. Therefore, it is important to understand team effectiveness 

as a result of members engaging in both taskwork and teamwork (Salas et al., 2005; Delise 

et al., 2010). Due to the increased costs and risks of live training, Defence Organisations are 

increasingly employing synthetic team training solutions. These are advocated as effective 

media for the training of teamwork (Delise et al., 2010), with a growing interest in the 

adoption of immersive Head-Mounted Display (HMD) Virtual Reality (VR) systems. 

However, these technologies come with an increased cost of content development (Bogan et 

al., 2019) and are generally met by a resistance to change. Furthermore, there is anecdotal 

evidence of a training benefit of immersive technologies over desktop alternatives (Stevens 

et al., 2015). 

This chapter explores these concepts in detail to highlight why the current research is 

timely. First, an overview is provided of the importance of teamwork in the context of High 

Reliability Organisations (HROs) and what processes subsume teamwork. Specifically, the 

“Big Five” Teamwork Model’s (Salas et al., 2005) suitability for the purpose of this research 

is discussed. Next, the role of virtual environments (VEs) in the training of teamwork is 

explored and how this medium may affect teamwork processes. Finally, the remainder of the 

chapter reviews the extant research comparing the two media of HMD and desktop-based 

synthetic training systems in terms of teams, as well as individuals due to the limited number 

of studies in the context of the former.  
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2.2. Teamwork and Synthetic Training 

2.2.1. Understanding the Difference between Teamwork and Taskwork 

Teams are an essential and ubiquitous component of Defence Organisations. According 

to the UK Ministry of Defence, (2017b, p. 25) “a team is a sub-division of an individual 

unit’s personnel”. In order to distinguish teams from other groups of individuals (i.e., a 

community), a more specific definition is warranted. Within the team literature, the 

definitions employed vary, however, there is consensus over the following characteristics 

that constitute a team: at least two people, interdependence, adaptation, common and valued 

goal (Morgan et al., 1986; Morgan, Salas, & Glickman, 1993; Delise et al., 2010) and 

specific roles (Salas et al., 2005; Forrest et al., 2013). Similarly, there is no unanimity on 

what constitutes team effectiveness and team performance. 

In the UK military, performance is the overall task outcome, whereas effective 

performance takes teamwork into consideration as well (Cahillane et al., 2017; Ministry of 

Defence, 2017b). On the other hand, Delise et al. (2010, p. 55) consider team effectiveness 

to be - “the degree of success of a team’s performance”. Thus, teamwork knowledge, skills, 

and attitudes (KSAs) are just as important as task-specific KSAs. Similarly, Salas, Cooke, 

and Rosen (2008) differentiate performance as encompassing the activities teams engage in 

whilst completing a task, whereas effectiveness involves an appraisal of the outcome of team 

performance. On the other hand, Salas, Sims, and Burke (2005) consider team performance 

to be the outcomes of the team’s actions whereas team effectiveness encompasses both the 

performance and how it was achieved (team interactions). In an early attempt to describe 

team effectiveness, Hackman (1987) proposed three criteria by which to assess team 

effectiveness: the output of the team as judged by the relevant people who receive or review 

this output; the degree to which the members’ needs are satisfied as part of the team 

experience; and the viability of the group, or the degree to which the team members are 

willing to stay and work together on future tasks. Overall, it is apparent that for a team to be 

effective in its performance, both taskwork and teamwork must be considered. Consequently, 

training interventions aimed at teams must target both taskwork and teamwork competencies. 

However, despite the clear importance of teamwork, research in VR focuses mainly on task 

performance, or taskwork, and/or on individual training (e.g., Buttussi & Chittaro, 2018). 

Taskwork is the task-specific KSAs or operational skills that are required to complete a 

task (or the individual tasks which do not require interaction with other team members; 
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Morgan et al., 1986; Salas et al., 2005; Human Factors Integration Defence Technology 

Centre, 2008; Cahillane et al., 2017). On the other hand, teamwork is the team-specific KSAs 

required to successfully complete the task in a coordinated and adaptive manner (Marks, 

Mathieu, & Zaccaro, 2001; Baker, Day, & Salas, 2006; Salas, Stagl, Burke, & Goodwin, 

2007; Human Factors Integration Defence Technology Centre, 2008; Delise et al., 2010; 

Cahillane et al., 2017). Salas et al. (2005) consider teamwork to be characterised by certain 

processes (e.g., communication), that are then used to “direct, align, and monitor taskwork” 

(Marks et al., 2001, p. 357). Furthermore, it is argued that in order to exhibit these 

behaviours/processes, team members must ultimately possess team related competencies 

(Beaubien & Baker, 2004; Human Factors Integration Defence Technology Centre, 2008).  

A distinction should be made between corporate or organisational research on teams and 

the relevant High-Risk or High Reliability Organisations (HROs). The criticality of 

teamwork for successful performance is accentuated in the case of HROs, such as the 

military (the target population of this research), where errors, whilst rare, can lead to fatal 

consequences (Baker et al., 2006). They demonstrated how teamwork is critical for effective 

performance against each characteristic of HROs with examples from the medical domain, 

previously postulated by Roberts and Rousseau (1989). However, these characteristics apply 

in the military domain as well, as seen in Table 2-1. 

HRO Characteristic Military Domain Representation 

Hypercomplexity Successful performance relies on the employment of multi-team 

systems 

Tight coupling Characterised by task interdependence, an essential 

characteristic of teams 

Extreme hierarchical 

differentiation 

Members of teams have specific roles which is not only a 

defining characteristic of teams but also of military organisations 

Numerous decision makers There are numerous decision makers across all Services 

A high degree of 

accountability 

The consequences of errors are severe, which is especially true 

for military teams on operations 

Immediate feedback The outcomes of performance episodes are identifiable, for 

example, poor situation awareness can lead to fratricide 

Compressed time under 

which activities happen 

Often the case with military operations 

Critical outcomes occur 

simultaneously  

The nature of military operations relies on the interdependence 

of team members and therefore on the synchronisation of tasks 

and outcomes within the team 
Table 2-1. The applicability of HRO characteristics in the military domain 

Since the importance of teamwork is accentuated in the case of HROs, it is important to 

understand how it is currently trained and assessed in the military. Within the UK military, 

it could be argued that taskwork is trained and assessed at the individual level from the time 
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recruits enter Phase 2 training (Section 1.1.2) and start to specialise into specific roles. On a 

team level it is characterised by the Team Performance Statement (Team PS), detailing the 

performance, standards, and conditions relating to each team and its members roles’ tasks 

and sub-tasks. Collective Training Objectives are then based on the above and are used to 

ensure that the training activities target the required KSAs and describe the learning 

outcomes of said activity (Cahillane et al., 2017; Ministry of Defence, 2017b). A review by 

Sen Gupta et al. (2013) identified an inconsistency in the number of Collective Training 

Objectives maintained across the Services and critiqued the reliance on subjective 

assessment methods, such as checklist-based observation. This finding was more recently 

echoed by a research effort in the MOD, highlighting that taskwork is the only one currently 

trained and assessed within the Services (Cahillane et al., 2017). This project, and its 

predecessor before it, emphasised the need to consider teamwork as part of the training and 

assessment curriculum. As a result, current guidance proposed the following teamwork 

related criterions in the Team PS: “Teamwork Description” to detail what “good teamwork 

looks like” and teamwork stressors, to test a team’s ability to perform under duress (Ministry 

of Defence, 2017b).  

In summary, it is evident that teamwork is essential to the effective performance of 

military teams further demonstrating the importance of training and assessing team-specific 

KSAs. Similarly, the military is not the only domain to recognise this, with significant 

research efforts in the medical domains (Aggarwal et al., 2004; Alonso et al., 2006; Marks, 

Windsor, & Wünsche, 2012; Forrest et al., 2013). Its importance is also recognised in other 

high-reliability, high-risk industries, such as the mining industry (Hoebbel, Bauerle, 

Macdonald, & Mallett, 2015). Therefore, a more thorough discussion is warranted on what 

processes comprise teamwork. 

Due to the significant amount of research effort that has gone into the study of teamwork 

across different domains, there is a proportionally high number of theoretical perspectives 

and teamwork models in the literature, such as the Normative Model of Group Effectiveness, 

models based on a sociotechnical systems perspective, and the Team Performance Model 

(Human Factors Integration Defence Technology Centre, 2008; Paris, Salas, & Cannon-

Bowers, 2010). One of the most prevalent frameworks that a number of models are based on 

is the Input-Process-Output model (Hackman, 1987; Salas et al., 2007; Salas, Cooke, et al., 

2008; Paris et al., 2010). However, the inclusion of these models in this review is outside the 

scope of this research (for in-depth reviews see: Salas et al., 2007; Paris et al., 2010). Instead, 
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the model identified and accepted for use as part of the research effort into teamwork within 

the UK military (Cahillane et al., 2017), the “Big Five” Teamwork Model (Salas et al., 2005), 

forms the theoretical basis of this thesis. As well as being the accepted model for use by the 

UK military, the model is applicable to all teams and tasks and has been validated in the 

context of military teams, as will be discussed in the next section. 

2.2.2. The “Big Five” Teamwork Model’s Applicability to HROs 

The “Big Five” model was based on a review of over 130 extant teamwork models. As a 

result of this extensive review, the authors (Salas et al., 2005) isolated those teamwork 

components that have the highest influence on team performance and are commonly 

represented in extant taxonomies. Figure 2-1 illustrates the resulting model with five core 

components, as displayed by ellipses, and three coordinating mechanisms, depicted by 

rectangles, which act as facilitators for the core factors, along with the proposed theoretical 

interrelations between each component.  

The development of the model was intended as a theoretical framework for understanding 

the focal components that subsume teamwork or as Salas et al. (2007, p. 211) highlighted, 

the “essence of teamwork”, emphasising that other variables that may affect team 

performance should not be disregarded. Thus, the “Big Five” Teamwork Model is intended 

to provide a common focus for future research into teams, since “the team literature as it 

currently exists has become unmanageable for any practical purposes” (Salas et al., 2005, p. 

592). 
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Figure 2-1. The "Big Five" Teamwork Model. Adapted from Salas, Sims, and Burke (2005). 

Table 2-2 provides the definitions and the corresponding behavioural markers of the 

teamwork constructs found in the “Big Five” model, based on the research reviewed by the 

authors (Salas et al., 2005). 

Teamwork KSA Definition Behavioural Markers 

Team leadership The ability to direct and coordinate 

the activities of other team 

members, assess team performance, 

assign tasks, develop team 

knowledge, skills, and abilities, 

motivate team members, plan and 

organise, and establish a positive 

atmosphere. 

• Facilitate team problem solving. 

• Provide performance expectations 

and acceptable interaction patterns. 

• Synchronise and combine 

individual team member 

contributions. 

• Seek and evaluate information that 

affects team functioning. 

• Clarify team member roles. 

• Engage in preparatory meetings 

and feedback sessions with the 

team. 

Mutual 

performance 

monitoring 

The ability to develop common 

understandings of the team 

environment and apply appropriate 

task strategies to accurately monitor 

teammate performance. 

• Identifying mistakes and lapses in 

other team members’ actions. 

• Providing feedback regarding team 

member actions to facilitate self-

correction. 
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Backup 

behaviour 

The ability to anticipate other team 

members’ needs through accurate 

knowledge about their 

responsibilities. This includes the 

ability to shift workload among 

members to achieve balance during 

high periods of workload or 

pressure.  

• Recognition by potential backup 

providers that there is a workload 

distribution problem in their team. 

• Shifting of work responsibilities to 

underutilised team members. 

• Completion of the whole task or 

parts of tasks by other team 

members. 

Adaptability The ability to adjust strategies based 

on information gathered from the 

environment through the use of 

backup behaviour and reallocation 

of intrateam resources. Altering a 

course of action or team repertoire 

in response to changing conditions 

(internal or external). 

• Identify cues that a change has 

occurred, assign meaning to that 

change, and develop a new plan to 

deal with the changes. 

• Identify opportunities for 

improvement and innovation for 

habitual or routine practices. 

• Remain vigilant to changes in the 

internal and external environment 

of the team. 

Team orientation The propensity to take other’s 

behaviour into account during group 

interaction and the belief in the 

importance of team goals over 

individual members’ goals.  

• Taking into account alternative 

solutions provided by teammates 

and appraising that input to 

determine what is most correct. 

• Increased task involvement, 

information sharing, strategizing, 

and participatory goal setting. 

Shared mental 

models 

An organising knowledge structure 

of the relationships among the task 

the team is engaged in and how the 

team members will interact. 

• Anticipating and predicting each 

other’s needs.  

• Identify changes in the team, task 

or teammates and implicitly 

adjusting strategies as needed. 

Mutual trust The shared belief that team 

members will perform their roles 

and protect the interests of their 

teammates. 

• Information sharing. 

• Willingness to admit mistakes and 

accept feedback. 

Closed-loop 

communication 

The exchange of information 

between a sender and receiver 

irrespective of the medium. 

• Following up with team members 

to ensure message was received. 

• Acknowledging that a message was 

received. 

• Clarifying with the sender of the 

message that the message received 

is the same as the intended 

message. 

Table 2-2. The definitions and behavioural markers of teamwork KSAs (Salas et al., 2005, pp. 560-561) 

Whilst teams that engage in the five core processes of the model would achieve certain 

degrees of performance, the three coordinating mechanisms of shared mental models, mutual 

trust and communication would be needed to “meld together the value of each of the five 

factors” (Salas et al., 2005, p. 559). Thus, these mechanisms facilitate the enactment of the 
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core teamwork processes (the “Big Five”) by ensuring the update and distribution of relevant 

information.  

Due to assessment strategies in the military relying heavily on the subjective measures of 

Observers/Mentors (Sen Gupta et al., 2013), there is a necessity for explicit observable 

behavioural indicators (Cahillane et al., 2017). Cahillane et al. (2017) argue that the five core 

processes are not all outwardly manifested, which is in contrast with the coordinating 

mechanisms that are generic and observable across team and task types. Furthermore, the 

authors argue that due to their task-specific nature, the five core components of teamwork 

should be considered as inputs that can be trained and developed. Thus, in a military setting, 

these could be included in the design and development of training programmes. Conversely, 

the three enabling mechanisms are generally applicable, and should be considered training 

outputs and used as a means to assess what the authors identified as a “collective 

performance state” (Cahillane et al., 2017, p. 30). It could be argued then that the 

coordinating mechanisms are a necessary condition for effective team performance. 

2.2.2.1. Aspects that Influence Teamwork 

Salas et al. (2005) agree with previous academic works that there are variables which may 

affect the manifestation of teamwork (e.g., task and team characteristics, environment, 

workload). Thus, teams differ from one another along multiple characteristics that may 

influence how teamwork is exhibited. Generally, these characteristics are classed as “inputs” 

on teamwork models based on the popular Input-Process-Output framework (Hackman, 

1987; Kozlowski & Ilgen, 2006; Mathieu, Maynard, Rapp, & Gilson, 2008; Shuffler et al., 

2012). For example, teams may differ in their lifespan as seen in the difference between ad 

hoc teams, such as medical trauma teams with membership changing for each task, and 

established teams, such as military teams with relatively stable membership. Similarly, 

teams can differ in their spatial and temporal distribution, with some teams being co-located 

and others being distributed or virtual.  

Specifically, there is consensus that the characteristics of the task to be undertaken by the 

team are particularly influential on team processes and outcomes (Rosen, Wildman, Salas, 

& Rayne, 2012; Shuffler et al., 2012). Similarly, Salas et al. (2005) argue that team 

taxonomies vary from one author to the next and rather than the type of team, it is the task 

type that influences the processes required for team performance. There are many other 

examples to illustrate some of the fundamental ways in which teams can differ and that 

ultimately influence team performance (for more examples see: Rosen et al., 2012; Shuffler 
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et al., 2012). However, in the context of the “Big Five” Teamwork Model, the authors (Salas 

et al., 2005) argue that the coordinating mechanisms of shared mental models, mutual trust, 

and closed-loop communication, will be applicable in all teams regardless of team type or 

task type, and while the five core processes are required for team effectiveness, their level 

of manifestation will vary across task types.  

Cahillane et al. (2017) share a similar view and argue that whilst the coordinating 

mechanisms are generic, the core processes are indeed context specific. Moreover, the model 

is considered “parsimonious and generalisable” compared to its task or team specific 

counterparts (Salas, Cooke, et al., 2008), further demonstrating the primary motivation of 

the model being a focal starting point for future team research. This also indicates its 

applicability for research that takes a more pragmatic perspective to teamwork, such as the 

one described in this thesis.  

The temporal aspect of teamwork is also an important consideration, since teamwork is 

dynamic in nature (Salas et al., 2005; Kozlowski & Chao, 2018). As a result, team 

performance should be sampled over time across variable conditions since the manifestation 

of the processes contained in the model varies across stages of team development and task 

cycles. This view is shared by Kozlowski and Ilgen (2006) who argue that team process 

capabilities develop and improve over time. Salas et al. (2005) suspect that the importance 

of the processes included would shift based on the level of maturation of the team (i.e., team 

leadership and orientation being the most important at the early stages of team formation).  

Another important consideration is how and when the team would engage in the processes 

throughout different task episodes. Marks, Mathieu and Zaccaro (2001) propose that over 

different task episodes, teams engage in two distinct phases, transition (generally focused 

on evaluation or planning) and action (focused on actions that contribute towards 

accomplishing a goal). Furthermore, the authors argue that each of these phases are Input-

Process-Output episodes on their own and during any task episode teams may go through 

any number of these phases. Considering the transition phase, communication would be 

crucial for agreeing on a strategy, leadership and team orientation would be important for 

the purpose of giving and receiving feedback. On the other hand, in an action phase, 

performance monitoring, backup behaviours and adaptability would rise in importance as 

the occurrence of potential errors increases as team members engage in their taskwork (Salas 

et al., 2005). For example, in the context of fighter pilots it was found that during briefing 

(transition phase), pilots established shared mental models and relied on team leadership; in 
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air (action phase), pilots found adaptability, backup behaviour, closed loop communication 

and mutual performance monitoring as being the most important; debriefing (transition 

phase) was the same as the briefing in regards to process importance; finally, team 

orientation and mutual trust were found to be elements that the military as a whole promotes 

(Ohlander, Alfredson, Riveiro, & Falkman, 2016). 

2.2.2.2. Validity of the Model 

Duel (2010) critiqued the “Big Five” model, identifying several inconsistencies. First, the 

author argued that there was modest empirical evidence presented for the interrelationships 

between the components proposed by the authors of the model. However, it should be noted 

that the original authors of the model distinguished these interrelationships as research 

propositions and acknowledged that they were theoretical in nature to direct future 

investigations. Next, Duel (2010) outlined that the original authors proposed several 

interrelationships between the components that were not included in the final model, as well 

as the absence of relations between closed-loop communication and the other components. 

However, Salas et al. (2005) argued the importance of communication increases with the 

level of complexity of the environment the team must operate in by ensuring that the relevant 

information is distributed among teammates, as well as ensuring that the team’s mental 

model is kept updated and that team members are actively engaging in the core processes.  

Similarly, Cahillane et al. (2017, p. 30) concluded that communication is the “overarching 

emergent property of a team that facilitates […] mutual trust as well as […] shared mental 

model[s]”. Finally, Duel (2010) argued that the model later developed by Salas, Stagl, et al. 

(2007) is an alternative “Big Five” teamwork model. However, that work included the review 

of several extant teamwork models and resulted in a model that is significantly different from 

the “Big Five” and does not warrant Duel’s (2010, p. 47) denomination of “rudimentary Big 

Five Teamwork model”. 

Previous research within the UK MOD demonstrated that the model scored high on face, 

construct, and content validity (Jeffery et al., 2015, as cited in Cahillane et al., 2017). 

Moreover, the model’s applicability has been demonstrated in a number of HRO contexts. 

For example, a previous study suggests applicability to nursing teamwork (Kalisch, Weaver, 

& Salas, 2009). Duel (2010) applied the model in a military context with a high number of 

participants (1194 respondents corresponding to 236 teams prior to deployment, and 1032 

respondents corresponding to 208 teams during deployment) in an effort to empirically 

explore the interrelationships between the components of the model. Most importantly, the 
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author found that the KSAs outlined in the “Big Five” model were demonstrated by these 

teams.  

Similarly, another group of researchers demonstrated its applicability for fighter pilots, 

and modelled the elements within the task performance cycle, based on interviews (Ohlander 

et al., 2016). The authors established that adaptability, backup behaviour, mutual 

performance monitoring, and closed loop communication were found to be most important 

during action phase of a mission, with the remaining four KSAs being prioritised during the 

transition phases (before and after the mission). Hoebbel et al. (2015) assessed teamwork in 

mine rescue teams using the processes found in the model as well as other teamwork 

taxonomies, further demonstrating its applicability to high-reliability teams. Although, 

Baker, Day, and Salas (2006) do not specifically use the model, they characterise effective 

teams to possess the same teamwork KSAs as the “Big Five” model and have demonstrated 

their criticality in HRO environments. These examples illustrate the model’s applicability in 

high reliability and high-risk domains by showing that the constructs of backup behaviour, 

mutual performance monitoring, closed-loop communication, shared mental models, mutual 

trust, adaptability, team leadership, and team orientation were measurable with 

representative samples. 

In summary, the “Big Five” Teamwork Model provides a concise and validated theoretical 

basis for understanding which processes subsume teamwork. Since the current research 

seeks to develop a better understanding of how the use of immersive technologies may 

impact teamwork processes, it was important to choose a model that would not restrict the 

generalisability of findings outside the task and teams used as part of this research. There is 

clear evidence that team effectiveness should be understood as team members engaging in 

both taskwork and teamwork (Salas et al., 2005; Delise et al., 2010). Therefore, considering 

the aim of this research, it is important to develop an understanding of how the teamwork 

processes from the “Big Five” Teamwork Model can be trained and what role virtual 

environments (VEs) could have. 

2.2.3. Team Training 

Team training is an intervention designed to improve team performance through the 

effective use of instructional tools and methods specifically designed to target team 

competencies (Alonso et al., 2006; Baker et al., 2006; Delise et al., 2010; Paris et al., 2010; 

Shuffler et al., 2012). Wagner et al. (1976) distinguish between “team” training, focused on 
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the development of teamwork KSAs, and “multi-individual” training, which still involves 

multiple individuals, but focuses on the development of individual taskwork KSAs.  

In their team effectiveness framework, Tannenbaum, Beard and Salas (1992) identify 

three different team interventions that would influence team processes: individual training, 

team training and team building. Therefore, there is a clear distinction between team training, 

aimed at improving teamwork KSAs, and team building, aimed at improving problem 

solving and interpersonal issues (Delise et al., 2010). Training strategies vary from 

information-based (lectures, video), demonstration-based (demonstrations by trainers) to 

practice-based (simulation, role-play; Paris et al., 2010; Barton et al., 2017).  

Regardless of the delivery method, performance feedback or debriefing plays a 

particularly significant role in the development of performance (Wagner et al., 1976; Alonso 

et al., 2006; Baker et al., 2006; Murphy, 2014; Barton et al., 2017). Over the years, a lot of 

team training programs have been developed, Crew Resource Management (CRM), 

originating in the aviation industry, is one of the most popular ones having been adapted for 

other contexts such as medical team training (Alonso et al., 2006; Baker et al., 2006; Forrest 

et al., 2013). Another recognised framework, on which the TeamSTEPPS medical team 

training program is based, is the High Reliability Teams Framework, which is another name 

for the “Big 5” Teamwork Model (Salas et al., 2005; Barton et al., 2017). The aim of this 

thesis, however, is not the development of training curricula, rather, it is the impact that 

certain training media, immersive technologies in this case, can have on teamwork during 

team training. 

Team training has been shown to have a positive effect on teams’ ability to achieve 

effective performance (Morgan et al., 1993; Salas, Cooke, et al., 2008; Delise et al., 2010). 

Previous research suggests that desktop-based synthetic training is an effective method for 

delivering team training (Aggarwal et al., 2004; Salas, Cooke, et al., 2008; Shuffler et al., 

2012; Forrest et al., 2013; Barton et al., 2017). Specifically, the evidence indicates that 

synthetic training, and more specifically, game-based training, are effective training methods 

in both individuals and teams (Hussain et al., 2007; Marlow et al., 2016). It is of no surprise 

then, that with the increased availability of consumer-level Head-Mounted Displays (HMDs), 

such as the Oculus Rift and HTC Vive, there is a growing interest in adopting immersive VR 

training solutions. Some recent efforts are the xCITE project with a use-case for submariners 

by QinetiQ plc (2017); the Pilot Training Next programme in the US Air Force (McIlrath, 

2018, March 9); or the SAF-TAC system trialled by the UK MOD (SimCentric Technologies, 
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2020). However, the evidence so far has been focused on the effectiveness of desktop-based 

systems. Therefore, it is important to develop an understanding of why and how immersive 

VR technology should be used as a team training medium.  

2.2.4. Synthetic Training Misconceptions 

As previously discussed (Section 1.1), there is no unanimity on the term used to describe 

Virtual and/or Constructive training. In the team training research reviewed, scholars most 

commonly use the term “Simulation-Based Training” (Aggarwal et al., 2004; Salas, Cooke, 

et al., 2008; Shuffler et al., 2012; Forrest et al., 2013; Barton et al., 2017). However, physical 

simulators also tend to fall under the same category in the literature. In his editorial on the 

close of the 40th Anniversary Symposium of “Simulation & Gaming”, Crookall (2010) 

discusses the different terms used in the area of Simulation and Gaming, with the term 

serious games increasingly gaining popularity. Similarly, Cannon-Bowers and Bowers 

(2009) propose the term Synthetic Learning Environments to include simulation, games, and 

virtual worlds, outlining the many terms used to describe them in the literature. However, 

the authors conclude that these constructs conceptually overlap, and no matter which 

medium is used or whether the system is a combination of a simulation with gaming features, 

it needs to have the following essential characteristic: “it provides deliberate, well-managed, 

sufficiently realistic synthetic experience as a means to enhance learning and performance” 

(Cannon-Bowers & Bowers, 2009, p. 231). In summary, there is clear confusion surrounding 

the term used for computer-based training. Thus, this thesis differentiates between training 

in simulators (physical devices that simulate actual equipment) and simulation, or synthetic 

training (training that is conducted in a VE; Section 1.1.1).  

The UK military advises prioritising synthetic training over live training, especially in the 

case of collective training, and that higher fidelity results in higher financial costs associated 

with the system (Ministry of Defence, 2017b). The term high-fidelity is generally used to 

describe physical simulators in the literature. Researchers (Beaubien & Baker, 2004; Drews 

& Bakdash, 2013) emphasise that fidelity is not unidimensional. Furthermore, Beaubien and 

Baker (2004) outline the issue surrounding this misconception as typically simulators are 

labelled as either high or low fidelity based on how closely they replicate reality. Following 

this, a desktop-based flight simulator would be labelled as low-fidelity, whereas the Phoenix 

Damage Repair Instructional Unit (DRIU), which is a physical mock-up of a flooding ship 

that realistically simulates the ship’s rocking and rolling motions, would be labelled as high- 

fidelity (Royal Navy, n.d.). Nonetheless, Drews and Bakdash (2013) still include “high 
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fidelity” and “low fidelity” in their simulator taxonomy. On the contrary, Beaubien and 

Baker (2004) argue that the most common types of simulation for teamwork competencies 

are case studies and role plays, part task trainers and full mission simulations. This is similar 

to the components of collective training postulated by the MOD (2017b): supportive 

information; part-task practice; just-in-time information; and whole training tasks (a training 

intervention can cover a combination of components). Whilst these are only two examples 

where the words simulation and simulator are used interchangeably (Beaubien & Baker, 

2004; Drews & Bakdash, 2013), it does highlight why a clear distinction is being made 

between simulators and synthetic training for the purpose of this thesis. 

2.2.5. Synthetic Training Benefits 

The goal of synthetic training systems is to maximise the transfer of learning from the VE 

to the operational one in the real-world (Stevens & Kincaid, 2015). This transfer can be 

positive, negative, or nil. Positive transfer occurs when the KSAs trained in the structured 

VE are successfully applied in the relatively unstructured operational environment, thus 

improving performance (Alexander, Brunyé, Sidman, & Weil, 2005). On the other hand, 

negative transfer occurs when training leads to degraded performance in the real-world 

setting, such as the application of behaviours that are only appropriate in the VE to the 

operational environment (i.e., taking unnecessary risks in the real-world because there was 

no consequence to these in the training environment). In the context of HROs, where 

performance in the real-world operational environment can have considerable impact on 

both material (i.e., the destruction of expensive equipment) and human resources (i.e., the 

loss of human lives), the criticality of ensuring that positive transfer occurs is further 

emphasised (Sadagic, 2016).  

However, the measurement of transfer is challenging given that the tasks trained using 

synthetic training systems are often impractical to train in a live environment, such as ones 

that are too costly or too dangerous, for example repairing the damage on a ship that would 

cause it to flood (Alexander et al., 2005; Stevens & Kincaid, 2015). In these cases, quasi-

transfer studies are employed where the transfer condition used is a high-fidelity simulator 

of the operational task. Whilst the research described in this thesis is not concerned with the 

measurement or demonstration of transfer, it is important to highlight that ensuring positive 

transfer with the use of synthetic training systems is not sufficient. Rather, it is also important 

to ensure that this transfer is greater than with other slower, costlier, unavailable, or more 

dangerous training methods, such as high-fidelity simulators or live training (Alexander et 
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al., 2005). Both desktop (flat-screen monitor with mouse and keyboard interface) and 

immersive VR synthetic training systems offer certain benefits over high-fidelity simulators 

and live training when used to augment or replace these. These benefits thus need to be 

considered. 

According to the theory of transfer appropriate processing, when the simulated task 

supports the “psychological operations” of the intended operational task, in the real-world, 

positive transfer is predicted to occur (Drews & Bakdash, 2013). This could explain why the 

MOD recommends Robust Training to provide “’immersive’ scenarios to allow recruits and 

trainees to contextualise their training” (Ministry of Defence, 2017a, p. 62). In order to 

ensure that personnel develop resilience, the training environments used should replicate the 

physical and psychological pressures of the operational environment. Similarly, by training 

in a contextually appropriate environment, which accurately simulates these mental and 

physical demands, it can potentially desensitise and prepare trainees to apply their skills 

effectively under adverse and stressful conditions (Tichon & Wallis, 2010; Stone, 2011). 

VEs, whether presented via a flat-screen or a HMD, provide trainees with opportunities 

for repetitive and deliberate practice in contextually rich and safe environments (Knerr, 

2007), as well as enable experiential training to take place (Bell et al., 2008). This in turn is 

an important implication of synthetic training systems (Tichon & Wallis, 2010), argued to 

enhance knowledge and skill development (Dede, 1995; Cannon-Bowers & Bowers, 2009), 

as well as enable more effective team learning (Goodwin, Blacksmith, & Coats, 2018). 

Furthermore, deliberate practice has been previously linked to the development and 

maintenance of shared mental models and communication patterns and behaviours, which 

are both vital for teamwork (Cahillane et al., 2017). 

Some of the other frequently accepted benefits of synthetic training are being able to train 

anywhere anytime, reduced costs, practicing a task that would otherwise be too dangerous, 

or one that happens infrequently (Alexander et al., 2005; Bell et al., 2008). Whilst both high-

fidelity simulators and live training have an undeniable place in the training pipeline, they 

have a number of shortcomings as well. Both training methods suffer from high logistical 

costs, such as real equipment and ammunition or even containing and manipulating water in 

the case of the DRIU (Royal Navy, n.d.). In addition, there is also the requirement for trained 

personnel to support the running of the programs, as trainers or as actors for the opposing 

force (Sadagic, 2016; de Armas, Tori, & Netto, 2019). On the other hand, synthetic training 

systems are well-suited for training tasks that are too costly or dangerous to train otherwise 
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(Knerr, 2007; Stevens & Kincaid, 2015). Furthermore, the number of available high-fidelity 

simulators and live training exercises generally allow for low trainee throughput with limited 

practice time in specific geographical locations as they require trainees to commute for the 

purpose of training (Alexander et al., 2005; Sadagic, 2016). These limitations can be 

potentially overcome by employing synthetic training systems. The potential for training 

anywhere, anytime, whilst no longer being bound by having to physically commute to a 

training site (Sadagic, 2016; Mallam, Nazir, & Renganayagalu, 2019), is the main motivation 

behind the push for Distributed Training in the UK military; in an effort to lessen the negative 

impact of the use of physical training site on personnel’s harmony time (Section 1.1.1).  

 

Figure 2-2. From centralised training, on the left, to anywhere anytime training concept, on the right 

(Mallam et al., 2019, p. 432) 

Finally, VEs are proposed to help ameliorate or, in some cases, eliminate cultural barriers 

due to the use of the Internet’s universal language and the ability to create avatars that are 

“independent of racial or cultural differences” (Davis et al., 2009, p. 104). Furthermore, 

Boughzala et al. (2012) argue that they can help avoid social biases and reduce groupthink, 

or the tendency to agree with the rest of the group without considering one’s own thoughts, 

or logic, in the case of decision making. In conclusion, both desktop (flat-screen monitor 

with mouse and keyboard interface) and immersive VR systems offer certain benefits over 

high-fidelity simulators and live training when used to augment or replace these. 

2.2.6. Computer-Mediated Communication Theories 

Although there are three separate constructs that facilitate the enactment of the core 

teamwork processes, the development and update of shared mental models heavily relies on 

communication (Cooke, Salas, Kiekel, & Bell, 2004; Salas et al., 2005). Sainsbury and 

Baskerville (2006) argue that due to the reduced bandwidth in communication in a virtual 



32 Chapter 2 Teams and the Role of VR in their Training 

 

setting, people are more predisposed to social deviance thus reducing their trustworthiness. 

Furthermore, the authors propose that virtual teams are situated in the middle of a continuum 

between complete anonymity (promoting untrustworthy behaviour) and complete onymity 

(e.g., co-located teams, which promotes trustworthy behaviour). Therefore, it could be 

argued that communication also influences the development of mutual trust. This is similar 

to Cahillane et al.’s (2017) suggestion that there is a clear relationship between 

communication and the other two enabling mechanisms and proposed that communication 

is the “overarching emergent property of a team”. Furthermore, in a collective training 

exercise using synthetic training environments, Dudfield (2009) found that out of all eight 

constructs of the “Big Five” teamwork model, participants reported closed loop 

communications as the most important for situational awareness and immersion. Therefore, 

it could be argued that communication is a more fundamental component of teamwork. 

However, communication in both desktop and VR synthetic training exercises is computer 

mediated. As a result, it is important to discuss some of the more prominent Computer-

Mediated Communication (CMC) theories in the literature.  

The majority of CMC theories are based on virtual teams or teams that rely on various 

collaboration technologies to perform their tasks (Hambley, O’Neill, & Kline, 2007; 

Sherblom, Withers, Leonard, & Smith, 2018). In this way, communication media can be 

compared and the most appropriate one chosen based on the effect they could have on 

performance. However, the types of teams central to this thesis generally perform the tasks 

they are training for Face-to-Face (FtF), which is what CMC theories compare 

communication media against (Keller, 2013). Thus, the discussion that follows is to ascertain 

what effect (if any) VEs (desktop or VR) could potentially have on teamwork before even 

considering the training content. The most common theoretical frameworks for comparing 

communication media are media synchronicity and media richness (Hambley et al., 2007). 

However, Sherblom et al. (2018) consider CMC theories to represent three “eras” of thinking 

based on the different standings they have taken in the context of communication media. 

The first era represents the early theories, such as media richness theory (Daft & Lengel, 

1986), which focused on the substantial influence of the medium on CMC. These early 

theories have previously been criticised for focusing too much on the negative aspects of 

CMC, potentially misleading readers into concluding that CMC could never be a substitute 

for FtF (Keller, 2013). According to media richness theory (Daft & Lengel, 1986), 



Chapter 2 Teams and the Role of VR in their Training 33 

 

communication media richness refers to the capacity of said media to convey rich 

information thus reducing equivocality.  

Information processing within an organisation depends on the level of uncertainty – 

absence of information, and equivocality – ambiguity and confusion. It is important that the 

richness of the media used is adapted to the task’s needs in order to improve task performance. 

A media’s richness is characterised by its capacity for immediate feedback, the number of 

cues and channels utilised, personalisation, and language variety. According to Daft and 

Lengel (1986), communication media are ranked based on decreasing richness as follows: 

face-to-face, telephone, personal documents, impersonal written documents, and numeric 

documents. However, this classification is understandably outdated with researchers noting 

that preferences for newer media are not handled very well and can pose problems for the 

application of media richness theory (Hantula, Kock, D’Arcy, & DeRosa, 2011). These 

problems mainly stem from the simplistic classification of communication media on a linear 

continuum from low to high richness. According to Hantula et al. (2011), technologies such 

as immersive VEs would be classed as “super-rich”, being able to convey more stimuli than 

what can traditionally be conveyed in a FtF medium.  

 Theories from the second era, such as media naturalness (Kock, 2002) and media 

synchronicity (Dennis & Valacich, 1999), focus on how individuals develop competence in 

and adapt to using the various media, demonstrating the potential benefits of CMC for 

learning and collaboration. For example, Dennis and Valacich (1999) critique media richness 

theory, particularly the lack of strong empirical evidence that would support it in the case of 

current communication media and proposed media synchronicity as an alternative theoretical 

lens for CMC. They argued that the media used should be chosen based on the fundamental 

communication processes (conveyance and convergence) that must be supported. This is 

instead of the high-level task the group should perform, as most tasks require individual to 

both convey information and converge on shared meaning, something that a single medium 

is not likely to be able to support fully.  

The following media capabilities, which subsume and extend the characteristics presented 

by media richness theory, are proposed to potentially affect group communication: 

immediacy of feedback; symbol variety, or the variety of language, cues and channels 

supported; parallelism, or the number of conversations that are supported at the same time; 

rehearsability; and finally, reprocessability. Considering that any one medium can possess 

these capabilities to different extents based on the specific setup and usage, a definitive 
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ranking system is inappropriate. Rather, the medium should be chosen and configured based 

on the context in which it will be used. The authors (Dennis & Valacich, 1999) conclude that 

several media might be needed for a task, since a single medium often does not excel at both 

conveying and converging information. 

Another theory from the second era is that of media naturalness (Kock, 2002). This 

theory’s basis is in modern human evolution theory, taking an evolutionary perspective at 

understanding not just the technology behind the medium but also human behaviour in CMC. 

According to the author, throughout the human evolutionary process the main form of 

communication has been FtF, so our communication apparatus evolved to primarily 

accommodate FtF interactions, using auditory and visual cues. As a result, the FtF medium 

is seen as the most natural medium whereas other media can be more or less natural based 

on the degree to which they support or suppress the following key elements: degree of 

collocation and synchronicity; the degree to which facial expressions and body language can 

be conveyed and observed; and the degree to which speech can be conveyed and listened to. 

It is therefore hypothesised that FtF communication would be easier, less effortful, and 

more pleasant than CMC (Kock, 2002; Hantula et al., 2011). Based on the above elements, 

communication with a desktop setup (flat-screen with keyboard and mouse) would be 

classed as less natural, whereas communication in VR (using an HMD) would have a higher 

degree of naturalness. However, according to Hantula et al. (2011), “super-rich” VR media, 

such as an immersive VE, is in fact less natural, as they present more stimuli to people than 

a regular FtF interaction, thus they are likely to result in information overload. Guthrie et 

al.’s (2007) perspective on team processes mediated by technology is derived from media 

naturalness theory, hypothesising that as the medium becomes less natural, teams will report 

higher workload, lower teamwork and lower physiological arousal. However, this effect is 

mediated by the familiarity of members with the medium, where higher familiarity alleviates 

this effect (Kock, 2002; Guthrie et al., 2007). This is similar to Walther’s (1992) research 

that argues that people can adapt to the absence of nonverbal cues in CMC, sometimes going 

as far as implementing novel cue systems for this purpose.  

 Newer theories that form the third era, such as hyperpersonal perspective and theories of 

virtual communities, focus on relational influences and how relationships are built in VEs. 

Taking the perspective of the newer wave of theories, Leonard et al. (2015) argue that 

personal competence with the CMC medium is a necessary, but not sufficient, condition for 
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effective virtual team communication. On top of the competence, members need to develop 

a sense of trust, presence, and identity.  

In conclusion, as the number of communication media increased over the years, so have 

the theories of CMC. As the media evolved, so has the focus of the later theories: from 

theories in the first era predominantly focusing on the negative aspects of CMC (Daft & 

Lengel, 1986), through theories from the second era focusing on how individuals adapt to 

these media (Dennis & Valacich, 1999; Kock, 2002), and finally, to theories from the third 

era, focusing on how relationships are built using these media (Leonard et al, 2015). As 

Dennis and Valacich (1999, p. 9) concluded “it is unlikely for any one theory to explain all 

aspects of communication in the new media”, it is apparent from the number of different 

theories over the years that this might still be the case. Therefore, there is no consensus on 

which theory would apply in any given situation. Consequently, it is not entirely clear how 

or to what extent team processes are affected by the medium used for training. However, it 

is clear that the type of CMC is expected to affect these processes, based on the training 

medium used, in addition to also affecting the outputs of the training. 

2.3. Desktop vs Virtual Reality for Training 

There is a growing interest in the use of immersive VR training systems with the increased 

availability of consumer-level HMDs. Whilst both desktop-based and HMD-based systems 

offer certain benefits over traditional training media (Section 2.2.5), it is unclear whether 

there is a training benefit to using immersive VR technologies over desktop alternatives in 

terms of both individual and team training (Stevens et al., 2015). Similar to the definition of 

synthetic training, there is no consensus between scholars on what constitutes a VR system, 

or how to classify systems based on their “immersiveness”. Some authors argue that 

immersive VR systems only include those that use an HMD (de Armas et al., 2019; Mallam 

et al., 2019). Others argue that both HMD and Cave Automatic Virtual Environments 

(CAVEs) are immersive VR systems, however, CAVEs are less immersive than HMDs 

(Slater & Sanchez-Vives, 2016). Conversely, Srivastava et al. (2019) consider desktop setups 

to still fall under VR, albeit characterising them as being non-immersive. 

Nevertheless, this thesis takes a similar perspective to Slater and Sanchez-Vives (2016), 

wherein HMD-based systems are classed as VR, and desktop as non-VR. Furthermore, VR 

is defined similarly to the previously established definition of synthetic training (training 

conducted in a VE; Section 1.1.1), as being technology with the use of which a user is fully 
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immersed in a VE, with the additional characteristic of users not being able to “see” the real-

world (Mallam et al., 2019). Finally, Bowman and McMahan (2007) contest the general 

approach of classifying systems as being immersive or non-immersive. They argue that 

immersion should be viewed on a continuum due to the multitude of technical aspects that 

can alter the level of immersion of any one system. Therefore, in the context of this research, 

HMD-based systems will be classed as “more immersive” whereas desktop-based systems 

as “less immersive”. HMD systems are more immersive than desktop, due to the ability of 

the HMD to disconnect the user from their surroundings by blocking out their view of the 

real-world, as well as providing kinaesthetic and vestibular feedback from moving in the VE 

(Stevens et al., 2015; Srivastava et al., 2019). 

Comparing immersive VR to desktop, Psotka (1995, p. 410) argues that “VR replaces 

interaction with immersion; it replaces the desktop metaphor with a world metaphor; and it 

replaces direct manipulation with symbiosis. VR augments learning with experience”. 

Similarly, it has previously been proposed that due to the increased interaction fidelity and 

control over what a user experiences in VR, immersive systems would likely be better 

training media than desktop systems (Witmer & Singer, 1998). However, there is no evidence 

to suggest this to be the case. On the other hand, while it has previously been argued that 

immersive VR systems produce better training outcomes than desktop systems due to their 

increased fidelity, and its effect on presence and motivation, this was not the case for social 

skills training (Howard & Gutworth, 2020). Thus, there is a risk that these immersive 

systems are being adopted in a non-evidenced manner. 

The remainder of this section aims to further explore the extant research comparing the 

two, for both individual-based and team-based tasks, and the limitations of these studies. 

When it comes to VR research, these studies often suffer from limitations that have 

previously been raised by scholars. For example, Howard and Gutworth (2020) found there 

to be a potential file-drawer problem in the VR research published on social skills training, 

which means that the effects published in journals are larger than those in theses or 

conference publications, and thus, care should be taken since effects may be smaller than 

assumed from published research. Therefore, this could be something that holds true for 

studies on teams as well. Furthermore, earlier research appears to have achieved greater 

efficacy, although, this could be explained by the range of skills trained compared to recent 

studies. Additionally, there seems to be little evidence of a theoretical approach in justifying 

the results from the social skills studies included in the authors’ meta-analysis.  
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Another deficiency in VR studies are the small sample sizes used (Trahan, Smith, & 

Talbot, 2019). For example, in their review of 46 studies with gamified immersive VR 

applications, Menin et al. (2018) found that the mean sample size was 28.7 participants with 

a standard deviation of 23.72, which the authors consider to be small. Similar conclusions 

were drawn from Howard and Gutworth’s (2020) meta-analysis of social skills studies, 

where many of the VR studies included in the analysis had small sample sizes. This is 

something that needs to be carefully considered in any future studies (Section 6.2.3) 

2.3.1. Studies Comparing Different Display Types in the Context of Teams 

Although desktop-based synthetic training has been found to be an effective method for 

training teamwork (Aggarwal et al., 2004; Salas, Cooke, & Rosen, 2008; Shuffler, Pavlas, 

& Salas, 2012; Forrest, McKimm, & Edgar, 2013; Barton, Bruce, & Schreiber, 2017), most 

research comparing HMDs to desktops is conducted with individuals and with a focus on 

evaluating task outcomes (e.g., Buttussi & Chittaro, 2018). Conversely, there is a dearth of 

research in the context of teams comparing these two setups and their effect on team 

outcomes. For example, in a systematic review of research into using technology for training 

nontechnical skills in healthcare, Bracq, Michinov and Jannin (2019) found that only two, 

out of 26, employed HMDs. Furthermore, in the studies reviewed, the majority evaluated 

usability and acceptability, rather than the impact on teamwork. Consequently, studies that 

compared HMDs to other display types, such as CAVEs, were also considered in the current 

review to ascertain the nature of the evidence in the context of teams.  

Cordeil et al. (2017) compared task performance and collaboration of two-person teams, 

with a total of 34 participants, between an HMD and a CAVE setup for a data visualisation 

task. Collaboration was measured in terms of communication, activity, capability, and 

presence. An asymmetry was found in head movements between team members in the CAVE 

condition, a potential explanation for this being that only one person was wearing a head 

tracking sensor in the CAVE teams. Results suggest that teams in the HMD condition were 

faster than those in the CAVE condition, whereas accuracy and communication were not 

affected by the display used. However, these results may have been skewed by imbalances 

between the two conditions, such as participants’ experience, skill level and gender. The 

authors conclude that modern HMDs could potentially be a more cost-effective alternative 

to purpose-built CAVE systems for collaborative abstract data visualisation tasks, as well as, 

potentially reducing the amount of time required to complete these tasks.  
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Walker et al. (2009) conducted a series of studies comparing the task performance of 

teams (28 teams of four) training for a military building clearing task across different visual 

modality conditions (desktop, desktop + live training, HMD, live training). They found that 

teams in the desktop coupled with some live training outperformed the other teams, based 

on data collected from two separate studies, in terms of task performance. The first 

experiment compared training in (1) a Commercial-Off-The-Shelf (COTS) video game on 

an Xbox console, (2) an inexpensive live mock-up scenario (real-world) and (3) a blend of 

the two conditions together. The second experiment compared training in (4) a purpose-built 

VE using desktop, (5) HMD and (6) an instrumented live (real-world) scenario (a 

shoothouse). Teams from both experiments underwent a final evaluation in the instrumented 

live scenario (6). The results from all 6 conditions were analysed and compared together 

against the teams who trained in the instrumented live scenario (6) and the only condition 

found to not be significantly different to this group was the cheap live + COTS game 

condition. However, this research had several limitations which may have skewed the results. 

First, the sample consisted of students with no previous experience, and the team literature 

suggests that taskwork should be trained before teamwork (Wagner et al., 1976; Salas & 

Cannon-Bowers, 2001; Driskell et al., 2014). Second, there was no control in terms of the 

interaction method in the second experiment, with the desktop condition using a controller, 

and HMD using a mock-up gun. Finally, the apparatus, and specifically, the task environment 

used was different and performance was measured only in terms of task performance, or 

taskwork, with no measures of team effectiveness.  

Finally, Champney et al. (2017) conducted a transfer of training experiment to ascertain 

whether first training in a low or high-fidelity VE for a room clearing task would affect 

training times or performance in subsequent live training exercises. Ninety-two participants, 

comparable to the target population, were quasi-randomly assigned to teams of four, in one 

of four conditions: (1) training video, (2) live environment (same as the transfer condition), 

(2) low fidelity system (monitor, gamepad with haptic feedback, a headset and microphone), 

and (4) high-fidelity system (pod stations with an HMD, physical mock-up of the weapon 

and a haptic vest). Performance was measured in terms of task-specific outcomes and metrics. 

Results suggest that the HMD-based system could potentially lead to faster and improved 

performance in live training environments. However, the findings did not reach statistical 

significance, potentially due to the small sample size, as the effect sizes suggest that there is 

an effect present. Nonetheless, in the absence of confidence intervals it is difficult to judge 

the full extent of these findings. Furthermore, it is not clear what aspect of the higher fidelity 
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system affected the results most, the visual modality, or the additional sensory channels 

afforded by the weapon replica and haptic vest.  

In conclusion, none of the above studies evaluated whether the participants involved 

formed functioning teams, and the only study that did (Cordeil et al., 2017) focused 

exclusively on two person teams (a limited setup for most tasks) and the extent to which 

communication was affected. Instead, task performance was the main outcome considered. 

Thus, no extant literature has so far considered the difference in how these setups may affect 

the full range of team processes in typical sized teams, such as the ones described in the “Big 

Five” Teamwork Model (Section 2.2.2). Furthermore, due to the limited number of studies 

utilising teams, it is difficult to ascertain the reasons behind the results found. Consequently, 

studies conducted with individuals should also be considered (Section 2.3.2) to identify what 

aspect of these systems may be contributing to the conflicting nature of the results from prior 

reviews (e.g., Stevens, Kincaid, & Sottilare, 2015; Buttussi & Chittaro, 2018).  

2.3.2. Studies Comparing HMDs and Desktops in the Context of Individuals 

In a meta-analysis of studies evaluating the effectiveness of computer-based social skills 

training, results indicated a trend that systems employing immersive displays were less 

effective than those using a desktop setup with flat-screen monitors, although the difference 

was not statistically significant (Howard & Gutworth, 2020). For navigational tasks, 

experiments comparing performance between HMDs and flat-screen monitors had mixed 

results (Srivastava et al., 2019). In their research, Buttussi and Chittaro (2018) reviewed 25 

previous studies that manipulated various aspects of “VR fidelity”. The operationalisation 

of this term is adopted from the work of Ragan et al. (2015) and is argued to be characterised 

by: interaction fidelity, or the fidelity of the interaction devices and the interpretation of these 

by the software; display fidelity, or the fidelity of sensory stimuli; and scenario fidelity, 

which is the fidelity of the behaviours, rules and object properties in the scenario used. It 

should be noted that a number of these are dated prior to the availability of consumer-friendly 

HMDs and therefore used systems with a limited Field of View (FOV) and limited head 

tracking, or CAVE setups. The authors (Buttussi & Chittaro, 2018) concluded that the 

evidence presented by these studies greatly varies between task types in terms of 

performance gains, presence, and user preference. For example, there are positive results in 

terms of visual scanning and visualisation tasks, however, for navigational tasks the results 

are less conclusive. This finding is echoed by Stone et al. (2011) who found that there is a 

disparity between the results of studies comparing VR to traditional training and argued that 
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this variation could be explained by the different VR systems evaluated and how well suited 

they were for the tasks trained.  

In an extensive literature review, Stevens, Kincaid and Sottilare (2015) found that 

experimental research comparing the effect of HMDs and flat-screen monitors on 

performance was limited and generally failed to prove an added benefit of employing the 

former. It should be noted that the majority of studies reviewed by these authors (Stone et 

al., 2011; Stevens et al., 2015; Buttussi & Chittaro, 2018) could be argued to have been 

conducted prior to the widespread availability of consumer-ready VR headsets, or pre–

Oculus Rift release in 2012. Therefore, results could have been influenced by the relative 

immaturity of the technology used, such as reduced comfort, resolution, and latency, thus 

potentially leading to VR induced symptoms and effects (cybersickness), such as nausea, 

visually induced motion sickness, or disorientation (Srivastava et al., 2019).  

In an effort to update these reviews and ascertain the effect of the technology’s maturation 

on individual performance, a number of experiments have been selected and reviewed (Table 

2-3). For a study to be included, it had to satisfy the following criteria:  

• The study is dated post-2012; 

• Participants are adult humans; 

• It compares flat-screen desktop setups to HMD setups; 

• Participants are training for or performing a professional task.
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Reference Design & Independent 

Variables 

Task Dependent Variables Sample Size 

and Type 

Main Findings 

Buttussi and 

Chittaro (2018) 

Between-subjects 

DT (27” monitor + controller); 

HMD 1 (Sony, 45° FOV, 3-

DOF tracker + controller for 

movement); 

HMD 2 (Oculus, 100° FOV, 6-

DOF tracker + controller for 

movement) 

Procedural 

learning task: 

aviation safety 

procedures 

Knowledge gain (pre, 

post, 2 weeks later); 

Self-efficacy (pre, post, 

2 weeks later);  

Engagement;  

Presence questionnaire. 

96 participants 

Target 

Display type affected 

participant’s self-reported 

engagement and presence 

(difference was only significant 

between DT and the HMD with 

the higher FOV and higher 

fidelity tracking), but it did not 

significantly affect knowledge 

or self-efficacy. 

Krokos, Plaisant 

and Varshney 

(2019) 

Within-subjects 

2 scenes; 2 sets of faces; DT 

(30” monitor + mouse); HMD 

(Oculus DK2 + head tracking 

for movement) 

Information 

Recall: virtual 

memory palaces 

Accuracy of recall; 

Number of errors and 

faces skipped in recall; 

Confidence (self-

reported) 

40 participants 

Opportunistic 

(students) 

Participants were 8.8% more 

accurate (statistically 

significant) at recalling 

information in the HMD 

condition than they were in the 

DT one.  

Makransky, 

Terkildsen and 

Mayer (2019) 

Mixed design 

Between-subjects: 

On-screen text;  

On-screen text + narration; 

Within-subjects: 

DT (23” monitor + mouse); 

HMD (Samsung GearVR + 

Samsung Galaxy S6 phone + 

touchpad on HMD for 

interaction) 

Procedural 

learning task: 

science lab 

simulation 

Knowledge test (pre 

simulation, post 

simulation after each 

medium); 

Transfer test (pre 

simulation, post 

simulation after each 

medium); 

Self-report survey 

(presence, learning 

beliefs, satisfaction); 

Cognitive Load (EEG) 

52 participants  

Opportunistic 

(students) 

Higher presence in HMD than 

DT, but less learning and higher 

cognitive load. 
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Renganayagalu et 

al. (2019) 

Within-subjects 

2 tasks;  

DT (27” monitor + Xbox 

controller); 

HMD (HTC Vive + 

controllers) 

Procedural 

learning task: 

Learn to operate 

fuel oil separator 

and freshwater 

generator in an 

engine room 

simulator 

Post-test questionnaire 

(perceived usefulness, 

ease of use, usability, 

and self-efficacy); 

Semi-structured 

interview (2 questions) 

 

11 participants 

Opportunistic 

(students) 

HMD was preferred over DT for 

training (also higher 

motivation). Although, VR had 

technological issues. No 

significant differences between 

HMD and DT for perceived self-

efficacy and skill development. 

Srivastava et al. 

(2019) 

Between-subjects 

DT (24” monitor + Xbox 

controller) 

HMD (Oculus CV1 + Xbox 

controller to move in the 

environment - headtracking for 

rotation) 

Spatial learning: 

virtual navigation 

task followed by 

having to sketch a 

map of the layout 

of the 

environment 

Spatial memory of the 

VE (sketch-map);  

Time taken to explore;  

Simulator Sickness 

questionnaire; 

Workload (NASA-

TLX); 

Presence questionnaire; 

Perspective taking or 

spatial orientation 

ability 

40 participants 

Opportunistic 

(students) 

Results suggest that when 

interaction is restricted through 

the use of an Xbox controller, 

performance in an HMD is only 

as good or worse than in DT.  

Bailey et al. 

(2017) 

Between-subjects 

DT (monitor + mouse & 

keyboard); 

VR Gesture (Oculus Rift DK2 

+ Microsoft Kinect V2 for 

tracking head, body, and hand 

movements) 

VR Voice (Oculus Rift DK2 + 

Microsoft Kinect V2 + voice 

commands instead of gestures)  

Procedural task: 

removal and 

replacement of 

the E-28 land-

based arresting 

gear’s alternator 

(2 phases with 

scaffolding, final 

phase with no 

scaffolding) 

Time taken to complete 

the three phases; 

Number of attempts to 

complete steps in each 

phase; 

Errors made in the last 

phase with no 

scaffolding; 

Learning outcome 

(written recall measure 

asking participants to 

list the steps necessary 

to replace the alternator 

in the correct order); 

Presence Questionnaire; 

Usability questionnaire  

83 participants 

Opportunistic 

(students) 

No significant differences 

between conditions on learning 

gains. DT was faster, but more 

procedure-related errors when 

scaffolding was taken away. 

Gesture-based VR made more 

interaction-related errors, but 

this may have been due to the 

tracking technology used.  
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Bharathi and 

Tucker (2015) 

Between-subjects 

DT (monitor + Xbox 

controller) 

VR (Oculus Rift DK2 + Xbox 

controller) 

Product 

functional 

analysis for 

engineering 

design 

(procedural 

learning task): 

assemble 

components of a 

coffee maker, 

given a baseline 

reference model 

(repeated 3 

times). 

Completion time; 

Self-report survey (pre - 

post, on medium 

preferences) 

 

54 participants 

Target 

(engineering 

students) 

Significantly less time taken to 

complete the task in VR than in 

DT. Positive feedback towards 

VR from participants in the VR 

condition, however, interaction 

metaphor found to reduce 

realism.  

de Moura and 

Sadagic (2019) 

Between-subjects 

DT non-stereoscopic (52” 3D-

ready TV + Oculus Touch 

controllers + TrackIR 5 with 

TrackClip Pro for head 

tracking); 

DT stereoscopic (52” 3D-

ready TV + 3D glasses + 

Oculus Touch controllers + 

TrackIR 5 with TrackClip Pro 

for head tracking); 

VR stereoscopic and non-

stereoscopic (Oculus Rift + 

Oculus Touch controllers, 

FOV was smaller in non-

stereoscopic VR condition) 

 

Procedural task: 

assembly of a toy 

helicopter (basic, 

complex then 3D 

printed physical 

copy of the 

complex model) 

Success of assembly; 

Time on each task; 

Time-stamped events of 

grabbing and releasing 

actions and those of 

entering the snap drop 

zone; 

Number of collisions; 

Simulator Sickness 

Questionnaire; 

System Usability Scale; 

Post-task questionnaires 

68 participants 

Opportunistic 

(students) 

The stereoscopic VR condition 

was superior to other conditions 

(successful completion, shortest 

time taken, and least collisions), 

the non-stereoscopic DT 

condition being the second best.  

Bertrand et al. 

(2017) 

2x2 Between-subjects 

Gravity (in VE); 

No-gravity (in VE); 

Psychomotor 

skills learning 

(procedural 

learning task): 

virtual precision 

Time taken; 

Reading difference; 

Number of attempts; 

Collisions; 

41 participants  

Opportunistic 

(students) 

HMD was better than DT, with 

users being less frustrated, more 

satisfied, faster, and more 
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DT (80” stereoscopic display + 

3D glasses + Head-tracking + 

Razer Hydra controllers); 

VR (Oculus Rift DK2 + Razer 

Hydra controllers) 

metrology task (7 

different 

measurement 

tools, 3 phases for 

each: introduction 

to the tool, guided 

practice on 

abstract objects 

and then exercise 

phase without 

scaffolding on 

real-world 

objects) 

Dominant and Non-

Dominant Hand 

Distance; 

Cognition; 

Questionnaire (pre, post 

- based on Bloom’s 

Taxonomy); 

Psychomotor skills 

assessment (real-world 

measurements with the 

tools from the 

simulation); 

Usability questionnaire; 

Workload (NASA-

TLX); 

Presence questionnaire 

accurate. Performance degraded 

in the no-gravity VE condition.  

Makransky, 

Borre-Gude and 

Mayer (2019) 

Between-subjects 

DT (laptop + mouse); 

VR (Samsung GearVR + 

Samsung Galaxy S7 + 

touchpad on HMD for 

interaction); 

Manual 

 

Procedural 

learning task: 

laboratory safety 

training 

Pre-test (prior 

knowledge, intrinsic 

motivation, self-

efficacy); 

Post-test (intrinsic 

motivation, self-

efficacy, enjoyment, 

retention test); 

Behavioural transfer test 

(observation of two 

practical exercises 10 

days after training) 

105 participants 

Target 

(engineering 

students) 

VR led to significantly higher 

enjoyment, higher increase in 

intrinsic motivation, higher 

increases in self-efficacy than 

the manual. The differences on 

knowledge gain were not 

significant when using the self-

report multiple-choice test, 

however, the VR group had 

better performance on both 

behavioural transfer tests 

compared to the manual.  

DT led to significantly higher 

enjoyment and higher increase 

in intrinsic motivation than the 

manual. Only partial support 

that DT leads to higher transfer 

than manual.  

No comparisons between VR 

and DT. 
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Clifford et al. 

(2018) 

Within-subjects 

DT (High-Definition TV); 

Projection VR (270° 

cylindrical simulator 

projection display); 

HMD VR (Oculus Rift CV1) 

Visual scanning 

task: pre-

determined 

assessment to 

gather situational 

awareness.  

Situational Awareness 

(SAGAT freeze probe 

method); 

Simulator Sickness; 

Presence questionnaire; 

Subjective questions 

36 participants 

Opportunistic 

(students) and 

Target 

(firefighters) 

Two VR displays led to higher 

situational awareness scores 

than the DT. Higher reported 

presence in HMD VR, but it did 

not lead to greater situational 

awareness. HMD induced the 

most simulator sickness.  

 

Schroeder et al. 

(2017) 

Between-subjects 

DT (monitor + mouse & 

keyboard); 

VR Gesture (Oculus Rift DK2 

+ Microsoft Kinect V2 motion 

tracker + gesture for 

interactions); 

VR Voice (Oculus Rift DK2 + 

Microsoft Kinect V2 motion 

tracker + voice commands for 

interactions) 

Procedural task: 

removal and 

replacement of 

the E-28 land-

based arresting 

gear’s alternator 

(2 phases with 

differing levels of 

scaffolding, final 

phase with no 

scaffolding) 

Mental effort rating 

scale; 

Presence questionnaire; 

System Usability Scale; 

Recall Measure (list the 

steps required for the 

task within 5 minutes) 

75 participants  

Opportunistic 

(students) 

No significant differences 

between the conditions on 

presence, usability, or recall 

performance. 

Usability was highly related to 

presence and was stronger at 

predicting performance than 

presence. 

Presence was not found to be 

predictive of learning outcomes. 

 

Stevens and 

Kincaid (2015) 

2x2 Between-subjects 

NCM3 mobile virtual 

simulation training device for 

both conditions.  

DT (monitor + M240 machine 

gun); 

VR (HMD + M240 machine 

gun) 

Expert vs novice; 

Procedural task: 

aerial door 

gunnery (one 

familiarisation 

task, three formal 

scenarios 

increasing in 

difficulty). 

Average score over the 

three formal scenarios; 

Presence questionnaire 

96 participants 

Target (US 

Army soldiers) 

Display type had a significant 

effect on performance and 

presence. VR led to significantly 

higher performance and 

presence compared to DT.  

Expertise had no significant 

effect.  

A moderate relationship was 

found between presence and 

performance, strongest being in 

the novice population (novice 76 

participants, expert only 20). 

Table 2-3. Studies comparing desktop and HMD systems. Note: DT stands for desktop.
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From the above table, the evidence still seems to suggest that more immersive displays 

only benefit certain tasks. For example, for an aerial door gunnery task, the HMD led to 

superior performance compared to the flat-screen monitor (Stevens & Kincaid, 2015). 

Although, the authors never explicitly stated the HMD used, the interaction metaphor was 

kept constant between conditions. On the other hand, the results were not favourable in the 

case of knowledge gain, such as for aviation safety procedures (Buttussi & Chittaro, 2018) 

where the interaction metaphor was also kept constant.  

Howard and Gutworth (2020) suggest that the mixed nature of the results of experiments 

comparing the two display types, in the context of social skill development, could be 

explained by a task-technology misfit, wherein the technology used does not accommodate 

the task well. This could be by either not having the necessary features to be able to perform 

them, or it has excessive features which are not necessary to be able to perform the task 

(Howard & Rose, 2019). Secondly, the authors (Howard & Gutworth, 2020) suggest that the 

reason these technologies are found effective in only some social skills training scenarios, 

could be explained by the development approach. This is where the applications were 

originally developed with a desktop and traditional input device in mind and with VR as an 

afterthought. Finally, there could also be a case of novelty bias, especially with participants 

who are not familiar with such displays or input devices, thus they should be allowed time 

for familiarisation purposes. Another potential limitation of these studies is bias introduced 

by technological issues (Menin et al., 2018), or the use of a convenience or opportunistic 

sample that may make generalisations to the target population difficult. In summary, the 

evidence in terms of a training benefit of HMDs over traditional desktop setups is unclear 

and appears to be context dependent in the case of both individuals (Section 2.3.2) and teams 

(Section 2.3.1) for task outcomes. 

2.4. Conclusions and Research Gap 

In conclusion, based on the literature reviewed in this chapter, there is clear evidence that 

both desktop and VR synthetic training systems offer logistical benefits over other traditional 

training methods in the case of both individuals and teams (Section 2.2.5). There is also 

evidence of VEs being effective for training teamwork in the context of desktop systems 

(Aggarwal et al., 2004; Salas, Cooke, & Rosen, 2008; Shuffler, Pavlas, & Salas, 2012; 

Forrest, McKimm, & Edgar, 2013; Barton, Bruce, & Schreiber, 2017). Furthermore, there is 

a growing interest in adopting immersive VR technology for training teamwork. However, 
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it is not clear whether immersive VR solutions are more suitable for team training than the 

less immersive desktop variants. This lack of clarity over the benefit of VR over desktop 

systems can also be seen in the case of social work practice (Trahan et al., 2019), as well as 

individual task training (Ragan et al., 2015).  

According to CMC theory, both media are expected to affect communication, an 

important overarching process for teamwork (Section 2.2.6). Collaboration is already 

complex in the real-world and these complexities may be exacerbated in a virtual world 

(Boughzala et al., 2012). Researchers argue that in VEs support for certain aspects of FtF 

interaction is either absent or extremely limited which can hinder virtual teamwork 

(Montoya, Massey, & Lockwood, 2011; Coovert, Miller, & Bennett, 2017). One example of 

this being that of nonverbal cues, since these are generally missing even though they are 

essential for teamwork (Marks et al., 2012) and for the development of trust (Davis et al., 

2009). Similarly, it is argued that the absence of cues, which would otherwise be present in 

the case of collocated teams, may increase cognitive load (Priest et al., 2004). Sherblom et 

al. (2018) highlight that in CMC, the development of communication norms can be difficult. 

Thus, research is also needed to better understand which medium more fully supports the 

behaviours and processes required for teamwork. 

There is an increased cost associated with immersive systems compared to the less 

immersive desktop variants (Bowman & McMahan, 2007; Knerr, 2007; Tichon & Wallis, 

2010). The adoption of immersive technologies over less immersive desktop systems is met 

with hesitance and cautiousness, since the hardware is under frequent upgrade cycles and 

content development relies on highly specialized individuals, which in turn may result in 

higher costs than desktop (Bogan et al., 2019; Trahan et al., 2019). Furthermore, especially 

in the case of HROs such as the military, the tasks being trained are complex and often 

necessitate sessions that last hours and are repeated several times during a training period 

(Sadagic, 2016). Thus, a worry with the use of immersive VR in the case of these training 

systems rises from the potential for cybersickness (Srivastava et al., 2019) and physical 

fatigue from the prolonged use of an HMD. These potential barriers to adoption further 

compound the issue of resistance to change in organisations, especially apparent when there 

is a fear of changing something that already works or when faced with uncertainty over the 

effectiveness of new technology (Banton, 2019).  

Despite these issue, some organisations may procure these immersive displays over less 

immersive ones based on marketing alone (Hudson, 2014) or on “naive realism”, the 
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misconception that by presenting the user with a highly realistic scene, they will be able to 

effortlessly and accurately comprehend and convert it to a complete interpretation 

(Smallman & John, 2005). Therefore, to justify the cost and overcome the potential 

resistance to change, there is a need for empirical evidence that demonstrates whether a 

training benefit exists over traditional and sometimes cheaper desktop choices. As Stevens 

and Kincaid (2015, p. 42) argue, “As organizations’ training budgets decline, justification of 

simulation-based training procurement and design decisions will need to be made based on 

empirical evidence and not anecdotal belief.” This is echoed by Marlow et al. (2016), who 

argue that organisational change should not be facilitated by newer technologies which may 

not be optimally harnessed, and rather, turn their focus to theory and evidence to ensure 

success. 

To date, the evidence of a training benefit of HMD over desktop setups in terms of task 

performance is conflicting. In terms of individual training, the presence, or indeed, absence, 

of a training benefit greatly varies depending on the type of task; when compared to less 

immersive desktop systems (Section 2.3.2). However, for team training, as well as there 

being a limited number of studies, these also focus on evaluating task performance, rather 

than team effectiveness (Section 2.3.1). As Howard et al. (2020) highlight, more research is 

required to ascertain which types of training will benefit from more immersive systems.  

Specifically, in terms of team training, research is needed that evaluates teamwork, rather 

than solely focusing on taskwork metrics. A limitation of studies aiming to prove the 

effectiveness of synthetic training is their focus on the overall system, or as Cannon-Bowers 

and Bowers argued, these studies “are most often conducted at the training system 

level…[and] all that can be concluded is that this particular system did (or did not) work, but 

it is unclear exactly why” (2009, pp. 233-234). Instead, research should focus on developing 

an understanding of how the different features of these systems can affect training and how 

they can be optimised for objectives of the training exercise (Bell et al., 2008; Marlow et al., 

2016; Bailey et al., 2017).  

Therefore, this thesis will identify features inherent to synthetic training systems that 

could potentially affect a team’s ability to engage in teamworking behaviours and processes 

(Chapter 3). Individuals’ perceived ability to engage in teamworking cognitions, behaviours 

and attitudes afforded by immersive (HMD) VR team-based systems or less-immersive 

(desktop) team-based systems, can then be compared to ascertain the extent of the effect of 

the identified features (Chapter 5 and Chapter 6). 



Chapter 3 Virtual Environment Features and their Relationship with Team Training 49 

 

Chapter 3  

 

Virtual Environment Features and their 

Relationship with Team Training 

3.1. Introduction 

Team training interventions delivered through virtual environments (VEs; also known as 

synthetic training or simulation-based training) using a desktop setup have been shown to 

have a positive effect on teams’ abilities to achieve effective performance (Delise et al., 

2010). Specifically, research suggests that synthetic training (using a desktop setup) is an 

effective training method for both individuals and teams (Driskell, Salas, & Vessey, 2014; 

Marlow et al., 2016). Training in VEs presents several benefits compared to traditional 

training methods, such as reduced costs, the ability to train whilst distributed, and the ability 

to train tasks which would otherwise be too dangerous to physically train.  

However, it is not clear why it is an effective training method (Driskell et al., 2014). 

Furthermore, with the increased availability of consumer-level Head-Mounted Displays 

(HMDs), such as the Oculus Rift, there is a growing interest in adopting immersive virtual 

reality (VR) training solutions. An example of this is the xCITE project by QinetiQ plc 

(2017). However, a limitation of studies aiming to evaluate the effectiveness of synthetic 

training has been their focus on the technological aspects, thus the only conclusion that could 

be drawn from these studies was whether that specific system worked or not in achieving its 

training goals (Cannon-Bowers & Bowers, 2009). In terms of more recent studies, there is 

still the same tendency to compare whole systems (Sections 2.3.1 and 2.3.2). The results of 

these studies suggest that the effectiveness of various technological setups depends on the 

task being trained, however, it is difficult to distinguish the reasons behind these findings. 

This focus on the technology results in solutions that are potentially inefficient, by being 

crowded with technological features that are above and beyond what is necessary for 

achieving training goals, or, at the other end of the spectrum, ineffective, by lacking in the 

necessary features for delivering the required training (Kozlowski & Bell, 2007).  
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Consequently, research is needed to better understand how the different features of 

synthetic training systems can be leveraged to deliver instructional experiences relevant for 

different training goals (Bell et al., 2008). This could explain why certain systems have been 

found to be effective for some tasks but not others (Section 2.3). Whilst a significant amount 

of the core research on training in VEs was conducted prior to the widespread availability of 

consumer-ready VR, it still formed the theoretical underpinning of much of the more recent 

research. It also almost exclusively focused on task performance.  

Since team training targets team-specific knowledge, skills, and attitudes (KSAs), the 

experience afforded by a synthetic team training system should allow trainees to practice 

and demonstrate these (Shapiro et al., 2008). However, it is even less clear which 

technological features influence a team’s ability to engage in teamwork. Therefore, it is 

important to develop an understanding of how the features inherent to these technologies can 

be leveraged and matched to the objectives of the training exercise (Bell et al., 2008). 

However, so far, work has only been done to develop frameworks for guiding future research 

in the area and for providing a conceptually grounded perspective for distributed training 

systems, aimed at both individuals and teams (for example Kozlowski & Bell, 2007), and 

for game-based training aimed at targeting teamwork competencies (for example Marlow et 

al., 2016).  

This chapter critically reviews extant literature on the topic of technological features 

endogenous to VEs, and their potential effect on both individual and team performance. Thus, 

identifying the research gap this thesis explores. First, extant frameworks and models are 

reviewed to identify common technological features thought to affect performance. 

Particularly, three features will be chosen as the focus of this research, based on their 

saturation and relative importance in these frameworks and empirical studies. Therefore, the 

remainder of this chapter explores these three features, namely the constructs of immersion, 

presence, and psychological fidelity, to ascertain their potential effects on team performance, 

leading to the central research questions of this thesis. 

3.1.1. Literature Review Process 

In order to ensure a degree of robustness and transparency in the review process, a search 

strategy protocol was used. Firstly, it was important to establish the goal of the review and 

the deliberately broad question it had to answer: “To what extent do technological features 

affect performance (individual and team) when training in virtual environments?”. The 



Chapter 3 Virtual Environment Features and their Relationship with Team Training 51 

 

search queries used were combinations of the terms “virtual environment”, “immers*”, 

“training”, “virtual reality”, “desktop”, “HMD”, “team training”, “teamwork”, “feature*”, 

“characteristic*”. The following electronic databases were searched: IEEExplore, Emerald 

Insight, Web of Science, Scopus, and ACM. Additionally, a final search was conducted in 

Google Scholar to identify any relevant grey literature. Eligibility of search results was 

determined through the criteria below: 

• If empirical research, participants are adult humans; 

• Feature(s) discussed extensively, rather than transiently or solely as a means 

of classifying technology; 

• If empirical research, participants are performing or training a professional 

task; 

Initial searches returned a significant amount of noise, under the form of papers that 

covered topics that were not in line with the research described in this thesis. Thus, the 

decision was made to use the following exclusion terms in the queries: “mixed reality”, 

“augmented reality”, ”unmanned”, “oil”, “child*”, “water”, “robot”, “cultural immersion”, 

“rehabilita*”, “therap*”. A number of these terms were derived from the above criteria, 

whereas the rest were identified from inspecting some of the out-of-context literature results. 

After an initial screening of the titles and abstracts, literary works were imported into NVivo 

(Version 12; QSR International, 2018) qualitative data analysis software for analysis and 

thematic coding. Depth was achieved by conducting both forward and backward citation 

tracking on the initial set of references. 

3.2. Synthetic Training System Design Frameworks 

A number of frameworks have been created that aim to provide a starting point for 

scholars and practitioners alike in understanding what design decisions may impact the 

efficiency and effectiveness of synthetic training systems. These systems possess certain 

features, or characteristics, which can be manipulated through the technology used. 
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Figure 3-1. A model linking instructional objectives, trainee competencies, and instructional features 

(Kozlowski & Bell, 2007, p. 27) 

In the framework (Figure 3-1) developed by Kozlowski and Bell (2007), it is proposed 

that technological decisions should be the last step in designing training systems as tools for 

delivering learning experiences that incorporate the right instructional strategies for the 

training goals in question. This is because systems possess instructional features that help 

deliver instructional experiences of varying degrees of richness, which need to be matched 

to the training goals and strategies identified as a first step (Figure 3-1). The primary features 

presented in the framework are content, immersion, interactivity, and communication. 

Content focuses on the information richness with which declarative knowledge is conveyed 
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through the environment. Immersion is discussed in terms of psychological and physical 

fidelity and is argued to lead to presence (Bell et al., 2008). On the other hand, interactivity 

is represented on a more conceptual level compared to the general VR literature. Kozlowski 

and Bell (2007) define interactivity as the level and type of interaction afforded by the 

technology between the users, or the degree of collaboration enabled. Particularly, 

interactivity is pertinent for fostering the ability to exhibit and develop teamworking 

behaviours and is linked to the next concept, communication (Kozlowski & Bell, 2007; Bell 

et al., 2008). Communication describes the technological affordances of the system to allow 

various levels of communication bandwidth. The concepts of communication and 

interactivity are intricately linked in enabling trainees to learn in a social context, which is 

again critical for fostering teamwork (Kozlowski & Bell, 2007).  

Bell et al. (2008) argue that manipulating the richness of these features can result in 

systems with different learning benefits. For example, by manipulating the level of 

immersion through the technology, the experience may enable trainees to better integrate 

knowledge. However, Kozlowski and Bell (2007) further argue that research is needed to 

better understand the instructional experience richness afforded by different technologies, 

since the contribution of the various features is less likely to follow a straight diagonal line 

as depicted in Figure 3-1. 
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Figure 3-2. Elaborated model of learning in 3-D Virtual Learning Environments, incorporating unique 

characteristics and learning affordances (Dalgarno & Lee, 2010, p. 24) 

However, it could also be argued that rather than directly resulting in learning benefits, 

these features afford certain tasks, when underpinned by a theoretical foundation, which in 

turn may result in learning benefits (Dalgarno & Lee, 2010). This is the theoretical 

perspective taken by Dalgarno and Lee (2010) in their “Model of Learning in 3D Virtual 

Learning Environments” (Figure 3-2). They argue that the distinguishing characteristics of 

these VEs are representational fidelity (encompassing sensory fidelity, physical fidelity, and 

user representation), and learner interaction, which is the range of possible interactions 

afforded between the user and the system.  

From the definitions postulated by the authors and their perspective that immersion is in 

fact the objective description of the technology, it could be proposed that the unique 

characteristics described in the model are immersive properties. These properties would then 

be similar to the ones from the technological definition of immersion postulated by Slater et 

al. (1997, p. 605). Furthermore, Dalgarno and Lee (2010) argue that co-presence, presence, 
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and identity describe the learner’s experience and result from these objective characteristics 

of the system, and thus afford certain tasks, resulting in the following potential learning 

benefits: increased spatial knowledge, situated learning, experiential learning, increased 

intrinsic motivation and engagement, and finally, more effective collaborative learning. 

Therefore, it could be argued that technology does not directly lead to instructional benefits, 

rather, it affords experiences, which may result in them. This is the position taken in this 

thesis, which argues that technology acts as a facilitator rather than a catalyst for learning. 

 

Figure 3-3. Conceptual model for metaverse research (Davis et al., 2009, p. 92) 

Work by Davis et al. (2009) describes a theoretically-defined model of metaverse 

capabilities for virtual team collaboration and teamwork (Figure 3-3). A metaverse is defined 

as an immersive 3D virtual world in which people are represented by avatars. Thus, it is a 

persistent VE, which allows multiple people to interact such as Second Life (Linden Lab, 

2003) or World of Warcraft (Blizzard Entertainment, 2004). Davis et al. (2009) take a socio-

technical view similar to adaptive structuration theory, in which social processes can affect 

and be affected by technological capabilities of virtual worlds. Therefore, there is a cyclical 

relationship between the technological capabilities of these systems, the people represented 

by avatars, and the behaviours afforded by the system.  

Whilst the technological capabilities of communication, rendering, interaction, and team 

process are more technical in nature, and rather engineering-focused compared to the 

frameworks discussed so far, the representation of people within the VE as avatars is 
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described by the authors in the context of representation, presence and immersion (Davis et 

al., 2009). Particularly, the concepts of immersion and presence appear to be a constant in 

all frameworks considered as part of the current literary review.  

However, the work presented by Davis et al. (2009) is in the context of virtual teams 

(remote teams) performing their real-world tasks inside these ‘metaverses’, through the 

presence of capabilities for team processes such as information sharing or brainstorming. 

This is not in line with the assumptions of the research described in this thesis, namely team 

training inside VEs with teams who later perform their tasks in the real-world. Nevertheless, 

the features presented overlap to some extent with the ones discussed so far. Furthermore, 

the authors argue that behaviours exhibited in a VE are inherently different to those exhibited 

in a face-to-face (FtF) situation due to the opportunities presented by the use of technological 

capabilities (Davis et al., 2009). This has been previously highlighted in the context of 

computer mediated communication’s (CMC) potential effect on team processes (Section 

2.2.6). Therefore, it is important that research considers these technological capabilities and 

explores how they may influence team processes. 

 

Figure 3-4. Virtual team research model (Priest et al., 2004, p. 2610) 
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Priest et al. (2004) postulate that VEs present richer, and a higher number of, cues than 

traditional CMC media, thus, the technology used can affect performance. As a result, they 

expanded on the Virtual Team Performance Model by Driskell, Radtke and Salas (2003), 

adding the VE technology used as an input, and the constructs of immersion, involvement, 

and presence as moderators (Figure 3-4). The model focuses on virtual teams that utilise VEs 

for collaboration. Furthermore, Priest et al. (2004) argue that the constructs of immersion, 

involvement and presence can potentially ameliorate the negative effects of team members 

not being collocated (Section 2.2.6). However, empirical evidence is needed to support this. 

 

Figure 3-5. Relationships between game attributes and teamwork competencies (Marlow et al., 2016, p. 417) 

The final framework reviewed sought to link game attributes to teamwork competencies 

(Marlow et al., 2016). Whilst this thesis does not focus on game-based training, or rather, 

serious games, some of the attributes discussed can be linked back to features present in the 

other frameworks reviewed. For example, action language, which is the interactions between 

the players and the system, and human interaction, which is the interactions afforded 

between players. Similarly, immersion is discussed in terms of psychological fidelity, a 

construct which has been argued to be the most important for team training interventions 

(Beaubien & Baker, 2004). Marlow et al. (2016) argue that technological features can hinder 

or facilitate teamwork processes. Thus, research is needed to develop a better understanding 

on the effect of the features inherent to synthetic training systems and their effect on 

teamwork. 

Table 3-1 provides an overview of the features from each framework.



58 Chapter 3 Virtual Environment Features and their Relationship with Team Training 

 

Framework Kozlowski & Bell, 2007 Dalgarno & Lee, 2010 Davis et al., 2009 Priest et al., 2004 Marlow et al., 2016 

Features  CONTENT 

Text 

Still images 

Video 

Sound 

 

IMMERSION-> these lead to 

PRESENCE 

Psychological fidelity 

Constructive forces 

Stimulus space or scope 

Fidelity of context/ops 

Motion and action 

Real-time 

Adaptive to trainee 

 

INTERACTIVITY 

Single participants 

Individual oriented 

Multiple participants 

Team oriented 

 

COMMUNICATION 

1-way 

2-way 

Asynchronous 

Synchronous 

Audio only 

Audio and video 

IMMERSION 

Representational 

fidelity 

Learner 

Interaction 

 

CONSTRUCTION OF 

IDENTITY 

 

PRESENCE 

 

CO-PRESENCE 

PEOPLE/AVATARS 

Representation 

Presence 

Immersion 

 

TECHNOLOGY 

CAPABILITIES 

Communication 

Rendering 

Interaction 

Team Process 

 

BEHAVIOURS 

Coordination 

Trust 

Role Clarity 

Shared 

Understanding 

INVOLVEMENT 

 

IMMERSION 

 

PRESENCE 

ACTION 

LANGUAGE 

 

ASSESSMENT 

 

CONFLICT/CHALL

ENGE 

 

ENVIRONMENT 

 

GAME FICTION 

 

HUMAN 

INTERACTION 

 

IMMERSION 

 

RULES/GOALS 

Table 3-1. Technological features included in the frameworks reviewed. Note: constructs in capital letters are categories and the lowercase constructs are subcategories in 

their respective frameworks.
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The newer generations of team members and team leaders are likely to be increasingly 

accustomed to digital experiences, including game experiences (Section 1.1.1), which may 

in turn affect the types of collaboration they may be comfortable with. Thus, it is important 

to develop an understanding of "digital game-mediated team processes [and how they] are 

related to team performance"(Mayer, 2018, p. 603). However, at the time of writing, none of 

the above theoretical frameworks have been empirically validated in a virtual environment 

team training context. As Table 3-1 suggests, the construct of immersion, whether 

technological or psychological, is present in all of the reviewed frameworks. Similarly, 

presence is included in four out of the five frameworks. In the wider literature, immersion 

has been argued to be the “key added value of VR” (Psotka, 1995, p. 405) and that presence 

“should be a goal of the design of virtual environments” (Cummings & Bailenson, 2016, p. 

273). However, the definitions of these terms are inconsistent in the literature and need to be 

considered carefully (Section 3.3 and 3.4). 

As previously discussed, the ultimate goal of training is to maximise transfer of learning 

(Section 2.2.5). It is therefore important to identify which features of VEs can be 

manipulated to support this goal (Stevens & Kincaid, 2015). Based on an analysis of the 

literature, Alexander et al. (2005) identified immersion, presence, fidelity, and operator buy-

in, as factors that influence transfer, highlighting that the nature of the relationships among 

them is complex. Whilst in some of the frameworks reviewed fidelity is not explicitly 

included, in some cases it is implied through the definition of some of the factors discussed 

(i.e., the technology capabilities in the framework by Davis et al. (2009) could influence 

aspects of fidelity). Furthermore, it is argued that fidelity is a key factor of transfer of training 

(Liu, Macchiarella, & Vincenzi, 2008; Champney, Carroll, & Surpris, 2014), particularly, 

psychological fidelity is argued to be the most important type of fidelity for teamwork 

(Beaubien & Baker, 2004). However, more fidelity does not always result in better transfer 

(Alexander et al., 2005; Stevens et al., 2015). Similarly, Stevens, Kincaid and Sottilare 

(2015) found little support for the assertion that more immersion results in more transfer. 

Finally, presence has also been previously argued to potentially affect transfer (Stevens & 

Kincaid, 2015). However, the evidence to support this is limited (Massey, Montoya, & Wu, 

2013) and in some cases anecdotal (Stevens et al., 2015). Therefore, the remainder of this 

chapter will focus on exploring these three constructs and their potential effect on team 

effectiveness and performance.  
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3.3. Immersion 

From the review of frameworks on features endogenous to VEs for synthetic training 

(Section 3.2), it is apparent that immersion is an important consideration when designing 

VEs for the purpose of training. The term itself is often used to classify systems, such as 

being immersive or non-immersive (e.g. Bharathi & Tucker, 2015; Howard & Gutworth, 

2020), with VR technologies often being labelled as immersive technologies. However, it is 

not always clear why certain technologies belong to one category or the other. Similarly, 

there is no consensus on the definition of immersion amongst scholars, as evidenced by the 

different conceptualisations of the construct in the frameworks reviewed. Within the 

literature, the definitions and operationalisations of immersion are generally found to follow 

two epistemological approaches to explaining the construct: constructivist, a subjective 

psychological view wherein immersion describes the user experience; and positivist, an 

objective technological view wherein immersion describes the technology.  

This disconnect between the different operationalisations of the construct of immersion 

makes generalisation or, in some cases, the application of past results particularly difficult. 

Specifically, it is not always clear what authors mean by immersion, and as a result, it is 

difficult to ascertain whether different studies are indeed discussing and measuring the same 

construct (Brown & Cairns, 2004). Therefore, both technological and psychological 

definitions will be discussed, before determining the definition to be adopted throughout this 

thesis. 

3.3.1. Technological Immersion 

The most prominent and referenced work in this school of thought is arguably that of 

Slater et al. (Slater & Usoh, 1994; Slater & Wilbur, 1997). In both of these seminal papers, 

the authors define immersion as being an objective description of technology, a definition 

adopted by numerous scholars (Bowman & McMahan, 2007; Stevens & Kincaid, 2015; 

Cummings & Bailenson, 2016; Menin et al., 2018; Renganayagalu et al., 2019). Thus, a 

system’s level of immersion can be measured based on the extent to which it can deliver an 

illusion of reality along the following properties: 

• Inclusive - representing the extent to which external stimuli from the physical 

reality are shut out;  

• Extensive - representing the range of sensory modalities accommodated, with 

immersion increasing as the range broadens; 
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• Surrounding - representing the field of view that the VE fills; 

• Vivid - representing the quality of the information content and of the display 

used such as richness, resolution, and fidelity; 

• Matching - representing the degree and quality of body mapping, with head 

tracking being a requirement; 

• Self-representation in the VE – or the presence of a virtual body representing 

the user; 

• Plot - representing a self-contained narrative within the VE, separate from 

what is currently happening in the physical world, that the user can affect 

through actions (Slater & Wilbur, 1997, p. 605). 

By following the above definition, immersion can be conceptualised as a scale, since the 

level of immersion of one system can be higher or lower compared to another system; thus, 

operationalising the term as an ordinal measure. For example, a light-weight wireless HMD 

would be more immersive than a heavy and wired HMD with all other dimensions 

considered constant. In terms of team-based VEs, Slater and Wilbur (1997) consider 

vividness, plot, and interactivity to be the most important features for shared environments.  

In their later research, Slater et al. (2009, p. 195) further illustrate this: “The more that a 

system delivers displays (in all sensory modalities) and tracking that preserves fidelity in 

relation to their equivalent real-world sensory modalities, the more that it may be described 

as being “immersive””.  

This is similar to Bowman and McMahan’s (2007) definition of immersion as represented 

by the sensory fidelity of the system, thus being dependent on the system’s rendering 

software and display devices. Furthermore, Bowman and McMahan (2007) contend that 

interaction metaphors, or the different input devices available, do not influence the level of 

immersion of a system. Similarly, in an earlier theoretical piece, Slater and Usoh (1994) 

consider interaction to be separate from a system’s immersive properties. This was further 

established in their later work by Slater and Wilbur (1997) stating that the matching property 

has high level implications for the interaction methods used, but not explicitly including 

interaction metaphors in their definition of immersion. Whilst head tracking is seen as a key 

component for immersion in both Slater and Wilbur (1997) and Bowman and McMahan 

(2007) operationalisations of the construct, it could be argued that rather than it being an 

interaction metaphor, head tracking allows for a more fundamental and seamless delivery of 

the illusion of reality which would explain why it is a necessity for the matching property.  
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Conversely, Dalgarno and Lee (2010) consider the fidelity of the information presented 

and the extent as well as the types of interaction available within the environment to 

constitute immersion. However, the authors’ operationalisation of interaction is less focused 

on the input devices or interaction metaphors as discussed by Bowman and McMahan (2007), 

and instead it could be argued to encompass the matching and plot properties of immersion 

(i.e., embodied actions and communication, control over the environment and the ability to 

influence it).  

In a meta-analysis, Cummings and Bailenson (2016) attempted to operationalise 

immersion based on the impact of immersive features on presence as suggested by the effect 

sizes found. The authors found the following immersive features to be manipulated in 

studies: tracking level, stereoscopy, image quality, field of view, sound quality, update rate, 

and user perspective. Each of these features can be linked back to one of the original 

immersive properties proposed by Slater and Wilbur (1997), for example tracking level is a 

characteristic of the matching property and sound quality can be a characteristic of both 

extensive and vivid properties. However, unlike the Slater and Wilbur (1997) 

operationalisation of the construct, Cummings and Bailenson (2016) do not consider head 

tracking a requirement for immersion. As a result, desktop-based systems can still provide a 

certain level of immersion, rather than being classed as non-immersive due to the lack of 

head tracking capability. In conclusion, in the words of Cummings and Bailenson (2016, p. 

274) technological immersion “can be regarded as a quality of the system’s technology, an 

objective measure of the extent to which the system presents a vivid virtual environment 

while shutting out physical reality”. 

3.3.2. Psychological Immersion 

The second school of thought in the literature is represented by those scholars who 

conceptualise immersion as a subjective psychological state describing the user’s experience. 

Witmer and Singer (1998) consider immersion to be “something that the individual 

experiences”, characterised by feeling as if surrounded by and included in or absorbed by 

the stimuli and experiences afforded by a VE. This is similar to the definition of immersion 

adopted by Davis et al. (2009) in their model of metaverse capabilities for team collaboration. 

Witmer and Singer (1998, p. 227) further propose a set of technological capabilities which 

are argued to affect immersion: isolation from the physical world, perception of being 

included in the VE potentially through self-representation, natural interaction and control 

over the environment, and perception of moving in and interacting with entities in the VE. 
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Thus, immersion is argued to be a subjective psychological phenomenon, however, it is 

achieved through technological capabilities that are remarkably similar to the ones in the 

definition of technological immersion by Slater and Wilbur (1997). Indeed, the authors 

(Witmer & Singer, 1998) disagree with the view that immersion is an objective description 

of the technology, arguing that while technology is important for enabling an individual to 

experience immersion, ultimately, immersion is a psychological state.  

Another early definition of psychological immersion is the one proposed by Dede (1995) 

in the context of VEs used for education: the perception of participating in a VE and willingly 

suspending disbelief, or accepting the VE as a plausible reality, as a result. According to 

Dede (1995), the key capabilities of multi-user VR system are telepresence, perhaps another 

definition for co-presence or social presence, which is the feeling of co-presence between 

dispersed users; and immersion. The occurrence of these elements in the VE partly depends 

on the existence of actional and symbolic factors. Consequently, actional immersion can be 

induced by allowing the user to take actions with novel consequences. On the other hand, 

symbolic immersion can be induced by triggering emotional, intellectual, and normative 

responses through the content presented.  

The author (Dede, 1995) goes on to add the third category of physical immersion, a more 

technological category, represented by the sensory fidelity presented by the system to further 

enable the suspension of disbelief. However, immersion is not the only construct associated 

with the willing suspension of disbelief. In the synthetic training literature, psychological 

fidelity is often discussed in terms of individuals’ willing suspension of disbelief such that 

they act much as they would in the real-world equivalent of the task (Beaubien & Baker, 

2004; Marlow et al., 2016; Champney et al., 2017). Marlow et al. (2016) further illustrate 

this potential overlap between the two constructs by arguing that immersion can be likened 

to psychological fidelity. Conversely, in their distributed learning model, Kozlowski and Bell 

(2007, p. 13) argue that psychological fidelity is “a key feature of immersion”, defined as 

the sense of realism. Similarly, another term that often conceptually overlaps with immersion 

in the literature is presence, commonly defined as the sense of “being there”, with some 

authors using the terms interchangeably (Psotka, 1995; Ermi & Mäyrä, 2005; Alison et al., 

2012; Blumberg, Almonte, Anthony, & Hashimoto, 2012).  

Dede (1995) is not the only author to propose subcategories for immersion. Particularly 

in the video games psychology literature, there are two prominent works, those of Ermi and 

Mäyrä (2005) and Brown and Cairns (2004), which are often cited by scholars. Brown and 
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Cairns (2004) conducted a grounded theory investigation on immersion in video games. 

Based on their results, they proposed three levels of immersion, based on the degree of 

involvement with the video game: engagement, engrossment, and total immersion, defined 

as presence by the authors. Players’ level of immersion can fluctuate; however, each level 

has certain barriers associated with it that need to be removed before being able to experience 

each level of involvement. For example, the barriers to engagement are investment, in terms 

of time and mental effort, and access, in terms of preference and accessibility of controls so 

that the player can become an expert.  

Brown and Cairns (2004) further suggest that different levels of immersion may be 

necessary in different contexts, for example learning may only require the first level. Jennett 

et al. (2008, p. 657) agree with the above definition of immersion, arguing that immersion 

involves the following: “lack of awareness of time, a loss of awareness of the real-world, 

involvement and a sense of being in the task environment”. This definition presents a number 

of similarities with the Witmer and Singer (1998) definition of immersion and presence 

definitions above.  

Ermi and Mäyrä (2005) propose an alternative model to identify key components of 

gameplay experiences. Immersion has a particular focus in their model, with it distinguishing 

between three distinct types: sensory, imaginative and challenge based. Different activities 

can induce different types of immersion, for example a book might induce imaginative 

immersion, whereas a movie might induce both imaginative and sensory. Therefore, the 

authors (Ermi & Mäyrä, 2005, p. 7) propose immersion to be a "many-faceted phenomenon" 

that is experienced differently between games as well as between individual players.  

3.3.3. Potential Benefits/Effects 

The studies previously reviewed (Section 2.3) illustrated inconsistent findings when 

comparing various levels of technological immersion across different tasks. This suggests 

that the level of immersion necessary for a training benefit to be present could heavily 

depend on the task being trained. The majority of the studies reviewed (Section 2.3) 

compared systems based on the overall level of immersion, rather than isolating particular 

features. This is similar to the findings of Cummings and Bailenson (2016) in their meta-

analysis, with a number of studies included comparing systems with overall high- versus 

low- levels of immersion.  
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In contrast, Bowman and McMahan (2007) conducted a number of different studies 

isolating and manipulating the different immersive properties. For instance, they found that 

an improvement in task performance for a complex task in a highly immersive system did 

not hold true for a simpler task. Thus, they highlight that simply comparing an immersive 

system to a non-immersive one might not capture the entire picture behind the results. 

Instead, the interaction between the immersion components should be closely studied to 

ascertain which ones influenced the results whilst maintaining a high level of control. 

Furthermore, based on their findings, potential benefits of immersion include greater spatial 

understanding, decrease in information clutter, increased peripheral awareness, increased 

useful information bandwidth (Bowman & McMahan, 2007). Similarly, the authors argue 

that the sensory fidelity afforded by immersion, if mapped correctly to the ones found in the 

real environment, can help place the user "in" the context of the training (Bowman & 

McMahan, 2007). This could explain the increased use of immersive systems in the military, 

considering the belief that training should be representative of the way the soldiers intend to 

fight (Brown, 2010; Opall-Rome, 2015). 

In the context of teams, it has previously been suggested that a lack of immersion can 

result in reduced situation awareness (Salas, Burke, & Samman, 2001). Similarly, Alison et 

al. (2012) argue that by training in an immersive simulation, albeit based on the 

psychological definition, it encourages trainees to act as they would in the real situation thus 

increasing the validity of the method and improving the generalisability of results to natural 

decision making in high-risk teams. However, Alexander et al. (2005) contend that the nature 

of the relationship between the level of immersion in an experience and training transfer is 

unclear. Whilst this gap is highlighted in the context of psychological immersion, based on 

the results from prior research comparing different levels of technological immersion 

(Section 2.3), it remains a valid question in the context of technological immersion as well. 

In conclusion, there is an inherent issue with the psychological definition of immersion 

in that it often conceptually overlaps with that of presence and psychological fidelity. This 

lack of agreement on a common definition for immersion as well as the overlap with other 

constructs in some research, has been critiqued by scholars (Nacke & Lindley, 2008; 

McMahan, Bowman, Zielinski, & Brady, 2012; Massey et al., 2013). These conceptual 

overlaps could be argued to further compound the issue of inconsistent results in prior 

research as well as presenting difficulties for the generalisability of certain results since the 

definitions used for these terms do not match across studies. Therefore, in order to ensure 
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that there is a clear difference between immersion, presence and psychological fidelity, this 

thesis adopts the technological definition, in that immersion is the objective description of 

the system. This way, the systems used in this research can clearly be delineated on the 

spectrum of non-immersive to immersive, by the specification of the hardware and software 

used.  

3.4. Presence 

Presence has previously been argued to be a “distinguishing feature” of VR (Slater & 

Wilbur, 1997, p. 608), with some authors considering it an inherent experience when using 

immersive VR systems (Trahan et al., 2019). Similar to immersion, in the frameworks 

reviewed (Section 3.2) presence is suggested to be an important feature to consider in the 

design of training simulations.  

Previous work has been unable to agree on a common definition for immersion, thus the 

term’s conceptualisation in the literature falls into two distinct categories depending on the 

perspective taken: psychological or technological (Section 3.3). In contrast, the working 

definitions of presence used throughout scholarly works generally stem from it being a 

psychological construct representing the sense of “being there” in the VE (i.e. Slater & Usoh, 

1994; Montoya et al., 2011; Cummings & Bailenson, 2016). Nevertheless, there is an active 

debate on what can influence a user’s sense of presence, what the relationships are between 

it and other constructs, as well as what causal effects it may have on human performance. 

Furthermore, as previously discussed (Section 3.3.2), some authors use the terms immersion 

and presence interchangeably in the literature. This makes the interpretation of results 

difficult as it is not clear which construct is being measured. Therefore, in light of this thesis 

using the technological definition of immersion, it is important to develop an understanding 

of the nature of the relationship, if any, between that and the psychological construct of 

presence.  

This section thus evaluates the definitions of presence as well as some of the different 

perspectives on its manifestation in the literature. Furthermore, it explores the possible 

relationships between immersion and presence, before presenting some of the benefits 

presence is believed to have; based on past studies and their findings. 
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3.4.1. Presence Operationalisations 

The term telepresence, from which presence in the context of VEs evolved, was first 

coined by artificial intelligence scientist, Marvin Minsky (1980) to describe a sense of being 

there in a remote location through the use of teleoperator technologies. Draper et al. (1998) 

give a comprehensive review of the point of conception of telepresence, suggesting that 

references to the underlying psychological phenomena can be found as early as 1971. This 

gave a rise to a design philosophy of matching teleoperators’ experience as closely as 

possible to that of undertaking the mission physically in the target environment.  

Draper et al. (1998) describe three different definitions of telepresence commonly found 

in earlier work, namely that of simple telepresence, describing the ability to operate in a VE, 

cybernetic telepresence, referring to the quality and efficiency of the human-computer 

interaction, and experiential telepresence, describing the psychological state of being there 

in the computer-mediated environment. Similarly to immersion, early research followed two 

epistemological approaches to explaining telepresence: a technological one which aimed to 

explain how telepresence arises through the characteristics of the technology; and 

psychological in which it is compared and contrasted with known psychological phenomena 

(Draper et al., 1998).  

Steuer (1992) differentiated between the term presence and telepresence. According to 

the author, presence is defined as “the sense of being in an environment” (p. 75), which is 

related to how one experiences their physical surroundings. Thus, in order to differentiate 

from the experience one has in a mediated environment such as a VE, Steuer (1992) proposes 

telepresence to describe the experience of presence in a mediated environment, such as 

through a communication medium. Over the years, scholars have moved away from using 

the term telepresence, but the working definitions of presence generally derive from a 

personal sense. Typically, this is a function of the individual’s psychology and the sense of 

being there in the VE, of experiencing the VE instead of their physical surroundings (Witmer 

& Singer, 1998; Bowman & McMahan, 2007; Cummings & Bailenson, 2016; Slater & 

Sanchez-Vives, 2016).  

Whilst the definitions of the construct in the literature share a lot of similarities and appear 

to stem from the sense of being there, a number of scholars have deconstructed presence into 

different subconstructs that do not necessarily share similarities, leading to a fragmented 

conceptualisation of the term (Chertoff & Schatz, 2012): physical, social and self presence 

(Lee, 2004); environmental, social and personal (Heeter, 1992); spatial presence (Wirth et 
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al., 2007); co-presence (Dalgarno & Lee, 2010). However, as Davis et al. (2009) point out, 

presence is used as an over-arching construct for these concepts, typically encompassing 

them due to a lack of consensus on their definitions. Furthermore, in the frameworks 

reviewed (Section 3.2), presence was more prevalent than any of its subcategories, which 

could also be explained by the lack of consensus on their definitions. Indeed, Slater and 

Wilbur (1997, p. 611) argue that a “strong sense of presence may be even more essential for 

interpersonal interactions in shared VEs than it is for single-user applications”. Therefore, 

further discussion of the various subconstructs is outside the scope of this thesis as they are 

conceptually subsumed in the larger category.  

However, there is also no consensus on the factors that influence presence, or its 

manifestation. Chertoff and Schatz (2012) found that again two different perspectives were 

evident in previous work, one where presence is influenced by the technology employed, or 

factors that are exogenous to the individual. The other category is where presence is 

influenced by endogenous factors, individual characteristics, and past experiences (Table 

3-2). 

Author(s) Components of Presence 

Sheridan (1992) • Sensory information – amount and fidelity of sensations 

provided to user. 

• Control – amount of control the user has over the sensor 

mechanisms. 

• Environment modification – amount of modification the user 

can make to the environment.  

Heeter (1992) • Environmental – amount the environment appears to respond 

to the user’s existence within the world. 

 • Social – amount of support received by a user from other 

users that they are in a VE. 

 • Personal – various perceptual factors relating to how and 

why the user might feel that they are in the environment. 

Lombard and Ditton (1997) • Physical – the user’s sense of being physically at some 

location.  

• Social – the user’s feeling of being together or 

communicating with another person. 

Zahoric and Jenison (1998) • Environment support – presence emerges based on 

successful support of user action by the environment. 

Mantovani and Riva (1999) • Social construction – view presence as the relationship 

between actors and their environments. User interaction 

toward the environment is important as well. 
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Witmer and Singer (1998) • Control – extent to which a user can interact with and 

manipulate the VE. 

• Sensory – the number, types, richness, and consistency of 

sensations a user will feel. 

• Distraction – amount of hardware and surrounding external 

environment affect the user’s ability to focus on the VE. 

• Realism – how connected and consistent VE information is 

to the real-world and how well the user related to the 

information. 

IJsselsteijn, de Ridder, 

Freeman, and Avons (2000) 
• Sensory – extent and fidelity of sensory information. 

• Sensory-motor contingencies – how well a user’s actions 

match the spatiotemporal effects of those actions. 

• Content factors – contains ways in which the user can 

interact with and modify the environment. 

• User characteristics – user perceptual, cognitive, and motor 

abilities, previous experience, susceptibility to simulator 

sickness, and a willingness to suspend disbelief. 

Lee and Nass (2001) • Technology factors – objective quality of technology. 

• User factors – individual differences. 

• Social factors – social characteristics of technology. 

Table 3-2. Components of presence (recreated from Chertoff & Schatz, 2012, p. 859) 

Alexander et al. (2005) contend that the increased fidelity and high number of interactions 

present in most training simulations may lead to a stronger sense of presence. Conversely, 

others contend that there is evidence to suggest that high levels of presence can be achieved 

with lower levels of fidelity and immersion and vice versa (Stevens & Kincaid, 2015). The 

effect of immersive technological properties was studied through a meta-analysis by 

Cummings and Bailenson (2016), who found that immersion has a medium sized effect on 

presence.  

Another research study looking at the effect of presence on the task performance of 

military personnel for a procedural task compared an HMD system to a desktop setup, as 

well as novices to experts (Stevens & Kincaid, 2015). The results suggested that the higher 

immersion condition was found to induce both higher presence and higher performance than 

the lower immersion desktop system. In contrast, Makransky et al. (2019) compared a 

desktop to an HMD setup for a procedural learning task with students but found that although 

there was higher reported presence in the HMD group, there was lower learning reported 

and higher cognitive load. This difference in results between the two studies (Stevens & 

Kincaid, 2015; Makransky, Terkildsen, et al., 2019) could have several potential 
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explanations. First, it could be due to the nature of the tasks, since evidence suggests that the 

effect of setup on performance is influenced by the task being trained (Section 2.3.2). Second, 

performance in the first study (Stevens & Kincaid, 2015) was measured objectively, whereas 

in the second it was a self-report measure of learning, which could be subject to recall bias. 

Finally, the instrument used to measure presence was different between the studies, thus it is 

not clear whether the two studies measured the same construct. This is another example of 

the potential issues that arise due to the fragmented nature of the literature surrounding 

presence and its operationalisation.  

Nevertheless, some authors argue that both types of factors, endogenous and exogenous, 

influence presence. In their operationalisation of the construct, Witmer and Singer (1998) 

argue that both psychological immersion and involvement are prerequisites of presence, with 

immersion being dependent on technological features. Thus, presence is influenced by both 

the VE and individual differences, a view adopted by authors of the adapted Virtual Team 

Research Model (Priest et al., 2004). Bowman and McMahan (2007) contend that presence 

is influenced by the technological immersion level of the system used, but at the same time, 

it is a function of users’ psychology and recent history. Similarly, Slater and Wilbur (1997) 

propose both objective and subjective facets to presence and its manifestation. Subjective 

factors are hypothesised to be the willingness to suspend disbelief and preferences of 

information channels for the successful development of mental models of the world. On the 

other hand, objective factors are a function of the immersive properties of the system and 

behavioural cues, such as acting much the same as they would in the real-world. This link 

between the subjective willing suspension of disbelief and objective behaviour in the VE 

that is congruent with behaviour in the real-world, has been previously linked to both 

immersion and psychological fidelity (Beaubien & Baker, 2004; Marlow et al., 2016; 

Champney et al., 2017), further compounding the issues of delineation between the three 

constructs.  

The importance of building a mental model of the VE and its associated possible actions, 

as well as the willing suspension of disbelief were also highlighted by Wirth et al. (2007) as 

a precondition for presence, or in the case of the authors’ work, spatial presence. In the 

context of their research, presence is argued to be a two-step process. In the first step, the 

user must perceive the mediated space as a plausible environment, thus constructing a 

“spatial situation model”, or rather, a mental model of the mediated environment. This is 

similar to Slater and Sanchez-Vives’ (2016) plausibility aspect of presence, or the illusion 
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that the events acted on by and to the individual are actually happening. Next, users must 

experience the environment as a primary egocentric reference frame, which implies "self-

location" in that space (Wirth et al., 2007), or the place illusion aspect of presence (Slater & 

Sanchez-Vives, 2016). Therefore, the development of a mental model is important to enable 

the willing suspension of disbelief, leading to a sense of being located in the mediated 

environment. This is further supported by the finding that when visual aspects, such as the 

environment or self-representation in the VE, or the available interactions are different to 

expectations, lower levels of presence were reported (Davis et al., 2009). The importance of 

natural interaction techniques for presence were also highlighted by Slater and Usoh (1994). 

Finally, it is argued that presence is an experience that can only happen as a result of 

media exposure (Wirth et al., 2007). Thus, only those users can experience presence who 

pay attention to the mediated environment, whether in a controlled manner or involuntarily. 

The importance of attention allocation for presence can be likened to the construct of 

involvement (Witmer & Singer, 1998). Slater and Wilbur (1997) further propose that 

presence is unique to immersive VR systems. However, the uniqueness of presence to VEs, 

whether immersive or not, has previously been disputed, such as the “book problem” which 

proposes that individuals can experience a certain level of presence without an experience 

mediated by immersive technology, rather, imagination can compensate to a certain degree 

for the deficit in external stimuli (Wirth et al., 2007). 

3.4.2. Potential Benefits/Effects 

Presence has previously been argued to be an essential feature of VEs (Cummings & 

Bailenson, 2016). Early work hypothesised that users who are "highly present" should find 

the VE more engaging than reality (Slater & Wilbur, 1997). Similarly, Psotka (1995) 

proposed that the benefit of psychological immersion, the definition of which overlaps with 

that of presence, is engagement and motivation. Although this does come from novelty it 

also opens up new ways to learn. Indeed, authors commonly link presence to increased 

engagement in the context of training (Alexander et al., 2005; Bell et al., 2008; Howard & 

Gutworth, 2020). This link can also be found in the teamwork literature, with the common 

belief being that VEs lead to higher engagement than traditional media for distributed work, 

attributing it to their higher levels of realism and ability to make users forget that they are 

not co-located (Boughzala et al., 2012). This ability to make users forget their inherent 

geographical separation could be argued to be in part due to presence, having a sense of 

being there together in the VE. This was also highlighted by Massey et al. (2013) since 
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people are able to not just “be there” but also “be there together” potentially leading to 

enhanced perceptions of teamwork quality.  

Massey et al. (2013) conducted a study with 91 participants undertaking a collaborative 

decision-making task to test this hypothesis and found that presence had a positive 

significant effect on teamwork quality and individual learning, suggesting that presence 

enables team members to work together on decision-making tasks at a similar level of 

effectiveness to how they would in a typical FtF setting. Furthermore, the results suggest 

that individual perceptions of teamwork are the only ones with an effect on team outcomes. 

Based on this Massey et al. (2013, p. 899) concluded that “it is not the VE itself nor the 

user’s perceived presence in the VE, but rather the quality of teamwork that the VE enables 

is the key driver of performance". This is surprising, since presence is often argued to be a 

predictor of performance, with higher presence leading to increases in performance and 

learning (Witmer & Singer, 1998; Tichon & Wallis, 2010; Cummings & Bailenson, 2016). 

Moreover, Stevens and Kincaid (2015) found a moderate, significant correlation between 

presence and performance when comparing desktop to immersive VR (HMD) with novice 

and expert samples. This finding could be potentially explained by the use of the HMD, since 

the study by Massey et al. (2013) only used a desktop VE with no comparison group. 

Similarly, Lackey et al. (2016) conducted a study with 16 four-person teams comparing 

traditional lecture-based training with desktop-based synthetic training on a live 

performance test for a room clearing scenario. Contrary to the findings above, the authors 

found that self-report measures, such as presence, psychological immersion, and engagement, 

of the trainees’ experience in the VE did not predict performance.  

Whilst immersion is an objective description of a technology in the context of this thesis, 

presence is a subjective description of the individual’s experience that is characterised by a 

sense of ‘being there’ in the VE. The evidence reviewed illustrates that there is a relationship 

between the two constructs, with higher levels of immersion being suggested to lead to an 

increase in presence (Stevens & Kincaid, 2015; Cummings & Bailenson, 2016). However, 

the evidence of an effect on performance is conflicting. Certainly, this discrepancy in results 

could be in part due to the way presence is measured, since over the years a number of 

different methods have been proposed (Chertoff & Schatz, 2012). Another explanation, 

which could also explain the different measurement methods, is the fragmented literature on 

the factors that contribute to the manifestation of presence as illustrated in this review. To 

conclude, this thesis takes the perspective that presence is influenced by both technological 
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factors (immersion) and individual characteristics, and thus should be affected by both the 

technology used and the users’ inherent characteristics. 

3.5. Fidelity 

The goal of any training intervention is positive transfer to the operational environment. 

Thus, the concept of fidelity, broadly defined as the level of similarity between the simulated 

content and its real-world reference, was found to be an important synthetic training system 

property to be considered (Section 3.2). Within the synthetic training area particularly, 

fidelity has long been the subject of intense study with the belief that the amount of transfer 

is proportional to the fidelity of the system (Drews & Bakdash, 2013; Stevens et al., 2015). 

However, this assertion that more fidelity results in more transfer has been disputed (Ragan 

et al., 2015; Stevens et al., 2015), especially since a trade-off exists between cost and fidelity 

(Alexander et al., 2005; Champney et al., 2014). Instead, evidence suggests that different 

levels of fidelity are effective for different tasks and levels of expertise (Beaubien & Baker, 

2004; Liu et al., 2008; Champney et al., 2014; Hamstra et al., 2014; Stevens et al., 2015). 

Thus, considering the cost trade-off, design decisions need to be made based on evidence 

and they should be targeted for the requirements of each task (Tichon & Wallis, 2010; Ragan 

et al., 2015; Ministry of Defence, 2017b). However, it is still not clear how ‘much’ fidelity 

is required to achieve the desired training effect (Liu et al., 2008; Renganayagalu et al., 2019), 

or indeed, how best to quantify it so that comparisons can be made. For example, high 

fidelity can mean high complexity which in turn requires more cognitive resources and hence 

results in higher workload and impeded learning (Liu et al., 2008; Hamstra et al., 2014). The 

issue is further compounded by the lack of consensus on the definition of fidelity, which can 

lead to inconsistencies in research on the topic (Liu et al., 2008; Hamstra et al., 2014). 

Therefore, it is important to develop an understanding of fidelity’s operationalisation and 

effect in different contexts. 

Since there is no consensus on what constitutes fidelity, even though it is clear that it is 

not a ‘one size fits all’, it is important to explore the different subconstructs and, in particular, 

psychological fidelity, which is argued to be the most important for teamwork (Beaubien & 

Baker, 2004). Therefore, the different classifications will be discussed next, followed by a 

review of psychological fidelity and its operationalisation in the context of this thesis. 
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3.5.1. Different Conceptualisations of Fidelity 

The definitions of a simulation’s fidelity used in the literature are generally found to be 

variations of the construct representing the degree to which the virtual environment emulates 

the real-world equivalent (Alexander et al., 2005; Stone, 2011; Alison et al., 2012; Ministry 

of Defence, 2017b; Renganayagalu et al., 2019). However, as presented in an earlier 

discussion on the difference between simulators and simulation (Section 2.2.4), a 

misconception exists that fidelity is a unidimensional construct. Numerous authors critique 

the practice of labelling training systems based on a high/low fidelity dichotomy, arguing 

that fidelity is comprised of certain subconstructs and that it should be understood on a 

continuum (Bowers & Jentsch, 2001; Beaubien & Baker, 2004; Alexander et al., 2005). 

However, to date, no consensus has been reached on the various subcategories thought to 

comprise fidelity. Liu et al. (2008) contend that the subconstructs of fidelity fall within two 

overarching categories: physical, or the extent that the simulation emulates the look, feel, 

and sounds of the real-world equivalent; and psychological-cognitive, or the extent that the 

simulation evokes the psychological and cognitive processes present in the real-world 

equivalent task. Therefore, the different classifications found as part of the current review 

are presented in a comparable manner to Liu et al. (2008): 

Term References Definition 

Physical Fidelity Alexander et al. (2005); Alison 

et al. (2012); Bowers and 

Jentsch (2001); Cannon-

Bowers and Bowers (2009); 

Champney et al. (2014); 

Drews and Bakdash (2013); 

Liu et al. (2008); Kozlowski 

and DeShon (2004); MOD 

(2017b); Renganayagalu et al. 

(2019); Stevens et al. (2015); 

Stone (2011) 

The extent that the simulation 

emulates the look, feel, and sounds of 

the real-world equivalent. 

Equipment Fidelity Beaubien and Baker (2004) The extent that the simulation 

emulates the look and feel of the 

real-world equivalent. 

Structural Fidelity Hamstra et al. (2014) The extent that the simulation 

emulates the look and feel of the 

real-world equivalent. 

Environment Fidelity Beaubien and Baker (2004) The extent that the simulation 

emulates sensory cues (motion, 

visual, etc.) from the real-world 

equivalent. 
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Sensory Fidelity Bowman and McMahan 

(2007) 

The extent that the simulation 

emulates sensory cues (motion, 

visual, etc.) from the real-world 

equivalent (often used synonymously 

with technological immersion). 

Display Fidelity  Ragan et al. (2015); Srivastava 

et al. (2019) 

The extent that the visual stimuli 

present in the VE emulate the real-

world equivalent.  

Interaction Fidelity Ragan et al. (2015); Srivastava 

et al. (2019) 

The extent that the sensory-motor 

feedback replicates the real-world 

equivalent interactions. 

Scenario Fidelity Ragan et al. (2015) The extent that the simulation 

emulates the behaviours, rules, and 

object properties of the real-world 

experience. 

Functional Fidelity Alexander et al. (2005); 

Bowers and Jentsch (2001); 

Champney et al. (2014); 

Hamstra et al. (2014); 

Renganayagalu et al. (2019); 

Stevens et al. (2015); Stone 

(2011) 

The extent that the simulation 

emulates the operation of the real-

world equivalent in reaction to the 

trainee’s actions. 

Psychological Fidelity Bowers and Jentsch (2001) The extent that the simulation 

emulates the essential cues and 

consequences of the real-world 

equivalent task.  

Psychological Fidelity  Alexander et al. (2005); Alison 

et al. (2012); Beaubien and 

Baker (2004); Champney et al. 

(2014); Drews and Bakdash 

(2013); Liu et al. (2008); 

Kozlowski and DeShon 

(2004); MOD (2017b); 

Stevens et al. (2015); Stone 

(2011) 

The extent that the simulation evokes 

the behavioural, emotional, and 

cognitive processes present in the 

real-world equivalent task. / The 

extent that the simulation causes the 

trainees to suspend disbelief and 

behave similar to how they would in 

the real-world. 

Cognitive Fidelity 

/Authenticity 

Cannon-Bowers and Bowers 

(2009) 

The extent that the simulation evokes 

similar cognitive and emotional 

processes to those in the real-world 

equivalent. 

Social Fidelity Lukosch et al. (2019) The extent that simulation emulates 

real-world social interactions. 

Table 3-3. Fidelity subconstructs and their definitions. 

A number of the various subconstructs presented in Table 3-3 significantly overlap, such 

as physical, equipment and structural fidelity. On the other hand, there are some that do not 

share any similarities, such as psychological fidelity (under physical fidelity in the table) and 

cognitive fidelity or social fidelity, emphasising the fragmented nature of the 

conceptualisation of fidelity. Therefore, it illustrates some of the causes compounding the 
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difficulty of quantifying the assignment of fidelity, which could explain some of the 

inconsistencies found in the research on the topic (Liu et al., 2008; Hamstra et al., 2014). 

3.5.2. Fidelity and Transfer 

There is a long-standing practice in the design of synthetic training systems of focusing 

on physical fidelity in order to maximise transfer (Bowers & Jentsch, 2001; Kozlowski & 

DeShon, 2004; Stevens et al., 2015; Renganayagalu et al., 2019). Indeed, according to 

Thorndike and Woodworth’s (1901) theory of elements, positive transfer occurs when the 

simulated task and its real-world equivalent share common elements. This perspective on 

transfer is also sometimes called “specific transfer” (Drews & Bakdash, 2013), since studies 

testing the validity of the theory successfully demonstrated the specificity of transfer - 

removing certain elements from the training task resulted in lower transfer (Alexander et al., 

2005).  

Considering that the application of this theory in the design of training systems requires 

reproducing the real-world task as realistically as possible, it can lead to higher costs, time 

requirements, and potentially turn out to be inefficient (Kozlowski & DeShon, 2004). In 

contrast, there is a growing base of evidence suggesting that more fidelity does not always 

result in more transfer (Liu et al., 2008; Ragan et al., 2015; Stevens et al., 2015). Instead, it 

is proposed that the level of fidelity required will vary based on several factors, such as 

trainee experience and the task being trained (Beaubien & Baker, 2004; Liu et al., 2008; 

Tichon & Wallis, 2010; Ragan et al., 2015). Beaubien and Baker (2004, p. i55) suggest that 

there is “no direct relationship between the level of fidelity and teamwork training 

effectiveness”. Indeed, this is supported by findings that the relationship between the two 

constructs is non-linear, and it potentially follows the law of diminishing returns, where the 

rate of transfer is higher at the beginning of training, decreasing with the amount of time 

spent training (Liu et al., 2008).  

Researchers critique the arguably technology-centred approach of focusing on physical 

fidelity as it fails to consider the trainee’s learning experience (Kozlowski & DeShon, 2004; 

Champney et al., 2014). Instead, authors suggest that a focus on psychological fidelity is 

more appropriate, with elements of physical fidelity added as and when required for a more 

perceptually realistic context (Kozlowski & DeShon, 2004; Stone, 2011; Alison et al., 2012; 

Drews & Bakdash, 2013). This view is further supported by the theory of transfer 

appropriate processing, predicting that positive transfer occurs when the psychological 
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processes of the real-world task are elicited by the simulation (Drews & Bakdash, 2013). In 

the context of team training, some authors contend that all types of fidelity are important, in 

this case physical, functional, and psychological (Driskell et al., 2014). Conversely, others 

argue that practitioners should prioritise psychological fidelity for team training systems 

(Beaubien & Baker, 2004; Tschan & Semmer, 2012; Champney et al., 2017; Ministry of 

Defence, 2017b). Accordingly, a more thorough discussion of psychological fidelity is 

warranted.  

3.5.3. Psychological Fidelity 

Whilst scholars generally agree on the importance of psychological fidelity for designing 

effective training systems, the definitions used can vary in the literature. In some cases, the 

definition shares similarities with that of functional fidelity, thus it is more technology-

centred than human-centred (Bowers & Jentsch, 2001; Marlow et al., 2016). However, most 

commonly, the definitions in the literature and the one adopted throughout this thesis 

describe it as the ability of the simulation to elicit similar cognitive, emotional, and 

behavioural responses from the user as the real-world equivalent (Kozlowski & DeShon, 

2004; Alexander et al., 2005; Liu et al., 2008; Stone, 2011; Drews & Bakdash, 2013; 

Champney et al., 2014; Stevens et al., 2015; Ministry of Defence, 2017b). Beaubien and 

Baker (2004, p. i52) operationalise psychological fidelity in a slightly different manner, 

arguing that a system is high in psychological fidelity if “the trainees temporarily suspend 

disbelief and interact much as they would in the real-world”. This description is also adopted 

by Champney et al. (2017).  

Nevertheless, it still shares similarities with the more traditional definitions, since it could 

be argued that by evoking similar cognitive, emotional, and behavioural processes as the 

real-world task, it increases the plausibility of the VE, thus individuals are more likely to 

feel that they are part of the environment and willingly suspend disbelief. In other words, 

psychological fidelity is supported by satisfying the requirements for presence as proposed 

by Wirth et al. (2007), as well as those hypothesised by Slater and Wilbur (1997; Section 

3.4.1). This potential relationship between presence and psychological fidelity was also 

noted by other researchers (Alexander et al., 2005; Lukosch, 2014). 

The importance of successfully eliciting psychological processes through synthetic 

training systems has previously been discussed (Section 2.2.5). Some of the benefits include 

better team learning (Goodwin et al., 2018), as well as enhanced knowledge and skill 
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development (Dede, 1995; Cannon-Bowers & Bowers, 2009). The ability to elicit emotional 

arousal in trainees has also been linked to the development of mental models (Bell et al., 

2008), memory retention (Buttussi & Chittaro, 2018), and potentially learning (Cannon-

Bowers & Bowers, 2009). Considering that physiological factors, such as stress, fear, and 

workload, are commonly used as an indirect measure of whether a level of psychological 

fidelity has been achieved in the VE (Alexander et al., 2005; Liu et al., 2008; Champney et 

al., 2014; Daglius-Dias & Scalabrini-Neto, 2016), it further illustrates why researchers 

emphasise its criticality for training systems. Conversely, presence is also argued by some 

to induce emotional arousal (Buttussi & Chittaro, 2018), whereas others found weak 

evidence of immersion (psychological) and presence having an effect on stress and workload 

(Lackey et al., 2016). Therefore, the nature of the relationship between the constructs of 

presence and psychological fidelity is not clear.  

In conclusion, evidence suggests that psychological fidelity should be prioritised over 

other types of fidelity, especially in the case of team training (Beaubien & Baker, 2004; 

Tschan & Semmer, 2012; Champney et al., 2017; Ministry of Defence, 2017b). However, it 

is not clear what the optimal level of psychological fidelity is for improving learning 

(Cannon-Bowers & Bowers, 2009), or, more specifically, for training teamwork. 

Furthermore, the conceptualisation of both presence and psychological fidelity shares certain 

similarities. To further compound the issue of being able to clearly distinguish between the 

two constructs, some researchers consider physiological responses to be indicative of 

presence (Meehan, Insko, Whitton, & Brooks, 2002), or psychological immersion (Jennett 

et al., 2008). On the other hand, it is believed that immersion, as defined in this thesis, affects 

presence (Section 3.4.1). Therefore, more work is needed to explore the nature of the 

relationship between these three constructs, which will thus now be one of the aims of the 

research effort described in this thesis. 

3.6. A Model of Team Training in Virtual Environments 

This chapter critically reviewed a number of different synthetic training design 

frameworks to ascertain what features could be important for the optimisation of these 

training systems (Section 3.2). However, to date, none of the frameworks reviewed have 

been empirically validated in a synthetic team training context. Nonetheless, the theoretical 

underpinnings of these frameworks helped identify an initial set of three key features in the 
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design of synthetic training systems, and thus to consider as part of this thesis; immersion, 

presence, and psychological fidelity. 

Indeed, in the case of the difference between traditional desktop-based systems and 

immersive VR systems, the construct of immersion is arguably the biggest cost-driver. 

However, the definition of immersion in the literature often conceptually overlaps with the 

definitions of presence and psychological fidelity (Section 3.3.2). Thus, in the context of this 

research, the positivist definition of immersion is adopted as being an objective and 

measurable description of a system (Slater & Wilbur, 1997; Bowman & McMahan, 2007). 

As a result, it is possible to have a system that is more immersive than another (HMD vs 

desktop). In contrast, presence is a subjective, user-specific, psychological response to the 

VE that the user experiences, which can be defined as a sense of “being there” in the 

environment (Witmer & Singer, 1998; Bowman & McMahan, 2007; Cummings & Bailenson, 

2016; Slater & Sanchez-Vives, 2016).  

Finally, fidelity, or the degree to which the VE realistically replicates the real-world, can 

be categorised as a construct in several ways depending on the author (Section 3.5.1), 

however, psychological fidelity is considered to be the most important for team training 

interventions (Beaubien & Baker, 2004; Tschan & Semmer, 2012; Champney et al., 2017; 

Ministry of Defence, 2017b). Generally, psychological fidelity is defined as the ability of the 

VE to engage users in similar processes, psychological or otherwise, as they would in the 

real-world. To achieve this, it is considered by some to also be the ability of the VE to elicit 

the willing suspension of disbelief and so their virtual behaviour matches real-world 

behaviour (Beaubien & Baker, 2004; Champney et al., 2017), a definition, which overlaps 

with that of presence (Section 3.5.3). It has been further suggested that a system is high in 

psychological fidelity if it successfully recreates the levels of physiological arousal (i.e., 

stress) that would be present in the real-world equivalent (Alexander et al., 2005; Liu et al., 

2008; Champney et al., 2014). To further illustrate the current ambiguity surrounding these 

three constructs though, presence has also been suggested to induce emotional arousal 

(Buttussi & Chittaro, 2018). However, Lackey et al. (2016) found weak evidence of presence 

and immersion having an effect on stress and workload. Additionally, some argue that 

presence can be achieved without immersion (Bowman & McMahan, 2007; Jennett et al., 

2008). Nevertheless, some evidence suggests that technological immersion can affect 

presence (Stevens & Kincaid, 2015; Cummings & Bailenson, 2016).  
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Figure 3-6. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004). 

Therefore, the nature of the relationship between these three constructs is unclear, as well 

as their individual or compound effect on teamwork. Thus, an initial model of team training 

in VEs was constructed (Figure 3-6) based on the virtual team performance model by Priest 

et al. (2004). This updated model is specifically targeted at team training in VEs and its 

transfer to the real-world, unlike the original version that considered virtual teams and their 

performance on the job, which would also be virtual in nature. While involvement was one 

of the individual moderators in the original model by Priest et al. (2004), no other framework 

highlighted its importance (Section 3.2). Indeed, the construct was found to conceptually 

overlap with psychological immersion within the video games psychology literature (Section 

3.3.2), as well as being argued to be a prerequisite for presence by some (Section 3.4.1). In 

contrast, psychological fidelity’s importance for team training was highlighted in the 

literature (Section 3.5.3). Consequently, involvement was not included in the current model. 
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Figure 3-7. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004) and updated 

with the Input and Output from Baldwin and Ford (1988). 

The main reason for focusing on the influence of technological features (Individual 

Moderators) on teamwork Processes during training, is that the goal of training systems is 

maximising transfer (Output) to the operational environment (Section 2.2.5). Furthermore, 

for teams that train in VEs, unless they are virtual teams, the operational environment is 

likely to be in a live real-world context, rather than a VE. Therefore, the seminal training 

transfer framework by Baldwin and Ford (1988) was incorporated to denote the input and 

output of the training intervention, as well as depict where the VE’s influence would be 

situated, as an input under Training Design (Figure 3-7).  
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Figure 3-8. Model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), Baldwin and 

Ford (1988) and updated with the Environmental Moderators from Driskell et al. (2003). 

The environmental moderators depicted in the model (Figure 3-8) have been previously 

identified by Driskell et al. (2003), however, further support for their inclusion was found as 

part of the current research. There is extensive evidence to suggest that the type of CMC can 

influence team processes (Section 2.2.6), as well as an established view that temporal factors 

such as the team’s lifespan (ad hoc vs established teams) can affect teamwork (Section 

2.2.2.1). Similarly, the influence of task type is illustrated both through the inconsistent 

findings of prior studies (Section 2.3), as well as through the theoretical work in the team 

literature (Section 2.2.2.1). Moreover, it can be argued that these factors will influence team 

processes at multiple points during training, as depicted by having two arrows at different 

stages (Driskell et al., 2003). For example, it is expected that the type of CMC will influence 

both the way teams engage in teamwork processes during training as well as the way these 

processes are learnt. 
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Figure 3-9. The proposed Model of Team Training in Virtual Environments. Adapted from Priest et al. 

(2004), Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). 

In the proposed model (Figure 3-9), the three Virtual Environment Moderators identified 

are illustrated as moderators of the teamwork processes from the “Big Five” Teamwork 

Model (Salas et al., 2005). Since the relationship between the three constructs is not clear, a 

dotted line was used to illustrate potential interactions between the constructs.  

Considering that team processes are essentially mediated by the technology used, this 

research will not evaluate the overall effectiveness of the training system, which would be 

influenced by the quality of the instructional design. Instead, this thesis considers the extent 

that technology may influence the ability of team members to demonstrate and engage in 

these processes, i.e., at the user level. This is an important distinction to be made, since 

without the presence of adequate technological affordances for certain team-related tasks, 

learning may not necessarily happen (Dalgarno & Lee, 2010). Consequently, before 

attempting to evaluate the effectiveness of a training intervention, it is important to 

understand to what extent the technology is able to afford teams to engage in the relevant 

processes without the added confound of the quality of the instructional curriculum. 

Furthermore, previous research suggests that the quality of teamwork is a key enabler of 

performance (Massey et al., 2013). As a result, this research explores the effect of immersion, 

presence, and psychological fidelity on teamwork perception in a performance episode, 
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rather than a training scenario. Consequently, the following refined research questions are 

the focus of this thesis: 

Do individuals’ perception of teamwork in a team-based virtual environment change with 

the level of immersion, presence, and psychological fidelity? 

What is the nature of the relationship between immersion, presence, and psychological 

fidelity, and how does it influence individuals’ perception of teamwork?
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Chapter 4  

 

Research Method 

4.1. Introduction 

Evidence supports the effectiveness of team training delivered through desktop-based 

VEs (Aggarwal et al., 2004; Salas, Cooke, et al., 2008; Shuffler et al., 2012; Forrest et al., 

2013; Barton et al., 2017). However, there is also an emphasis on the need to design these 

interventions based on scientific and theoretical principles of learning and teamwork 

(Shuffler et al., 2012; Forrest et al., 2013). Designers of these systems can draw on the 

significant body of literature dedicated to the theoretical study of teamwork and, more 

generally, to learning theories. However, less is understood about system-specific features 

and their potential effect on the knowledge, skills, and attitudes (KSAs) being trained (Bell 

et al., 2008). Whilst it is evident that the technology alone is not sufficient to ensure effective 

training (Rosen et al., 2008; Dalgarno & Lee, 2010), it is important that its features are 

optimally harnessed (Marlow et al., 2016) and matched to the training objectives (Bell et al., 

2008). Based on a review of extant frameworks and studies, the model of Team Training in 

Virtual Environments was proposed with an initial set of three potential VE-specific 

moderators (Figure 3-9). Therefore, the aim of this research was to validate the addition of 

immersion, presence, and psychological fidelity to the model. The purpose of this chapter is 

to present the experimental design proposed to address these aims and objectives.  

A common issue in the scientific community in this area of research is the disagreement 

on the definition and operationalisation of the various constructs of interest (Chapter 3). In 

the case of teamwork, scholars have proposed numerous models to describe what processes 

comprise teamwork (Section 2.2.1). Inherently, the model selected would influence the 

measures of teamwork employed. Whilst this is just one example, it highlights how the 

fragmented nature of the constructs being studied can lead to inconsistencies in results and 

practice. This in turn can lead to a disconnect between scholars and current practice since it 

is difficult to ascertain whether different studies are indeed discussing and measuring the 

same constructs. Therefore, this chapter first presents the design and the conceptual 
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framework that this research is based on, outlining the definition and operationalisation of 

the constructs of interest as well as any potential relationships and intervening variables. 

This is followed by a discussion of the sample and materials employed. Finally, it presents 

the procedure. Although this does not ‘unify’ all existing work, it does clearly present the 

theoretical position in which this research is grounded, so that the results here can be used 

in the future. 

4.2. Design 

This research sought to address the following questions, identified as a result of an 

extensive review of the literature (Chapter 3): 

1. Do individuals’ perception of teamwork in a team-based virtual environment change 

with the level of immersion, presence, and psychological fidelity? 

2. What is the nature of the relationship between immersion, presence, and 

psychological fidelity, and how does it influence individuals’ perception of teamwork? 

 

Figure 4-1. Model of Team Training in Virtual Environments: highlighting the research aim, the influence of 

Virtual Environment Moderators on Teamwork (Process). 
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The aim of this research was that by addressing these questions the addition of immersion, 

presence, and psychological fidelity to the model of Team Training in Virtual Environments 

could be validated (Figure 4-1). Thus, the overarching objective is to test theory, or to explain 

a phenomenon. This is achieved by studying the relationships between the variables of 

interest, requiring a quantitative methodology, since qualitative research is best suited for 

explaining and understanding why a relationship exists, or to describe a phenomenon (Leedy 

& Ormrod, 2015; Creswell & Creswell, 2018). The choice of approach is similar to past 

studies exploring the effects of immersion and presence on learning or task performance, 

which also followed a quantitative research approach with experimental designs (for 

example Stevens & Kincaid, 2015; Buttussi & Chittaro, 2018; Clifford et al., 2018; 

Makransky, Terkildsen, et al., 2019). Therefore, a quantitative methodology is chosen, 

aiming for objectivity in the research process and arguing that the constructs of interest are 

numerically quantifiable for the purpose of theory testing (Creswell & Creswell, 2018). 

Turner and Turner (2002) developed a 3-layer evaluation framework for collaborative 

VEs, which offers a useful conceptualisation for identifying the items of importance for this 

research. It is based on the notion that these systems must satisfy three broad requirements: 

usability, collaborative work, and fitness for purpose. These were conceptualised as 

affordances: basic usability affordances, embodied affordances, and cultural affordances, 

which is helpful in situating the purpose of this research.  

Basic usability affordances are design heuristics in which design features lend themselves 

to perceived affordances, helping users understand how they should work. Thus, evaluation 

at this layer would take the form of usability testing. This would need to be completed for 

every bespoke synthetic team training system. However, that is not part of the core aims of 

the research and so an alternative is required. It is possible that by using a published and 

established multiplayer video game as the apparatus (i.e., one that has had post launch 

updates and has been used for an extended period of time), the evaluation at this layer would 

have been conducted as part of the game’s quality assurance process.  

Embodied affordances afford user tasks and interactions in the environment, such as 

communicating and navigating around. Since in a VE all interactions are mediated by the 

technology used, the system must have affordances for successfully enabling these 

interactions to take place in the already constrained medium. At this level, there are also 

affordances for fidelity, presence, and engagement, which are inherently linked to these 
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embodied actions. This again is something to consider before attempting to evaluate at the 

next level, that of fitness for purpose. 

Finally, cultural affordances, the last evaluation level, represent “fitness-for-purpose”, 

thus, evaluation is concerned with whether the system can deliver what it was intended to, 

and evaluations of transfer of training. However, it is argued that evaluation of these systems 

should start at the first layer, moving up to the third. As previously discussed, the purpose of 

this research was not to evaluate the overall effectiveness of a particular training system 

(Section 3.6), which would be equivalent to the third layer of Turner and Turner’s (2002) 

evaluation framework. Instead, this thesis aims to evaluate the second layer, that of embodied 

affordances, by exploring the prevalence and impact of features on interactions and tasks.  

Since technological immersion is an objective description of a system (Slater & Wilbur, 

1997; Bowman & McMahan, 2007; Cummings & Bailenson, 2016), it was possible to 

manipulate it through aspects of the technology used. Therefore, the study will be 

experimental in nature due to the manipulation of immersion deliberately introduced to 

observe its effect on team competencies and on other predictors (Shadish, Cook, & Campbell, 

2002).  

Specifically, the study will need to follow a between-subjects experimental design with 

two levels: the intervention, (1) Virtual Reality (VR) condition and the control group or (2) 

desktop condition. The desktop condition served as the control, due to its prevalence in 

current synthetic training system choices. Since the VR condition may be viewed as more 

appealing, participants will need to be blinded to the different conditions so as to not induce 

implicit bias when assigned to the “non-immersive” setup.  

The different variables measured as part of this research (Section 4.3) will need to be 

operationalised in the context of the model proposed (Process, VE moderators, and 

Environmental Moderators). The aspects under the ‘Input’ part of the model, or ’Trainee 

characteristics’, will be discussed as part of the Sample Considerations (Section 4.4), whilst 

the Apparatus (Section 4.5) covers the ’Training Design’. To ensure validity of the results 

from statistical analyses, careful selection of the measurement tools is required (Section 4.6).  
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Figure 4-2. Explanatory, Confounding and Outcome variables. Note: T - theoretical construct; O - 

operationalisation of construct; M - measurement tool of construct. 

However, for ease of reading, and to provide scaffolding for the decision process, a 

summary of the variables to be chosen, their operationalisation and associated measurement 

tool, are presented here (Figure 4-2). 

4.3. Conceptual Framework 

4.3.1. Process 

 
Figure 4-3. Conceptual Framework: Teamwork Processes. 
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Given the complexity of teamwork, there have been numerous models proposed in an 

attempt to describe the cognitions, behaviours and attitudes that comprise the construct 

(Section 2.2.1). It follows then that quantifying teamwork is a challenging endeavour, 

varying in content and approach across studies. However, there is consensus that the choice 

of measures and methods of measurement should be guided by theories relevant to the nature 

of the task and the purpose of measurement (Salas, Rosen, Held, & Weissmuller, 2008; 

Rosen et al., 2012). Therefore, measurement systems should be rooted in relevant team-

related theory in order to identify team competencies. However, due to the generic nature of 

teamwork models, these competencies need to be contextualised in order to describe the 

nature of their manifestation for the task and team being studied (Kendall Dana & Salas, 

2004; Rosen et al., 2012).  

This is further highlighted by Salas, Rosen, Held and Weissmuller (2008) and Salas, 

Reyes, and Woods (2017) who have argued that team performance metrics should be 

customised to fit a specific context and the situational factors relevant to the particular team 

being assessed. Furthermore, the purpose of the measurement would guide which of the 

competencies need to be measured and in what way, for example, measures and methods of 

measurement would be different if the purpose is to improve team performance than if it is 

to research some other aspect of teams. Thus, there are no “one size fits all” approaches to 

measuring team processes or team outcomes. In the context of this research, teamwork is 

conceptualised through the constructs described in the “Big Five” Teamwork Model (Salas 

et al., 2005). 

There have however been several performance measurement tools developed. They vary 

from qualitative to quantitative, and from being subjective to being objective. However, an 

additional dimension is the level at which the constructs of interest are measured (individual 

or team; Salas, Rosen, et al., 2008), with the recommendation being that a multi-level 

approach is best (Grand et al., 2013; Salas et al., 2017). Nevertheless, the way in which these 

tools are applied also depends on the context as discussed so far in this section. For example, 

in their systematic review of the subject, Li et al. (2018) found that, in the case of teamwork 

in operating theatres, measures varied between studies. Therefore, it was important that the 

measurement approach used for this study was carefully chosen.  

The four most popular tools for measuring teamwork are (1) event-based measurements, 

(2) BARS (behaviourally anchored rating scales), (3) BOS (behavioural observation scales) 

and (4) self-report measures (Shapiro et al., 2008). Each of these present both advantages 
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and disadvantages (for an in-depth review of these see Kendall Dana & Salas, 2004; Salas, 

Rosen, et al., 2008). The first three are observational in nature, thus require trained observers, 

usually subject matter experts (Shuffler et al., 2012).  

Event-based measurement adds to the validity and reliability of the observational ratings 

due to events and measures being systematically linked to competencies (Baker et al., 2005; 

Salas, Rosen, et al., 2008), which makes it suitable for less-expert observers (Shuffler et al., 

2012). Furthermore, it is particularly well-suited for synthetic training, since scenarios are 

developed with cues to elicit the competencies being trained and assessed (Salas, Rosen, et 

al., 2008). However, the context of this research was framed as a performance episode, rather 

than a training event (Section 3.6). Furthermore, if using a commercially released game to 

ensure that usability affordances are present, then it cannot be changed to effectively 

implement an event-based measurement system, as there would not be access for developing 

new mechanics. Similarly, the lack of available subject matter experts, in a commercial 

game’s team scenario, would make the training of observers difficult for implementing 

BARS or BOS. Finally, the overarching aim of this research was to develop an understanding 

of the influence of certain technological capabilities on the teamwork processes described in 

the “Big Five” model of teamwork (Salas et al., 2005). These can be classed as attitudinal, 

cognitive, or behavioural. However, some of the processes, such as team orientation and trust, 

could be argued to not outwardly manifest and therefore not be observable (Cahillane et al., 

2017).  

Considering the above reasons, a self-report measure is the only viable option, thus 

measuring individuals’ “static retrospective perceptions” of the Big Five team competencies 

(Kozlowski & Chao, 2018, p. 578). These have been argued to be particularly well suited for 

the measurement of attitudes and cognitions (Shapiro et al., 2008; Salas et al., 2017). 

However, they cannot accurately measure emergent processes or temporal factors that may 

influence teamwork (Kozlowski & Chao, 2018; Delice, Rousseau, & Feitosa, 2019). 

Nevertheless, as Delice et al. (2019) found, self-report measures remain the most commonly 

used measurement method in team research. Furthermore, Andersson et al. (2017) found that 

BOS and self-report measures produced comparable results in terms of teamwork ratings 

with nursing students, providing further validity for the use of self-report measures in the 

current study.  
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4.3.2. Virtual Environment Moderators 

 

Figure 4-4. Conceptual Framework: Virtual Environment Moderators. 

Based on a review of prior synthetic training design frameworks and prior studies, three 

features were identified as important for consideration when designing VEs for training 

purposes (Section 3.2). In the context of the theoretical model proposed, these features are 

illustrated as VE Moderators of teamwork processes, as depicted in Figure 4-4. Whilst their 

different operationalisations have been discussed as part of the literature review (Sections 

3.3, 3.4 and 3.5), they are reiterated here together with any potential relationships between 

them to illustrate how they were operationalised for the purpose of this research. 

4.3.2.1. Immersion 

Immersion was contextualised in terms of the positivist, or technological, definition. Thus, 

immersion was defined as the objective description of a system, based on the extent that it 

can deliver an illusion of reality. This ensured that immersion could be operationalised as an 

ordinal measure from low to high, thus defined as the independent variable. Furthermore, it 

has previously been argued that a system is more immersive than another if it can do 

everything the other system can and the contrary does not apply (Slater & Sanchez-Vives, 

2016). The two systems chosen for this research were flat-screen desktop systems and HMD 

systems, whereas the commercial game that will be used is PAYDAY 2 (Starbreeze Studios, 

2013; Section 4.5). Following Slater et al. (2016) argument, for this study HMD systems are 
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more immersive than desktop since at the minimum, there is a higher fidelity of tracking in 

an HMD system, which cannot be as seamlessly achieved with a desktop one. To further 

illustrate why the HMD condition was conceptually the ‘more immersive’ condition, 

whereas the desktop was the ‘less immersive’, the differences between the two are illustrated 

in terms of the immersive properties proposed by Slater and Wilbur (1997).  

Immersive 

Property 

Definition HMD vs DT Justification 

Inclusive Extent to which external 

stimuli from the physical 

reality are shut out. 

HMD > DT The HMD shuts out most, if 

not all, of the outside world. 

With DT systems, the users 

are still aware and can see 

their surroundings. 

Extensive Range of sensory modalities 

accommodated, with 

immersion increasing as the 

range broadens. 

HMD = DT Both systems accommodate 

the same range of sensory 

modalities (visual and 

auditory). 

Surrounding Field of view (FOV) that the 

VE fills. 

HMD > DT Strictly speaking, the HMD 

would have a higher FOV 

than a monitor (depending 

on size of monitor and 

seating distance). However, 

FOV can be artificially 

changed in most video 

games’ settings menu. 

Vivid Quality of the information 

content and of the display used 

such as richness, resolution, 

and fidelity. 

HMD = DT The game’s video settings 

can be fixed between 

conditions. 

Matching Degree and quality of body 

mapping. 

HMD > DT The HMD that will be used 

allows 6 Degrees of 

Freedom with which the 

movement of a user is 

tracked in the room. DT has 

no body mapping (by 

default); therefore, it relies 

on standard avatar 

animations controlled by 

mouse and keyboard. 

Self-

Representation 

in the VE 

Presence of a virtual body 

representing the user. 

HMD = DT Since the game is played in 

First-Person only the hands 

are visible. However, 

teammates have full-body 

representations in both 

modes (Figure 4-5). 

Plot Self-contained narrative within 

the VE that the user can affect 

through actions. 

HMD = DT The mission will be the same 

in both conditions. 

Table 4-1. Differences between HMD and desktop along the immersive properties proposed by Slater and 

Wilbur (1997). Note: DT – desktop. 
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Figure 4-5. Difference between participant perspectives: desktop (top) and VR (bottom) (Starbreeze Studios, 

2013). 

4.3.2.2. Presence 

Presence was operationally defined as the subjective description of the user’s experience, 

characterised by a sense of ‘being there’ in the VE (Section 3.4). Furthermore, in the context 

of this research, both endogenous and exogenous factors were proposed to contribute to its 

manifestation (Section 3.4.2). Specifically, the construct was operationalised as the sum of 

the factors used to measure it in the Witmer and Singer Presence Questionnaire (1998). The 

use of self-report questionnaires for measuring presence has previously been scrutinised 

(Slater, 2004). However, they remained a popular method as illustrated by the Cummings 

and Bailenson’s (2016) meta-analysis, although they found that the meaning of physiological 

and behavioural measures was still open to debate. A more recent review has found little 

evidence of the reliability of behavioural measures, noting that whilst physiological 

measures were more promising, the additional equipment may lead to breaks in presence 

(Schwind, Knierim, Haas, & Henze, 2019). Moreover, the game that participants will play 

(Section 4.5.1) requires moving around designated play-spaces in VR, which could result in 

measurement artifacts with physiological sensors. Furthermore, since stress is argued to be 

an indirect measure of psychological fidelity (Section 3.5.3), the use of physiological sensors 
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for presence would make it difficult to discern which construct was being measured. 

Consequently, it was decided to ask participants directly via a self-report instrument. 

4.3.2.3. Psychological Fidelity 

Psychological fidelity was defined as the ability of the VE to elicit similar psychological 

and behavioural responses as the environment it emulates (Section 3.5.3). Based on prior 

research, stress was used as an indirect measure of the construct (Alexander et al., 2005; Liu 

et al., 2008; Champney et al., 2014; Daglius-Dias & Scalabrini-Neto, 2016). As discussed 

above in the context of measuring presence (Section 4.3.2.2), the use of objective 

physiological measures would not be reliable due to participants being required to move 

around, resulting in potential artefacts, and more importantly, due to difficulties discerning 

between the two constructs from physiological data. As a result, psychological fidelity will 

be assessed based on a self-report measure. 

4.3.2.4. Relationships between VE Moderators 

A number of potential relationships between the VE moderators were identified based on 

the literature reviewed (Chapter 3). There was evidence to suggest that level of immersion 

would affect presence (Stevens & Kincaid, 2015; Cummings & Bailenson, 2016; Buttussi & 

Chittaro, 2018; Makransky, Terkildsen, et al., 2019). Similarly, since the definition of 

psychological fidelity could be argued to share similarities with the experience of willingly 

suspending disbelief, an experience commonly associated with presence, it was expected 

that there could be a relationship between the two constructs (Section 3.5.3). This 

relationship could be further confused by the reliability of heart rate as a measure of presence 

in VEs that are meant to elicit stress (Meehan et al., 2002), a valid measure of stress as 

suggested by the results of a meta-analysis (Kim et al., 2018). Although, other authors had 

also argued that presence might moderate valenced responses and alterations in arousal 

(Cummings & Bailenson, 2016), Lackey et al. (2016) found no evidence of this. Similarly, 

prior evidence of the effectiveness of immersive VR for the treatment of phobias (Botella et 

al., 2017) suggests that both immersion and presence are likely to contribute to the induction 

of fear and anxiety. This in turn could suggest that there could also be a relationship between 

immersion and psychological fidelity. In summary, it was expected that relationships would 

exist between the different VE moderators as well as between each individual moderator and 

teamwork. 
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4.3.3. Environmental Moderators 

 

Figure 4-6. Conceptual Framework: Environmental Moderators 

In order to ascertain the influence of the VE Moderators on Teamwork, it was important 

that the Environmental Moderators depicted on the model (Figure 4-6) were controlled as 

part of the study. According to several CMC theories, the medium used could affect team 

processes, especially communication, which is an important overarching process for 

teamwork (Section 2.2.6). Therefore, participants should use verbal communication within 

the game’s voice channels as their only option to communicate, something that can be 

achieved with microphones and earphones.  

Temporal factors (Section 2.2.2.1) such as the team’s level of maturation, whether a team 

is newly established (ad hoc) or has a long-standing membership (established), could 

influence team processes (Rosen et al., 2012; Shuffler et al., 2012). For example, it has been 

previously suggested that team members’ level of familiarity can influence team 

effectiveness and performance (Guthrie et al., 2007; Hoebbel et al., 2015; Cotard & 

Michinov, 2018). However, Delise et al. (2010) found no difference in their meta-analysis 

on team effectiveness gains between ad-hoc and established teams. In another meta-analysis, 

it was found that ad hoc teams benefitted more from teamwork training with the purpose of 

enhancing teamwork processes, compared to established teams (McEwan et al., 2017). 

However, the authors also found that teamwork training for intact teams resulted in greater 
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improvements of team performance outcomes compared to ad hoc teams. Therefore, the 

evidence would suggest that familiarity could have a moderating effect on teamwork. Since 

the participants in this current study will be quasi-randomly allocated to conditions and to 

teams (Section 4.4), this should ensure that the resulting teams are ad hoc. However, the 

subject pool needs to be constrained to the Creative Technologies Department, in order to 

ensure that participants have prior expertise with similar video games (Section 4.4). As a 

result, there is a potential for individuals allocated to the same team to know each other. In 

order to ensure that the moderating effect, if any, of team members’ familiarity would be 

controlled for in the analysis of the data, it was decided to treat it as a confounding variable. 

Previous studies have measured familiarity in numerous ways: such as overall familiarity 

(questions to measure familiarity with the entire team), however, this was as a manipulation 

check for the conditions (Cotard & Michinov, 2018), or through a more games-focused item, 

which allowed participants to check all options that described their relationship with the rest 

of their teams (Hudson, 2014).  

There is consensus in the literature on teamwork that task characteristics influence team 

processes (Rosen et al., 2012; Shuffler et al., 2012). Of additional note are the characteristics 

of task complexity, environmental context, and level of interdependence, which is a crucial 

requirement for the “Big Five” teamwork model to apply (Salas et al., 2005). Thus, the 

conflicting results of prior studies on the comparative effectiveness of differing immersion 

levels could be attributed to differences in these characteristics of the experimental tasks 

used (Section 2.3). This aspect was controlled by ensuring that teams in both conditions 

undertook the same mission, and thus, required to fulfil similar tasks to ensure success. 

4.3.4. Other Confounding Variables 

4.3.4.1. Workload 

Based on their review of the literature, Srivastava et al. (2019) have found that increasing 

levels of immersion (such as HMD compared to desktop) may lead to an increase in mental 

workload. The authors postulate that the effect of workload and VR induced sickness need 

to be controlled for when comparing performance of users with different systems since these 

could influence the results. In terms of the team literature, caution is advised in regard to 

inadequate levels of workload, since this can act as a stressor on the performance of teams 

(Salas et al., 2005; Paris et al., 2010). Furthermore, Guthrie et al. (2007) propose that the 



98 Chapter 4 Research Method 

 

relationship between workload and team processes follows an inverted U-shape, whereby 

low levels and high levels of workload negatively impact team performance.  

Guthrie et al.’s (2007) perspective on team processes mediated by technology is derived 

from media naturalness theory (Kock, 2002; Section 2.2.6), hypothesising that as the 

medium becomes less natural, teams will report higher workload, lower teamwork and lower 

physiological arousal. However, this effect is mediated by the familiarity of members with 

the medium, where higher familiarity alleviates this effect (Kock, 2002; Guthrie et al., 2007). 

Whilst VR would be classed as the more “natural” medium based on the criteria set out by 

Kock (2002), given its relative novelty it could still result in lower familiarity than with other 

systems available. Moreover, people from both the target (military) and sample (gaming) 

population (Section 4.4) are more likely to be highly familiar with playing video games and 

training on a desktop computer, thus mediating the effect of the medium being less natural. 

Therefore, whilst the VR condition should induce higher physiological arousal and less 

workload, thus resulting in higher teamwork, the familiarity of people with desktop 

computing environments may mediate this difference. In the proposed study, workload will 

be measured for added control and for validating some of subscales used, namely the Self-

evaluation of Performance subscale from the Presence Questionnaire (Section 4.6.3) and the 

Distress subscale of the Stress measure (Section 4.6.2). 

4.3.4.2. Usability 

It has been previously suggested that poor usability of a training system or a game, may 

hinder learning (Bailey et al., 2017), the experience of presence (Brown & Cairns, 2004), 

and team effectiveness (Hasler, Buecheler, & Pfeifer, 2009). This could explain why in a 

study conducted by Shroeder et al. (2017), which compared participants’ recall performance 

in a maintenance training task between desktop, VR with gesture control and VR with voice 

control, found that usability was significantly correlated with presence (r = .60) and 

performance (r = .29), although usability was a better predictor of performance than presence 

in the desktop condition. This is further supported by Sauro (2011), who also found that 

usability scores, as measured by the System Usability Scale, were correlated with task 

performance, albeit modestly.  

Interestingly, Schroeder et al. (2017) found no significant differences between the 

conditions for usability or presence. However, it could be argued that the results could have 

been influenced by the interaction metaphors used in the VR conditions. They argued that 

the presence (Witmer and Singer’s Presence Questionnaire) and usability (System Usability 
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Scale) questionnaires may be assessing “the same cognitive mechanism that relates to 

performance” (Schroeder et al., 2017, p. 60). This is not surprising since some of the 

subscales of the presence questionnaire (Section 4.6.3), such as “Possibility to act“, “Quality 

of interface”, and “Possibility to examine”, could be argued to conceptually overlap with 

usability. Therefore, in line with Bailey et al.’ (2017) suggestion, to ensure that any 

differences found between the two conditions as part of data analysis are not due to one setup 

having a higher usability than the other, participants’ perception of usability will be measured 

in each condition. Furthermore, the potential overlap between usability and presence should 

be explored during data analysis to ascertain whether similar effects as those found by 

Schroeder (2017) would apply when using a more common interaction metaphor 

(controllers). 

4.4. Sample Considerations 

For the purpose of this research, a sample from a non-specific (i.e., non-military) 

population will have to be used. However, to keep results broadly applicable, healthy adults 

with prior experience of playing First Person Shooter, Tactical Shooter or Stealth video 

games will be used.  

Prior evidence suggests that individual taskwork KSAs should be trained before a team 

can focus on teamwork training (Wagner et al., 1976; Salas & Cannon-Bowers, 2001; 

Driskell et al., 2014). The nature of the relationship between taskwork and teamwork is 

further highlighted by Rosen, Wildman, and Salas (2012, p. 388) who argue that “teamwork 

and individual level taskwork are interdependent and reciprocally causative”. This is similar 

to Montoya et al.’ (2011) results, where prior experience with the task, or in their case with 

the software, was positively related to the performance of teams, hypothesising that these 

teams were in a better position to leverage the affordances of the system for exhibiting 

teamworking behaviours. Indeed, in the context of VEs, prior research suggests that 

experience with the system may be important for achieving training objectives (Bell et al., 

2008), as well as for effective virtual team communication (Leonard et al, 2015). 

This study recruited students from the University of Portsmouth in the UK. All students 

enrolled on a course in the School of Creative Technologies were invited to participate. The 

reason behind this was that the School has a number of video game development related 

courses, the expectation being that it would give better access to students with prior 

experience in the game genres required. It has been previously argued that teams should be 
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studied “in the wild” and that studies conducted in a laboratory setting with student 

populations may not necessarily translate to field settings, especially considering the premise 

of HROs (Marlow et al., 2016). However, Menin et al. (2018) argue that using a sample that 

is not of the target population for the simulation's purpose (e.g., military personnel playing 

a commercial game) could induce bias and skew results. Furthermore, it is likely that current 

and future military recruits are going to be increasingly accustomed to digital experiences 

(Section 1.1). Therefore, healthy adults who are experienced in playing video games would 

likely be representative to a certain degree of military recruits. Furthermore, given that the 

apparatus that will be used is a commercially available video game, it was decided that a 

sample of gamers would be most appropriate.  

Participants were asked to indicate their availability for a preset number of available 

sessions on an online calendar tool, due to the availability of the room where the research 

took place (Section 4.5). Semi-randomisation was then achieved by forming teams around 

the people who were only available for a single session and allocating the rest of the 

participants to these sessions, with conditions being randomly assigned to these using an 

online randomisation tool. A number of methods (Section 4.6) were employed to control for 

known confounding variables via a pre-test (such as familiarity with the team members and 

previous experience with the game used) as well as a post-test to ensure that the results found 

were not due to issues with the usability of the version used (control or intervention).  

4.5. Apparatus 

4.5.1. Experimental Task 

This research is in the context of HROs, where the tasks trained are generally situated 

from the first-person perspective. Military team tasks have been argued to require high levels 

of interdependence (Duel, 2010). Furthermore, these tasks have a psychological overhead to 

realistically depict the context in which the learning will be applied (Ministry of Defence, 

2017a). These teams are frequently required to operate in stressful environments where the 

stakes are high (Duel, 2010; Shuffler et al., 2012; Ministry of Defence, 2017a), previous 

research suggesting that teams performing under high stress use different coordination 

strategies (Salas et al., 2005). Whilst there is some evidence to suggest that learning can be 

enhanced by increasing the emotional intensity of the scenario (Cannon-Bowers & Bowers, 

2009), synthetic training has been used as a medium for stress exposure training in order for 
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trainees to develop the skills required to perform effectively in highly stressful situations 

(Tichon & Wallis, 2010). Similarly, evidence suggests that both positive and negative types 

of stress contribute to skill retention and transfer of training (Alexander et al., 2005).  

In regard to task complexity, Kankanhalli et al. (2006) found that a moderate level of 

complexity yielded the best results in terms of the relationship between task conflict and 

team performance. Therefore, the experimental task chosen needs to have the ability to 

induce similar psychological effects, as tasks from the potential target population (the 

military), on an available population (gamers), by emulating risks on the team as well as on 

the individual associated with performing well or otherwise (e.g. alerting in-game opponents 

would draw attention to the team and may result in failing the mission) that participants 

could relate to. Secondly, it needs to require high levels of interdependence. Finally, it is 

important that the complexity of the experimental task is of a level that would not allow 

participants who might be highly familiar with the game to independently complete the 

mission, whilst conversely not being nearly impossible for those unfamiliar with the game 

to complete it. 

As previously discussed, usability of the system (Section 4.3.4.2) and prior task 

experience (Section 4.4) are also important factors to consider. Since the available sample 

pool consists of gamers, Commercial-Off-The-Shelf (COTS) video games that enable both 

VR and desktop play need to be considered. This ensures that the experimental task was 

thoroughly tested by people from a similar population, thus reducing the existence of 

usability issues and ensuring that the required system affordances are present. Upon 

consultation with a team expert (R. Pascual, personal communication, December 9, 2019), 

it was agreed that the tasks available in PAYDAY 2 (PD2; Starbreeze Studios, 2013) 

resemble a military task; namely that of a building clearing task. Furthermore, the desktop 

version of PD2 has been commercially available for nearly seven years, and the VR version 

for two, at the time of the study.  

Whilst the use of “serious games”, or games specifically developed for training and 

learning purposes, for team research is advocated in the literature (Alison et al., 2012; 

Coovert, Winner, Bennett, & Howard, 2017; Mayer, 2018), there are also antecedents for the 

use of video games developed for entertainment purposes, such as the one proposed in this 

research. For example, Hussain et al. (2007) used a fantasy multi-player game to successfully 

elicit teamwork behaviours. Similarly, Hudson (2014) studied social presence and its 

relationship with team trust with the use of COTS video games. The role of COTS video 



102 Chapter 4 Research Method 

 

games in future team research was also predicted by Bowers and Jentsch (2001) as being a 

significant one. 

PD2 is a co-operative first-person shooter in which players perform heists (missions) 

alone, or with up to three other team members. The video game is rated 18 (PEGI) or M17+ 

(ESRB; IGDB, n.d.). Therefore, the contents may expose participants to strong language 

(profanities); graphic representations of violence and gore, including the ability to hurt 

defenceless people; references to alcohol, drugs, and smoking; and suggestive themes. 

Furthermore, players may be required to exert violence (“shoot”, “kill”, etc) against enemies 

(police officers, security guards) and defenceless people (civilians). This is explicitly stated 

in the participant information sheet and as a clause in the consent form.  

However, the video game proposed has been commercially tested, thus the intensity of 

the content is within normal ranges of similar commercially available games. There was a 

high number of purchasable heists, sold as downloadable content (DLC), to choose from for 

the current study. As a result, advice was sought from the player base through a post on the 

official online forums. Based on responses, “The Big Bank Heist” was chosen as it required 

high levels of interdependence and was found to be balanced for both desktop and VR 

versions. During the experimental task, team members will have to work together through 

various steps required to gain access to a safe, and subsequently coordinate a defence against 

waves of policemen. Participants will play PD2 on new game accounts, ensuring that 

everybody has access to only the starting equipment and no skill customisation. This means 

that participants will not have access to “skills”, which would make their characters stronger 

and, thus it ensures that the difficulty is kept constant across different experimental sessions. 

Furthermore, again upon consultation with the player base, it was decided that the lowest 

difficulty available in the game for the mission would be suitable considering players’ lack 

of access to better equipment and skill customisation inside the game. 

4.5.2. System – Immersion (Independent / Explanatory Variable) 

The hardware platforms used for this study were VR workstations which met or exceeded 

the recommended minimum system requirements for the VR version of PAYDAY 2 

(Starbreeze Studios, 2013) and those for the HMD used (Facebook Technologies, n.d.). Each 

computer was equipped with one 24” monitor and a standard office mouse and keyboard 

(Microsoft Wired Desktop 600). In the VR condition, each participant wore an Oculus Rift 

S HMD and interacted with the game through the VR controllers. Furthermore, due to the 
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sample pool being of a gamer origin, the participants will be more accustomed to “gaming” 

peripherals with higher accuracy and precision than the keyboard and mouse used in the 

desktop condition. However, it is also expected that participants in the VR condition will not 

be familiar with the interaction metaphor of the system, since the HMD that will be used is 

one of the latest models. Therefore, participants in both conditions will need to play through 

the first tutorial of the game to familiarise themselves with the interaction modalities.  

 
Figure 4-7. Desktop setup. 

Function Desktop VR 

Visual Rendering 24” Monitor Oculus Rift S HMD 

Interaction Microsoft Wired Desktop 600 

USB keyboard and mouse 

Oculus Touch controller & 

Oculus Rift S tracking 

Audio Rendering Sound Lab AO84HA 

Headphones 

Sound Lab AO84HA 

Headphones 

Voice Communications Freestanding PC microphone Oculus Rift S 

Table 4-2. Hardware setup for each condition. 

Whilst the Oculus Rift S has built-in audio capabilities, in order to ensure that the 

conditions are as similar as possible, a pair of the same headphones will be provided in both 

conditions. For communication purposes, participants in the desktop condition will be 

provided with a freestanding microphone. Table 4-2 provides a summary of the hardware 

that will be used in each condition based on their function. Moreover, there will be dividers 

set up between the 4 desks to make sure that participants in the desktop condition cannot 

look at each other during the experimental task, in order to simulate remote virtual training 
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conditions (Figure 4-7). These dividers will be moved to the back of the room during the VR 

sessions because they pose as a potential risk to participants wearing an HMD. Similarly, if 

the sun will be shining directly into the room, the curtains will be lowered so as to not cause 

discomfort for participants in the desktop condition. 

4.6. Measures 

The following self-report measures were used for data collection purposes as part of the 

study (Appendix B). All instruments, except for the demographic questions pertaining to 

familiarity, were empirically validated by previous studies. 

4.6.1. Teamwork Questionnaire (Outcome Variable) 

Two previously validated questionnaires based on the “Big Five” teamwork model were 

found. One was developed specifically for nursing staff (Kalisch et al., 2014), containing 

subscales only for five of the eight teamwork processes from the “Big Five” teamwork model 

with questions relating to the missing ones embedded within the existing subscales. 

Therefore, it was found to not be fit for purpose, since the current research required separate 

subscales for all eight processes to ascertain the effect of technology on each separately. The 

alternative, and chosen, instrument was developed for a ground based military context (Duel, 

2010) which entails similar skills and processes as the current empirical task context (Section 

4.5.1).  

The original survey included three constructs: teamwork, team effectiveness and 

antecedents of change in teamwork (Duel, 2010). The questionnaire was administered to 

military teams in the field across two operations (236 teams the first time, 208 teams the 

second time) and tested for reliability and validity. Cronbach’s alpha was over .85 for all 

subscales from the teamwork construct. It was important for the instrument to be 

contextualised (Section 4.3.1). Therefore, only the subscales that measured the processes 

from the “Big Five” teamwork model were included in the final questionnaire. However, the 

wording was changed to better fit the experimental task and sample population. Upon 

consultation with a teamwork subject matter expert and an analysis of the experimental task, 

it was decided to make the questions from the Leadership subscale optional and to add an 

additional question to ask participants whether they thought somebody assumed the role of 

a leader which was not a requirement of the task. Similarly, the item “I would play again as 

part of this team in the future” was added to ensure that low perceptions of teamwork were 
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not due to an expression of inter-personal issues. The content validity of the final scale was 

assessed by the teamwork subject matter expert and found to be acceptable (R. Pascual, 

personal communication, January 31, 2020). All questions were rated on a 5-point Likert 

scale ranging from 1 (never) to 5 (always), with scores being averaged for each subscale. 

Consequently, the overall teamwork score was computed as the average of all questions 

without the ones in the Leadership subscale and ranged between 1 and 5. 

4.6.2. Short Stress State Questionnaire (Explanatory Variable) 

Stress was operationalised as an indirect measure of psychological fidelity (Section 

4.3.2.3). Participant’s conscious appraisal of task-related stress was measured pre- tutorial 

and post- intervention by administering the pre- and post- versions of the Short Stress State 

Questionnaire (SSSQ; Helton, 2004; Helton & Näswall, 2015). The SSSQ is a 24-item scale 

that measures task distress, engagement, and worry (8 items each), scored on a 5-point Likert 

scale. Previous validation of the instrument has provided evidence of high reliability 

(above .80 for each dimension) and support for the factor structure (Helton & Näswall, 2015). 

Furthermore, the authors demonstrated the stability of the measure over time, allowing for 

the interpretation of differences between pre- and post-task scores as changes in stress state, 

rather than it being attributed to individuals experiencing the dimensions differently from 

one point in time to the next. Therefore, state change scores were calculated for each scale 

as d = (individual post-score - individual pre-score), as suggested by previous work (Helton 

& Näswall, 2015). Furthermore, the questionnaire had been previously used in the context 

of video games (Shapiro et al., 2017). The SSSQ was administered via Google Forms. 

4.6.3. Presence Questionnaire (Explanatory Variable) 

Presence was measured using the Presence Questionnaire (PQ) (v3.0) developed by 

Witmer and Singer (1998) and revised by the UQO Cyberpsychology Lab (2004). The 

questionnaire was previously found to be the most commonly employed instrument based 

on citations (Schwind et al., 2019). The revised version demonstrated high reliability with α 

= .84. Participants responded to 22 items on a 7-point scale anchored at the beginning, 

middle and end. The instrument measures presence through the six dimensions of Realism 

(7 items), Possibility to act (4 items), Quality of interface (3 items all reversed), Possibility 

to examine (3 items), Self-evaluation of performance (2 items), and Sounds (3 items). The 

overall presence score was computed as the sum of the scores of each factor. The electronic 

format of the PQ for this study used a scale from 0 to 6, however, this was found to be 
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inconsistent with previously published work (Usoh, Catena, Arman, & Slater, 2000). 

Subsequently, in order to ensure that results are comparable with future studies, it was 

decided to add 1 to each score on all items as part of the data analysis process, with the 

minimum possible score being 22 and the maximum 154. This questionnaire was 

administered via Google Forms. 

4.6.4. Demographics (Confounding / Control Variable) 

The demographics questionnaire addressed items pertaining to participant characteristics, 

since individual characteristics are argued to affect the manifestation of presence (Section 

3.4.2). There were two versions of the demographic questionnaire, depending on the 

condition that the participants were allocated to. The difference between these was the 

addition of VR-specific questions for the VR condition (previous experience with VR, 

familiarity with VR games, familiarity with PAYDAY 2 in VR and time spent playing VR 

games). This questionnaire was administered via Google Forms. 

The familiarity between team members was also measured as part of this questionnaire. 

However, given the participant pool, familiarity could be a result of individuals having either 

worked together on group projects as part of their degrees, or, considering their gamer 

background, played video games together. Therefore, it was expected that familiarity would 

vary between team members. Therefore, in order to increase the precision of the instrument 

used to collect this data, participants were asked to respond to four items (”How familiar are 

you with Participant # (as shown on the sticky note) socially and professionally? (please 

ignore if you are participant #)”, where “#” was labelled from 1 to 4 based on which 

computer they were seated at). Thus, there were two corresponding scales, (”Socially (i.e. 

play games together, family, in a relationship, etc)” and “In work context (i.e. worked on a 

project together before, coursemates)”). Each subscale was scored on a 5-point Likert scale 

ranging from 0 (strangers) to 4 (very familiar). It should be noted that during data analysis, 

the decision was made to add 1 to each score in the demographic items changing it from a 

0-4 scale to a 1-5 scale. This ensured consistency across the instruments used (with all other 

scales starting at 1, other than the workload and usability scales). The final familiarity score 

between each participant pair was the mean of the two subscales of “professional” and 

“social” familiarity resulting in three familiarity scores (e.g., familiarity of participant 1 with 

participant 2, with participant 3, and with participant 4). These, when summed, formed the 

familiarity of a participant with their team. Therefore, the minimum team familiarity score 

for each participant was 3 whereas the maximum was 15. 
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4.6.5. NASA-TLX (Confounding / Control Variable) 

The subjective workload of participants was measured with the NASA Task Load Index 

(TLX; Hart & Staveland, 1988). The questionnaire consists of six scales measuring distinct 

factors (Mental Demand, Physical Demand, Temporal Demand, Performance, Effort and 

Frustration), which combined represent the workload experienced by individuals during or 

immediately following a task. The original instrument required a two-step approach with 

individuals first rating the six dimensions on a scale from 0 to 20 (five of these anchored 

with Low and High; however, the Performance scale’s direction was reversed and anchored 

with Good and Poor). Next, participants would be presented with 15 pairwise comparisons 

between the six factors to ascertain the importance or weight of each factor for overall 

workload.  

This method of administration is argued to increase the sensitivity of the instrument and 

to reduce between-rater variability, by accounting for individual differences in the way 

workload is perceived for a given a task (Hart, 2006). However, Bustamante and Spain 

(2008) critiqued this approach arguing that not only is it demanding in terms of 

administration time, but it also reduces the reliability of the scale by inflating the 

measurement error through an additional source (the pairwise comparisons).  

Therefore, it was decided to use the shortened administration method (also known as Raw 

TLX), consisting only of the first step of the original approach, which is considered to be the 

most popular modified version due to its reduced demand on time (Hart, 2006; Bustamante 

& Spain, 2008). The score for each factor was computed by multiplying participants’ 

answers by 5 thereby resulting in a score ranging from 0 to 100. Overall workload score for 

each participant was calculated by computing the arithmetic mean of each factor’s score, 

with higher numbers representing higher workload. The NASA TLX was administered using 

pen and paper due to the technical shortcomings of Google Forms resulting in it being unable 

to recreate the scales from the original instrument. 

4.6.6. System Usability Scale (Confounding / Control Variable) 

Participants’ subjective perceptions of usability were measured through the System 

Usability Scale (SUS; Brooke, 1996). The SUS is comprised of 10 items, with even-

numbered ones having a negative tone, and odd-numbered ones having a positive tone. Its 

validity, reliability (α of .90 or over), and sensitivity has been evidenced by numerous 

researchers (for a review of examples see Lewis & Sauro, 2018). Whilst the original items 
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referred to “system”, it was decided to substitute it with “game”, and the word “use” was 

substituted with “play” to better reflect the apparatus and its purpose in the current study. 

Previous research has found that consistent substitution had no effect on the resulting scores 

(Lewis & Sauro, 2018). A factor analysis of the instrument revealed that it measures both 

learnability and usability, with the two being correlated (Sauro, 2011). The SUS was 

administered via Google Forms. Usability scores ranged from 0 to 100, higher scores 

denoting a higher level of perceived usability. 

4.7. Procedure 

 
Figure 4-8. Flow chart of the experimental procedure. 

Upon arrival, participants were seated at the desks and were informed orally that their 

participant number coincided with the position of their desk (going from 1 on the left to 4 

on the right). Next, they were handed out physical copies of the information sheets relevant 
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to their condition (desktop or VR) and given the opportunity to ask any questions about the 

experimental procedure. After this process, the consent forms were signed and participants 

were reminded that their participation was entirely voluntary and that they could withdraw 

at any time, at their discretion, with no consequences. A bottle of water was made available 

for each participant, to drink from during the breaks. Participants were then asked to fill out 

the demographics questionnaire (Section 4.6.4) and the pre-test stress state questionnaire 

(Section 4.6.2), available in their browsers, at which point they were assigned an ID for 

anonymisation purposes.  

 Participants in the HMD condition were given verbal instruction on what to do and what 

to expect before the Oculus Rift was worn, as well as, asked for permission to help place the 

controllers into their hands (they were given verbal instruction to place their palms facing in 

and stretched out). They were also reminded that they should indicate if they are feeling sick 

or nauseous whilst wearing the HMD so that the study could be stopped. All participants 

were given headphones, which in the HMD condition were worn on top of the Oculus Rift, 

and participants in the desktop condition had a microphone available to them on their 

respective desks. Before moving on to the experimental task, all participants played through 

the video game’s tutorial, using a monitor or an HMD, depending on the condition assigned. 

This ensured that they could familiarise themselves with the controls and basic actions in 

Payday 2. After the tutorial, there was a 10-minute break to ensure that the HMD is not worn 

for extended periods at a time, for consistency, participants in the desktop conditions also 

had the same break. During the break, general guidance was given on the objective of the 

mission they were going to perform, and they were reminded to keep checking these once 

“on mission”.  

After the break, participants played through the experimental mission. In the lobby before 

starting the mission, microphone checks were performed, and participants were allowed to 

change their equipment from the available pool of weapons and deployable gadgets. In order 

to ensure that the HMD was not worn for extended periods, participants were only allowed 

to restart the mission if they failed it (all 4 participants were taken into custody or died) in 

the first 20 minutes. Objective task performance data (time taken to complete) was 

automatically scored by the video game, only if the mission was successfully completed. 

When the mission was successfully completed, a screenshot was taken of the post-mission 

score screen and saved to a unique file.  
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After the experimental task, participants were asked to fill out questionnaires in the 

following order: teamwork (Section 4.6.1), NASA-TLX (Section 4.6.5), post-test stress state 

(Section 4.6.2), presence (Section 4.6.3), and system usability scale (Section 4.6.6). For the 

participants in the HMD condition, this also served as a confirmation of their eyesight post 

HMD-wear. Participants were then debriefed regarding the purpose of the study, asking them 

not to disclose this information or the setup used to any potential future participants, and 

were given the opportunity to ask any additional questions they may have. Before leaving, 

each participant was given a copy of their consent form. The duration of the study, including 

paperwork, tutorial, experimental mission, and debriefing, was approximately two hours. 

4.8. Threats to Validity  

In order to increase the confidence in the inferences made as a result of the designed study, 

it was important to ensure that threats to validity were minimised through the design of 

controls before running it. According to Shadish et al. (2002) there are four types of validity 

in experimental designs: statistical conclusion, internal, construct, and external. The steps 

taken to minimise the number and likelihood of threats to each type of validity is presented 

in Table 4-3. These threats were identified based on the work by Shadish et al. (2002), and 

Leedy and Ormrod (2015), and on the likelihood of their plausibility and severity for the 

experimental work described.  

Type Threat Control 

Statistical Conclusion 

Validity 

Low statistical power • Due to a lack of similar studies, an 

exploratory study was conducted to 

allow for a-priori power calculations 

(Chapter 5); 

Violation of the 

assumptions of the 

statistical tests used 

• Thorough reporting of diagnostics of 

statistical assumptions; 

• The presence of a hierarchy in the data 

(individuals nested in teams) leads to the 

violation of the assumption of 

independence. Statistical tests which 

account for this violation were used 

where possible (Chapter 6);  

Over testing or 

fishing 
• Reporting of all significance tests 

conducted; 

• The use of corrective procedures where 

possible, otherwise, transparency about 

effect on inferences (Chapter 5); 
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Extraneous Variance • Measurement of known confounds that 

can otherwise not be controlled 

(Sections 4.6.4, 4.6.5 and 4.6.6); 

• Statistically control for confounding 

variables; 

Unreliability of 

Measures 
• The questionnaires used have all been 

validated in prior empirical work; 

Internal Validity Selection • Random assignment of teams to 

conditions; 

• Pre-test to assess equivalence between 

groups; 

Pretesting and 

Instrumentation 
• The use of the same tests for both 

conditions (other than the additional VR 

questions in the demographics); 

Construct Validity Construct 

operationalisation 
• Constructs measured as part of this 

research were all operationalised based 

on a thorough review of the literature 

(Chapter 2 and Chapter 3); 

Reactivity • Participants in the desktop condition 

given the opportunity to come back and 

play PD2 in VR at a later time, in order 

to reduce resentment from being 

assigned to a less novel system. 

External Validity Generalisability • Ensure that inferences are made only to 

the extent that the sample allows (i.e., 

gamers not military personnel). 

Table 4-3. Threats to validity and steps taken to minimise these. 

4.9. Conclusion 

This chapter outlined and justified the research method to be employed in this thesis and 

its validity. Due to the nature of the research, to test and validate a proposed model, a 

quantitative approach was adopted. The conceptual framework was presented to ensure that 

the variables measured are operationalised in the context of the research (Figure 4-2). The 

design proposed was a between-subjects experiment, with a convenience sample of ‘gamers’, 

who are relevant to the task. The main data collection instruments employed were previously 

validated questionnaires to ensure internal validity.  

Although the threats to the validity of the study proposed have been discussed in Section 

4.8, there were other notable limitations. First, by following a quantitative methodology, the 

results cannot be interpreted beyond the numerical data gathered, since the goal is to reduce 

phenomena to quantifiable variables and summarising statistics (Leedy & Ormrod, 2015). 

Thus, there is no opportunity to explore the context, or the “why”, of the results found. 

Second, the over reliance on self-report instruments opens up the data to certain biases, such 
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as response bias, recall bias, social desirability bias, and respondent fatigue (Choi & Pak, 

2005). Finally, the use of a COTS video game means that there is a certain degree of 

randomness during the scenario since it is not possible to ensure that the scenarios are exactly 

the same, for example the placement of enemies and objectives have a degree of randomness. 

This in turn can affect inferences made since it makes it difficult to differentiate between the 

effects arising from the difference in immersion level and those from potential differences 

in scenario difficulty (Bowers & Jentsch, 2001). Nevertheless, the research method had a 

number of strengths as well such as having a robust design suitable for answering the 

research aim, in-depth operationalisation of constructs measured, and efforts to address 

known threats to validity. 

The next chapter discusses the results of an exploratory study that had three main aims: 

first, to explore the research questions with an initial data set, ascertaining any issues with 

the conceptual framework proposed; second, to assess the suitability of the questionnaires 

chosen in the context of VR systems; and finally, to identify potential methodological 

problems before running a larger confirmatory study.
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Chapter 5  

 

Exploratory Study: Presence, Immersion and 

Psychological Fidelity 

5.1. Objectives and Method 

The purpose of this study was to investigate whether there was a difference in the 

perceived ability of team members to engage in teamwork processes in a co-operative video 

game using an immersive VR system (HMD) or less-immersive system (desktop). 

Specifically, it served as an initial exploration of the relationships (if any) between the 

constructs of technological immersion, presence, psychological fidelity, and their effect on 

teamwork processes. Due to the exploratory nature of the study, the overall research aim was 

to explore the existence of any trends or connections in the data, informing the generation of 

hypotheses for the following confirmatory study. 

Further to the above research objectives, the study also served as an extended pilot for a 

larger confirmatory study, enabling the identification of any methodological issues and the 

validation of measures in the context of a VR system. It followed a between-subjects 

experimental design (Section 4.2), with technological immersion level as the independent 

variable being manipulated. 

5.1.1. Participants 

Since the study was exploratory in nature, no a priori power calculations were conducted 

at this stage. Instead, the aim was to recruit between 24 (3 teams per condition) and 40 (5 

teams per condition) participants. Prior experiments in the use of gamified immersive 

simulations were found to have a mean of 28.7 participants (Menin et al., 2018). Six teams 

of four members each (N = 24, 22 Male and 2 Female), participated in this study. Participants 

were existing or prior students from the School of Creative Technologies within the 

University of Portsmouth. The sample was one of convenience, where students meeting the 

inclusion criteria outlined in a recruitment email could register their interest. They received 
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no monetary incentive to take part in the study which lasted approximately 90 minutes. To 

control for potential effects, due to a lack of prior taskwork KSAs, participants were required 

to have prior experience with similar task environments to PAYDAY 2 (PD2), such as First-

Person Shooters, Tactical Shooters or Stealth video games. In the current study, 87.5% of 

participants reported playing games for more than 5 hours a week, with 45.8% playing for 

more than 15 hours. Also, to be eligible, participants had to be over the age of 18 and be 

fluent in English. Treatment of these participants was in accordance with the University’s 

ethical standards (Ethics Committee reference number CCI-FEthC 2019-016). 

5.1.2. Data Analysis  

A pilot study was run to confirm the conditions, procedure and measures were appropriate. 

Two teams of four completed the pilot, and some minor changes were made before starting 

with the full exploratory study. However, due to the 2020 COVID-19 lockdown, all face-to-

face research was halted, and only four teams had participated in the main exploratory study. 

Therefore, the decision was made to include the two teams from the initial pilot, bringing 

the total number to the 24, twelve in each condition, as reported in the Participants Section 

(5.1.1). The only technological difference between the pilot study and the exploratory study 

was the use of different headphones. To ensure that it was acceptable to analyse the two data 

sets together, a Welch’s t-test was run with the Presence Questionnaire’s “Sounds” subscale 

as the dependent variable and the origin of the data-set (pilot or exploratory) as the 

independent variable. Results from this test suggested that there was no significant difference 

between the two teams from the pilot study and the four from the exploratory study, t(6.72) 

= 0.80, p = 0.45, suggesting that the two data sets could be concatenated.  

Due to the small number of teams in this study (N= 6), the unit of analysis had to be 

considered for Team data. Using the individual participant as the unit of analysis may inflate 

Type I errors, since the existence of a hierarchy in the sample (individuals being in teams) 

results in data that is not independent (Sadler & Judd, 2001; Zaccaro, Caracraft, & Marks, 

2005; Kashy & Hagiwara, 2012). Therefore, data should either be aggregated to the group 

level, after verifying that it meets certain assumptions, or multilevel modelling techniques 

should be used, which do not rely on the assumption of independence. However, neither of 

these options were practical given the current sample size, as the tests would have been 

grossly underpowered. Thus, it was decided to use the individual as the unit of analysis, 

following the studies of Hoebbel et al. (2015), Lackey et al. (2016), and Kalisch et al. (2014). 

This is appropriate for the aims of this study, which is to explore, using statistical analyses, 
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the existence of any trends or connections in the data, as well as, to test the suitability of the 

instruments used. However, where appropriate, the graphs were layered based on the 

individual teams to give an indication of the data at the team level. 

A further note, there were technical difficulties with the audio equipment for one 

participant during one session. The participant was unable to hear the rest of their team for 

approximately the first 15 minutes of the experimental task. This was fixed once the issue 

was raised, however, when analysing the boxplots for post-distress and post-worry, the 

participant was found to be an extreme outlier. This could suggest that as a result of not being 

able to communicate with the rest of their team, the participant’s distress and worry levels 

became elevated. Furthermore, communication is an important process for teamwork 

(Section 2.2.6), thus, it was decided to exclude that participant from all analyses. 

Consequently, the final sample consisted of 11 participants in the desktop condition and 12 

participants in the VR condition. 

The exploration of interest in this study was whether an increase in immersion would lead 

to differences in the other explanatory variables and the outcome (Section 4.3.2.4). 

Consequently, a series of independent t-tests were run to determine if there were differences 

in the dependant variables between the VR condition and the desktop condition. 

Correlational analyses were conducted to explore the relationship between variables of 

interest. Effect sizes and their respective 95% Confidence Intervals (CI) were reported, to 

comply with the recommendations outlined by the American Psychological Association in 

their Publication Manual (2010). The reporting of effect sizes, particularly in the case of 

studies with small sample sizes, allows for the description of observed effects and their 

importance even if the study is underpowered to detect statistical significance (Fritz, Morris, 

& Richler, 2012). Effect sizes were reported using the correlation coefficient r, since it has 

been argued to be more easily interpreted than the alternatives (Cummings & Bailenson, 

2016). Effect sizes were interpreted as: r = 0.10 indicating a small effect, explaining 1% of 

the total variance; r = 0.30 indicating a medium effect, explaining 9% of the total variance; 

and r = 0.50 indicating a large effect, explaining 25% of the variance (Field, 2009).  

Given the exploratory nature of the study, no directional predictions were made. 

Therefore, two-tailed significance values were reported, with the alpha value of 0.05 used 

for all significance tests. It should be noted that any significant results could be due to over-

testing, thus constituting “chance variations” (Cairns, 2019, p. 158). Consequently, the 

results were not interpreted as strong evidence of the existence of causal relationships, but 
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as an indicator for this to be considered in a confirmatory study (Chapter 6). All analyses 

were completed using SPSS (Version 25; IBM, 2017). 

5.2. Results 

5.2.1. Sample Characteristics 

Characteristics   Desktop   Virtual Reality   Difference  

 
 N or M % or SD  N or M % or SD  p 

Gender (Male) (N, %)  11 100  11 91.7  1 

Age (N, %)  
    

1  18-25  9 81.8  10 83.3  

 26-35  2 18.2  2 16.7  

Time spent playing non-VR 

games/week (N, %)  

      0.23 

 0 hours  0 0  1 8.3  

 1-5 hours  0 0  1 8.3  

 6-10 hours  3 27.3  4 33.3  

 11-15 hours  1 9.1  2 16.7  

 >15 hours  7 63.6  4 33.3  

Familiarity with similar 

games (M, SD)  
5 0  4.33 0.89  0.09 

PD2 (non-VR) familiarity 

(M, SD)  
2.55 2.07  1.5 1.62  0.18 

Familiarity with the team 

(out of 15) (M, SD)  
3.59 0.94  5.33 2.26  0.04* 

Pre-state scores (M, SD)  
       

 Distress  1.26 0.38  1.42 0.69  0.25 

 Engagement  3.68 0.61  2.99 1.04  0.08 

 Worry  2.41 0.81  2.56 1.14  0.76 

VR characteristics              

Previous VR experience (N, 

%) 
 

   12 100   

Familiarity with VR games 

in general (M, SD) 
 

   2.83 0.94   

PD2 (VR) familiarity (M, 

SD) 
 

   0.42 0.79   

Time spent playing VR 

games/week (N, %) 
 

       

 0 hours  
   6 50   

  1-5 hours         6 50     

Table 5-1. Characteristics of Participants in both Conditions. Note: M = mean; N = number of participants; 

SD = standard deviation. 
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Data from one participant in the VR condition was not recorded for Presence, Usability, 

and the State questionnaire. Therefore, the participant’s case was excluded from all analyses 

that included these variables. Table 5-1 shows the characteristics of the two groups. All but 

one team (from the VR condition) finished the mission in PD2 successfully.  

Statistical analyses were run in order to test the assumptions that the two groups are 

comparable. For frequency counts, Fisher’s exact test was run. For ordinal data, and non-

normally distributed continuous data (familiarity and pre-state scores), Mann Whitney U 

tests were run. For “Time spent playing non-VR games/week”, the decision was made to 

pool some of the categories in order to be able to run the statistical analysis. The resulting p 

values indicate there was a significant difference in “familiarity with the team” between the 

two conditions, but not for any of the other demographic characteristics or pre-state scores. 

This would suggest that the randomisation of the participants to the conditions was not 

entirely successful, introducing within-subjects variability in terms of intra-team familiarity. 

It should be noted that this result was not significant prior to excluding the participant with 

the technical difficulties from the analysis. Kruskal-Wallis H tests were performed with team 

number (1 to 6) as the grouping variable to further assess whether there were any significant 

differences between teams. The only significant result was for the familiarity scores between 

team members (χ2(5) = 11.30, p = 0.04), with teams in the VR condition being more familiar 

with each other. 

 
Figure 5-1. Mean of intra-team familiarity by team and by condition. 



118 Chapter 5 Exploratory Study: Presence, Immersion and Psychological Fidelity 

 

5.2.2. Reliability and Validity Checks 

Before conducting the ‘designed’ analysis (Section 5.1.2), reliability, and validity (where 

possible) were assessed for the instruments used. As a first step, Cronbach’s alpha was 

computed to verify internal consistency, for any instruments that were modified for this study. 

Values over 0.7 were considered acceptable, in line with the recommendations suggested by 

Kline (1999). However, they also note that in the case of psychological constructs, even 

values below 0.7 can be accepted.  

The reliability analysis for the overall Teamwork Questionnaire was computed without 

the Leadership subscale (Section 4.6.1), due to the high number of missing values from this 

subscale (N=12). The modified Teamwork Questionnaire, without the Leadership subscale, 

had a high reliability with a Cronbach’s α = 0.96, across the 40 items. However, the large 

alpha coefficient could be due to the high number of items in the scale (Field, 2009), or 

equally, due to the small sample size (Yurdugül, 2008). The individual subscales of the 

modified Teamwork Questionnaire showed acceptable reliability: Leadership ( Cronbach’s 

α = 0.86, 11 items), Team Orientation (Cronbach’s α = 0.74, 6 items), Mutual Performance 

Monitoring (Cronbach’s α = 0.71, 4 items), Back-Up Behaviour (Cronbach’s α = 0.88, 5 

items), Adaptability (Cronbach’s α = 0.89, 5 items), Mutual Trust (Cronbach’s α = 0.88, 9 

items), Shared Mental Models (Cronbach’s α = 0.84, 8 items), and Communication 

(Cronbach’s α = 0.69, 3 items). Although, the Communication subscale’s reliability was 

below the threshold of 0.7, this could be due to the low number of items in this particular 

subscale. The modified System Usability Scale (SUS) was also checked, and it achieved a 

high reliability of Cronbach’s α = 0.91, across the 10 items. 

In order to verify validity, correlational analyses were run between certain items or 

subscales. The ‘Quality of the Interface’ subscale of the Presence Questionnaire (PQ) was 

significantly correlated with the SUS scale, r (22) = 0.55, p < 0.01. Similarly, the ‘Possibility 

to Act’ subscale of the PQ was significantly correlated with the SUS scale, r (22) = 0.54, p 

= 0.01. However, the ‘Possibility to Examine’ subscale of the PQ was not significantly 

related to the SUS scale, r (22) = 0.42, p = 0.05. Therefore, this could suggest that there is 

some conceptual crossover between the PQ and SUS, as suggested by Schroeder et al.’ 

findings (2017), however, the PQ would appear to measure additional factors related to the 

construct of Presence. 

Correlation was also sought between the Self-evaluation of Performance subscale of the 

PQ and the Performance item from the NASA-TLX Workload scale. Since the Self-
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evaluation of Performance subscale was not normally distributed, as indicated by the 

inspection of the Normal Q-Q Plot and a significant Shapiro-Wilk test of Normality, 

Spearman’s rho was computed instead. Self-evaluation of Performance subscale was 

significantly related to the Performance subscale, rs (22) = -0.54, p < 0.01. The negative 

correlation is indicative of the fact that the Performance subscale of the NASA-TLX has a 

reverse phrasing (Appendix B).  

Finally, there was a significant correlation between the Frustration subscale of the NASA-

TLX and the post-distress subscale of the SSSQ, rs (22) = 0.53, p < 0.01. Neither the 

Frustration or post-distress subscales were normally distributed, as indicated by the 

inspection of the respective Normal Q-Q Plots and significant Shapiro-Wilk tests of 

Normality, thus Spearman’s rho was used. 

5.2.3. Exploratory Data Analysis 

5.2.3.1. Differences between levels of Immersion 

5.2.3.1.1. Teamwork and Immersion 

 
Figure 5-2. Answers to the "Was there a team leader in your group?" question by condition. 

The question “Whilst playing through the missions, was there a team leader in your 

group?” was added after the pilot study to ascertain whether participants were skipping the 

Leadership subscale due to there being no “obvious” leader in their group. Therefore, only 

16 participants answered the above question, 8 in each condition. In the desktop condition, 



120 Chapter 5 Exploratory Study: Presence, Immersion and Psychological Fidelity 

 

5 participants (62.5%) felt that there was a leader in their team. However, in the VR condition, 

only one participant (12.5%) responded with yes. On further inspection at the team level for 

the desktop condition, in one team all members answered yes, but in the other team, only 

one answered with a yes. This could indicate that in the latter, the participant may have 

identified as the leader and thus, answered yes, but this feeling was not shared by the rest of 

their team. In terms of the VR teams, only one had a member which answered yes to the 

question. 

 
Figure 5-3. Team survivability by condition. 

For the item on team survivability, “I would play again as part of this team in the future”, 

the median score of participants in the VR condition was Mdn = 4.00 whereas, participants 

in the desktop condition had a median score of Mdn = 5.00. However, this difference between 

the VR condition and the desktop condition was not significant as indicated by a Mann-

Whitney U test, U = 80.5, z = 1.03, p = 0.38, using an exact sampling distribution for U. In 

both conditions, the scores for this item were either 4 (Agree) or 5 (Strongly Agree). The 

slightly higher scores in the VR condition could be due to the higher level of familiarity 

between team members in this condition (Section 5.2.1).  



Chapter 5 Exploratory Study: Presence, Immersion and Psychological Fidelity 121 

 

 
Figure 5-4. Individual teamwork scores (without leadership) by condition. 

On average, participants judged their Teamwork (excluding leadership scores) higher in 

the desktop condition (M = 3.92, SD = 0.40) than in the VR condition (M = 3.30, SD = 0.71). 

There was one mild outlier (more than 1.5 interquartile range (IQR) away) in the data, as 

assessed by inspection of a boxplot. Therefore, as suggested by Cairns (2019), the analysis 

was run with the outlier and without it to ascertain its influence. The analysis suggests that 

the results are consistent with or without the outlier, thus the decision was made to retain it. 

Teamwork scores were normally distributed for each condition, as assessed by Shapiro-

Wilk’s test (p > 0.05) and by inspection of the Normal Q-Q Plots, and there was homogeneity 

of variances, as assessed by Levene’s test for equality of variances (p = 0.06). The difference 

in teamwork scores between the conditions was significant, M = 0.63, 95% CI [0.12, 1.13], 

t(21) = 2.58, p = 0.02, and it represented a medium-sized effect, r = 0.47, 95% CI [0.09, 

0.74]. 
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Figure 5-5. Teamwork scores (without leadership) aggregated to the team level. 

This trend can also be seen when analysis is done at the team level (mean of participants’ 

score in each team), as indicated by Figure 5-5. 

 

Figure 5-6. Individual teamwork processes by condition. Note: * stands for p < 0.05; ** stands for p < 0.01. 

The same process of analysis as for the overall Teamwork score was followed for the 

individual teamworking processes of the “Big Five” teamwork model (Figure 5-6). Where 

the homogeneity of variance assumption was violated, a Welch’s t-test is reported. 

Participants in the desktop condition (N = 9) had a mean Leadership score of M = 3.13 (SD 
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= 0.71), with participants in the VR condition (N = 3) having a mean Leadership score of M 

= 2.67 (SD = 0.32). However, the difference (M = 0.46, 95% CI [-0.51, 1.44]) was not 

statistically significant, t(10) = 1.06, p = 0.31; representing a small-sized effect, r = 0.29, 

95% CI [-0.25, 0.70]. However, interpretation of the trend is difficult due to the small and 

uneven sample sizes as indicated by the wide CIs. The rest of the analyses all included 11 

participants in the desktop condition and 12 in the VR condition. 

On average, participants had a mean Team Orientation score of M = 4.0 (SD = 0.53) in 

the desktop condition, and a mean score of M = 3.60 (SD = 0.73) in the VR condition. This 

difference (M = 0.40, 95% CI [-0.16, 0.96]) was not statistically significant, t(21) = 1.50, p 

= 0.15; however, it did represent a medium-sized effect, r = 0.30, 95% CI [-0.10, 0.61]. In 

terms of Mutual Performance Monitoring, participants in the desktop condition had a mean 

score of M = 3.30 (SD = 0.88), with participants in the VR condition having a mean score of 

M = 3.23 (SD = 0.79). The difference (M = 0.07, 95% CI [-0.66, 0.80]) was not statistically 

significant, t(21) = 0.19, p = 0.85, r = 0.04, 95% CI [-0.35, 0.41]. 

For the Back-Up Behaviour scores, participants in the desktop condition reported higher 

scores (M = 4.16, SD = 0.53), than participants in the VR condition (M = 3.43, SD = 0.99). 

The difference between conditions was significant, M = 0.73, 95% CI [0.03, 1.43], t(21) = 

2.18, p = 0.04; representing a medium-sized effect, r = 0.41, 95% CI [0.02, 0.70]. On average, 

participants reported higher Adaptability scores in the desktop condition (M = 4.16, SD = 

0.43) than participants in the VR condition (M = 3.12, SD = 1.16). The data violated the 

homogeneity of variances assumption, as assessed by a significant Levene’s Test, p = 0.01. 

Therefore, Welch’s t-test was used. The difference between conditions was significant, M = 

1.05, 95% CI [0.28, 1.81], t(14.18) = 2.93, p = 0.01; this represented a large-sized effect, r 

= 0.51, 95% CI [0.13, 0.76]. Similarly, participants in the desktop condition reported higher 

Mutual Trust (M = 4.12, SD = 0.42) than participants in the VR condition (M = 3.47, SD = 

0.78). The difference between conditions (M = 0.65, 95% CI [0.10, 1.20]), was significant, 

t(21) = 2.46, p = 0.02; representing a medium-sized effect, r = 0.46, 95% CI [0.07, 0.73]. 

Participants’ judgement of their Shared Mental Models was, on average, higher in the 

desktop condition (M = 3.76, SD = 0.48) than in the VR condition (M = 2.85, SD = 0.66). 

This difference (M = 0.92, 95% CI [0.42, 1.42]) was significant, t(21) = 3.80, p < 0.01; 

representing a large-sized effect, r = 0.62, 95% CI [0.26, 0.83]. Finally, participants had a 

mean Communication score of M = 3.60 (SD = 0.88) in the desktop condition, with 

participants in the VR condition having a mean score of M = 3.53 (SD = 0.90). This 
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difference (M = 0.08, 95% CI [-0.70, 0.85]) was not significant, t(21) = 0.21, p = 0.83, r = 

0.04, 95% CI [-0.34, 0.42]. 

5.2.3.1.2. Workload and Immersion 

 
Figure 5-7. Individual workload scores by condition. 

On average, participants experienced lower workload in the desktop condition (M = 47.35, 

SD = 14.89) than in the VR condition (M = 62.57, SD = 13.89). There was one mild outlier 

(more than 1.5 IQR away) in the data, as assessed by inspection of a boxplot. However, the 

analysis suggests that the results are consistent with or without this data point, thus the 

decision was made to retain the outlier (Cairns, 2019). Workload was normally distributed 

for each condition, as assessed by Shapiro-Wilk’s test ( p > 0.05) and by inspection of the 

Normal Q-Q Plots, and there was homogeneity of variances, as assessed by Levene’s test for 

equality of variances ( p = 0.72). The difference in workload between the conditions was 

significant, M = -15.22, 95% CI [-27.70, -2.74], t(21) = -2.54, p = 0.02, and it represented a 

medium-sized effect, r = -0.47, 95% CI [-0.73, -0.08]. 
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5.2.3.1.3. Usability and Immersion 

 
Figure 5-8. Individual usability scores by condition. 

On average, participants felt that usability was higher in the desktop condition (M = 81.82, 

SD = 11.24, N = 11) than in the VR condition (M = 53.86, SD = 22.45, N = 11). According 

to Bangor et al. (2008), systems have acceptable usability if their respective SUS scores are 

above 70, scores between 50 and 70 suggest marginal, and scores under 50 suggest 

unacceptable. Therefore, on average, the usability of the VR version was on the lower end 

of being marginal, with the minimum individual score being 17.5, suggesting serious 

concern over the system’s usability for some participants. There were no outliers in the data 

as indicated by inspection of a boxplot. Usability was normally distributed for each condition, 

as assessed by Shapiro-Wilk’s test (p > 0.05) and by inspection of the Normal Q-Q Plots. 

However, the data violated the homogeneity of variances assumption, as assessed by a 

significant Levene’s Test, p = 0.01. Therefore, Welch’s t-test was used. The difference 

between conditions was significant, M = 27.95, 95% CI [12.16, 43.75], t(14.72) = 3.69, p < 

0.01; this represented a large-sized effect, r = 0.62, 95% CI [0.26, 0.83]. 
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5.2.3.1.4. Presence and Immersion 

 
Figure 5-9. Individual presence by team number and by condition. 

On average, participants experienced higher levels of presence in the desktop condition 

(M = 116.00, SD = 14.77, N = 11) than in the VR condition (M = 97.36, SD = 14.65, N = 11). 

There were three mild outliers (more than 1.5 IQR away) in the data, as assessed by 

inspection of a boxplot. However, the analysis suggests that the results are consistent with 

or without them, thus the decision was made to retain the outliers (Cairns, 2019). Presence 

was normally distributed for each condition, as assessed by Shapiro-Wilk’s test ( p > 0.05) 

and by inspection of the Normal Q-Q Plots, and there was homogeneity of variances, as 

assessed by Levene’s test for equality of variances ( p = 0.92). The difference in presence 

between the conditions was significant, M = 18.64, 95% CI [5.56, 31.72], t(20) = 2.97, p = 

0.01; representing a large-sized effect, r = 0.54, 95% CI [0.15, 0.78]. 
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5.2.3.1.5. Psychological Fidelity and Immersion 

 
Figure 5-10. Individual pre-distress and post-distress by condition. 

As previously discussed, there was an outlier in the data due to technical difficulties, and 

a non-submission for some of the questionnaires, thus there was one less participant in each 

condition (Sections 5.1.2 and 5.2.1). For the remaining data, on average, participants 

experienced a smaller increase between the pre- and post- test for distress in the desktop 

condition (M = 0.07, SD = 0.28, N = 11) but a larger increase for the pre- and post- tests in 

the VR condition (M = 0.26, SD = 0.65, N = 11). These distress state changes were normally 

distributed for each condition, as assessed by Shapiro-Wilk’s test (p > 0.05) and by 

inspection of the Normal Q-Q Plots. However, the data violated the homogeneity of 

variances assumption, as assessed by a significant Levene’s Test, p = 0.04. Therefore, 

Welch’s t-test was used. The difference between conditions was not significant, M = -0.19, 

95% CI [-0.65, 0.27], t(13.54) = -0.90, p = 0.38; and it represented a small-sized effect, r = 

-0.19, 95% CI [-0.54, 0.22]. 
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Figure 5-11. Individual pre-engagement and post-engagement by condition. 

On average, participants experienced a greater increase in engagement in the desktop 

condition (Mdn = 0.38) than in the VR condition (Mdn = 0.75). There were no outliers in the 

data as indicated by inspection of a boxplot. Engagement state change scores were not 

normally distributed for each condition, as assessed by Shapiro-Wilk’s test (p < 0.05) and 

by inspection of the Normal Q-Q Plots. Therefore, a Mann Whitney U test was run. The 

difference in engagement between the desktop condition and the VR condition was not 

significant, U = 54.5, z = -0.40, p = 0.70, using an exact sampling distribution for U. However, 

the difference represented a small-sized effect, r = 0.14, 95% CI [-0.26, 0.50]. 
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Figure 5-12. Individual pre-worry and post-worry by condition. 

On average, participants experienced a greater reduction in their worry in the desktop 

condition (M = -0.15, SD = 0.53) than in the VR condition (M = -0.10, SD = 0.71). Worry 

state change scores were normally distributed for each condition, as assessed by Shapiro-

Wilk’s test ( p > 0.05) and by inspection of the Normal Q-Q Plots, and there was homogeneity 

of variances, as assessed by Levene’s test for equality of variances (p = 0.35). This difference 

(M = -0.05, 95% CI [-0.60, 0.51]) was not statistically significant, t(20) = -0.17, p = 0.86, r 

= -0.04, 95% CI [-0.42, 0.36]. 

 
Figure 5-13. Worry, engagement, and distress state changes (post - pre) by condition. 



130 Chapter 5 Exploratory Study: Presence, Immersion and Psychological Fidelity 

 

5.2.3.2. Correlational Analyses 

The aim of this exploratory study is to assess the nature of the relationship between 

teamwork and the three technological capabilities of presence, psychological fidelity, and 

technological immersion as denoted by the condition (Section 5.1). These relationships or 

lack thereof are explored through correlational analyses. Since the level of technological 

immersion was manipulated in a between-subjects design and found to have an effect on 

presence (Section 5.2.3.1.4), partial correlations were conducted whilst controlling for the 

level of immersion. Thus, the variance in teamwork accounted for by presence and 

psychological fidelity could be ascertained without the shared variance of immersion (Field, 

2009). Preliminary analyses showed that all variables were normally distributed, as assessed 

by Shapiro-Wilk’s test (p > 0.05). There were mild outliers in the presence and engagement 

data, as identified by inspection of the scatterplots. However, results were consistent with or 

without these data, thus, they were included in the final analysis (Cairns, 2019). The results 

can be found in Table 5-2. 

Control 

Variables 

 

Teamwork 

(without 

Leadership) 

Variability in 

Teamwork 

(R2 x 100) 

-none- Teamwork (without Leadership) 1.00 - 

Presence 0.36 - 

PF - Distress State Change  -0.19 - 

PF - Engagement State Change  0.22 - 

PF - Worry State Change  0.22 - 

Immersion -0.50* 24.8% 

Immersion Teamwork (without Leadership) 1.00 - 

Presence 0.12 1.5% 

PF - Distress State Change  -0.11 1.2% 

PF - Engagement State Change  0.17 2.8% 

PF - Worry State Change  0.27 7.4% 

Table 5-2. Partial correlations between presence, psychological fidelity, and teamwork, controlling for 

immersion. Note: PF stands for Psychological Fidelity. * stands for p < 0.05. df for the zero-order (Pearson) 

correlations was 20, and 19 for the partial correlations controlling for condition. 

Although, the strengths of association between the variables of interest were small and 

there was a lack of statistical significance, this could be in part explained by the small sample 

size. Furthermore, there was some evidence of potential connections between the variables 

and teamwork. However, given the conflicting literature on the nature of the relationship 

between the technological capabilities tested, it was possible that there were connections 

between these. Thus, further correlational analyses were run to ascertain the relationships 
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between presence, psychological fidelity and level of immersion as denoted by the condition. 

Upon inspection of the scatterplots, outliers were identified for presence and engagement 

scores. The correlations were not consistent when run with and without the outliers. 

Pearson’s correlation is sensitive to outliers (Cairns, 2019), so to be conservative and 

minimise the chance of false positives, they were not included in the final analysis.  

Control 

Variables 
 1 2 3 4 5 

-none- 1. Presence  1.00     

2. PF - Distress State Change -0.42 1.00    

3. PF - Engagement State Change 0.10 -0.53* 1.00   

4. PF - Worry State Change 0.04 0.38 -0.32 1.00  

5. Immersion -0.51* 0.37 0.02 0.12 1.00 

Immersion 1. Presence 1.00 -    

2. PF - Distress State Change -0.28 1.00    

3. PF - Engagement State Change 0.13 -0.58* 1.00   

4. PF - Worry State Change 0.12 0.37 -0.32 1.00  

Table 5-3. Partial and zero-order correlations between immersion, presence, and psychological fidelity. Note: 

PF stands for Psychological Fidelity. * stands for p < 0.05. df for the zero-order (Pearson) correlations was 

18, and 17 for the partial correlations controlling for condition. 

The above results could suggest that there are potential interactions between the variables. 

Finally, usability was found to be significantly different between conditions (Section 

5.2.3.1.3). Furthermore, it was previously suggested that the usability of the system can 

influence results when comparing different setups (Section 4.3.4.2). Therefore, partial 

correlations were run controlling for usability, and where appropriate both usability and level 

of immersion (condition).  
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Control 

Variables 
 1 2 3 4 5 6 7 

-none- 1. Teamwork 1.00       

2. Presence  0.41 1.00      

3. Distress State 

Change 

-0.34 -0.37 1.00     

4. Engagement 

State Change 

0.16 -0.05 -0.49* 1.00    

5. Worry State 

Change 

0.17 0.08 0.37 -0.31 1.00   

6. Immersion -0.50* -0.47* 0.34 0.12 0.10 1.00  

7. Usability 0.17 0.60** -0.47* 0.08 -0.17 -0.59** 1.00 

Immersion 

& Usability 

1. Teamwork 1.00       

2. Presence 0.35 1.00      

3. Distress State 

Change 

-0.30 -0.11 1.00     

4. Engagement 

State Change 

0.30 -0.09 -0.55* 1.00    

5. Worry State 

Change 

0.24 0.23 0.34 -0.31 1.00   

Table 5-4. Partial and zero-order correlations between variables of interest. Note: * stands for p < 0.05. ** 

stands for p < 0.01. df for the zero-order (Pearson) correlations was 17, and 15 for the partial correlations 

controlling for condition and usability. Psychological Fidelity is operationalised as distress, engagement, and 

worry. 

To further explore the differences in usability between levels of immersion, Spearman’s 

rho was calculated between the SUS and participants’ condition specific platform familiarity 

with PD2 by creating a new variable that held the relevant information (desktop PD2 for 

participants in desktop condition and VR PD2 for participants in the VR condition). The 

resulting correlation coefficient, rs (22) = 0.19, was not significant, p = 0.41. However, the 

linear relationship between SUS and participants’ familiarity with the relevant game genres 

was significant, rs (22) = 0.48, p = 0.03. Furthermore, significant correlations were found 

between usability and workload, r (22) = -0.48, p = 0.03, and between usability and the 

frustration subscale of workload, r (22) = 0.82, p < 0.01. 
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5.3. Discussion 

This exploratory study aimed to explore trends and connections in an initial data set 

pertaining to the relationships between the Virtual Environment Moderators and individuals’ 

perceived ability to engage in the teamwork competencies described by the “Big Five” 

Teamwork Model. Furthermore, it sought to validate measures in the context of a VR 

scenario.  

Participants in the less immersive desktop condition judged their teamwork significantly 

higher than those in the more immersive VR condition. This is interesting given that on 

average the teams in the VR condition were more familiar with each other and also previous 

research suggests that teams high in familiarity demonstrate better teamwork (Hoebbel et al., 

2015; Cotard & Michinov, 2018).  

A potential explanation for this finding is in line with Guthrie et al.’ (2007) perspective 

on team processes mediated by technology and is derived from media naturalness theory 

(Kock, 2002). The authors hypothesize that as the medium becomes less natural, teams will 

report higher workload, lower teamwork, and lower physiological arousal. However, this 

effect is mediated by the familiarity of members with the medium, where higher familiarity 

alleviates this effect (Kock, 2002). Whilst VR would be classed as the more “natural” 

medium based on the criteria set out by Kock (2002), given its relative novelty, participants 

were potentially less familiar with the system and using an HMD than those in the desktop 

condition, thus leading to results similar to the ones hypothesized by Guthrie et al. (2007) 

for both workload and teamwork.  

For physiological arousal, interpretation of the results is more difficult due to the 

operationalisation as three separate constructs, distress, worry and engagement, adopted as 

part of this research. The intent was that by allowing participants in both conditions to 

familiarise themselves with the respective systems through the tutorial mission, the issue of 

familiarity with the systems could be overcome. However, judging by the low and borderline 

unacceptable usability ratings of the VR version of the game (Section 5.2.3.1.3), more time 

could be necessary for familiarisation purposes.  

The low usability of the VR version may have affected the relationship between the 

technological features and teamwork, as there is a trend of potential connections, albeit non-

significant. In particular, presence was significantly correlated with usability (Table 5-4), 

which could suggest that usability issues potentially disrupted participants’ feelings of 
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presence. This could explain why the current study found that higher levels of immersion 

lead to significantly lower presence, contrary to the meta-analysis of Cummings et al. (2016), 

which found that technological immersion had a medium-sized effect on presence, with 

higher technological immersion leading to greater gains in presence.  

Although not significant, participants in the desktop condition had higher experience in 

both similar video game genres and PD2 specifically compared to those in the VR condition 

which could further explain the results found in terms of usability and presence, i.e., 

participants in the desktop condition were more familiar with the task and interface. 

Conversely, the significant positive relationship between usability and participants’ 

familiarity with similar game genres could suggest that the more experience individuals have 

with similar games, the higher the perceived usability of the system. This would be in line 

with the findings of Montoya et al. (2011), whereby individuals who are more experienced 

with the medium may feel a stronger sense of presence. Similarly, the significant correlation 

between usability and distress state change, suggests that participants’ feelings of distress 

post-task were elevated due to these issues. Therefore, it could be argued that usability issues 

may have skewed the results of this study, which needs to be considered further.  

Two potential explanations are proposed for the extent of usability’s effect on the findings 

of the current study. First, the significant correlation coefficient between usability and 

workload, specifically between usability and frustration, could suggest that the usability 

issues contributed to the higher workload experienced by the participants in the VR condition. 

Specifically, participants may have been too focused on trying to achieve their individual 

tasks, or put another way, utilising their taskwork competencies, whilst distracted by these 

issues, thus, resulting in less cognitive resources available for teamwork processes. It has 

previously been argued that individuals need to develop schemas, or mental models, and 

social skills for interacting through less natural media, which in turn requires significant 

cognitive effort and practice (Sherblom et al., 2018). Hence, skill, efficacy, and confidence 

in using the respective medium are important considerations.  

The importance of the development of a mental model of the VE has also been previously 

highlighted in the context of the conceptualisation of presence (Section 3.4.1). The 

difference in experience with similar games and, more specifically, with PD2 was not 

significant between the conditions, however, the mean experience with VR games in general 

was only 2.83 and for PD2 VR only 0.42. Thus, it could be argued that participants in the 

VR condition were not as familiar with the medium as those using a keyboard and mouse in 
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the desktop condition. Therefore, it may be that due to a lack of either or combination of 

skill, efficacy, and confidence with using the medium, participants did not have enough 

available cognitive resources to effectively engage in team processes, as they were too 

focused on developing the necessary mental model of the VE and its possible actions, or 

controls. As Boughzala et al. (2012) argue, users must be proficient enough to know how to 

use the capabilities of the system before being able to properly engage in collaborative 

processes, which may not have been the case in the current study. Hussain et al. (2007) had 

similar findings in the context of a video game with a desktop setup, wherein with too little 

tutorial time, many players were ineffective during the actual scenario and therefore poor at 

teamwork. These findings extend the work of Kiss et al. (2015) to teamwork in HMD-based 

VR. The authors found that users collaborating on a planning task in a CAVE setup had to 

dedicate cognitive resources to developing the task-related mental models of the VE, 

resulting in more time required to complete the task. However, the findings of the current 

study suggest that users not only need to develop task-related shared mental models of the 

VE to coordinate, since participants were familiar with similar tasks, they also need to 

establish mental models of available interactions that the specific system affords in order to 

engage in team competencies. 

The alternative explanation could be that with higher levels of immersion, there is an 

increase in participants’ extraneous cognitive loads as they may get distracted by immersive 

stimuli and additional cues that are not relevant to the task (van der Land et al., 2013). These 

distractions could then potentially lead to lower perceived usability. Similarly, it has 

previously been argued that VR media is less natural due to presenting users with more or 

“richer” stimuli than what would be present in a F2F interaction, thus they are likely to result 

in information overload (Hantula et al., 2011). Therefore, it is important that environments 

are designed in such a way that they do not overload trainees with irrelevant sources of 

information, and that trainees are familiar enough with the system to achieve their individual 

tasks. 

The second objective of this study was to assess the reliability and, where possible, the 

validity of the measures used in the context of a VR scenario. As indicated by the results of 

the statistical tests conducted (Section 5.2.2), the measures of teamwork, usability and stress 

all showed high internal consistency. Therefore, the results support the use of these measures 

in VR. 
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5.4. Exploratory Study Conclusions and Directions for the Confirmatory 

Study 

With the increased availability of consumer level HMDs, there is an increased interest in 

adopting more immersive VR for team training. However, there is a dearth of research 

supporting the existence of a training benefit for teamwork over the less immersive desktop 

options. It is important that research focuses on the difference in the level of support of 

technological capabilities between these systems so that empirically informed design 

decisions can be made. The current study was an initial exploration of how this could be 

achieved. Furthermore, it served as an extended pilot study to help identify any 

methodological issues prior to conducting a larger confirmatory study. The findings suggest 

that systems higher in immersion may lead to an increase in individual’s cognitive load due 

to perceived usability issues, where users are unfamiliar with the interface and its affordances. 

This can then lead to trainees being too distracted, by trying to engage in taskwork KSAs 

and developing the necessary mental models to fully leverage the affordances of the system, 

to focus on the expected teamwork KSAs. Whilst this study provided a number of interesting 

findings as well as demonstrate a need for further study, it did have some limitations. 

Arguably, the main challenge with the current study and its findings was the usability of 

the system. The motivation behind the choice of experimental testbed was that the VR 

version of PD2 had been commercially available for two years at the time of study, allowing 

for an extended period of user testing. Furthermore, the VR version is remarkably similar to 

the desktop one, apart from the interaction metaphors; although the difference in participants’ 

familiarity with the desktop version was not significant. However, it would appear that 

playing through the tutorial mission was not enough for participants to familiarise 

themselves with the VR system and its affordances. This could mean that the interaction 

mapping in the VR version was not intuitive, or that the in-game instructions were not clear 

enough. This is similar to Montoya et al.’ (2011) results, where prior experience with the 

software, was positively related to the performance of teams, hypothesising that these teams 

were in a better position to leverage the affordances of the system for exhibiting 

teamworking behaviours. Future studies should focus on equality of usability for both levels 

of immersion and to collect qualitative data in addition to the quantitative measures to aid in 

the interpretation of and provide a richer context for the results.  

Another limitation of the current study was the small sample size which meant that the 

individual was used as the unit of analysis, following the studies of Hoebbel et al. (2015) 
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and Lackey et al. (2016). Using the individual participant as the unit of analysis may inflate 

Type I errors, since the existence of a hierarchy in the sample (individuals being in teams), 

results in data not being independent (Kashy & Hagiwara, 2012). This was appropriate for 

the aims of the current study, which was to explore the existence of any trends and 

connections in the data. However, future research should aim to use multilevel modelling 

techniques or similar to account for the clustering in the data. 

Finally, the measure used for psychological fidelity, or as operationalised in the context 

of this research, stress, was found to make the interpretation of results more difficult due to 

having three separate subconstructs. However, in the context of this research psychological 

fidelity should have been considered to be a singular variable. Therefore, a method that 

measures overall stress as the main construct would be more appropriate for the confirmatory 

study.  

Considering the above limitations, a confirmatory study will test whether the same trends 

and connections are apparent when both groups are comprised of teams of individuals who 

are highly experienced with their respective setup and level of immersion. 
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Chapter 6  

 

Confirmatory Study: Effect of Immersion, 

Presence and Psychological Fidelity on 

Teamwork 

This chapter describes the confirmatory study, which aimed to validate the addition of 

immersion, presence, and psychological fidelity to the model of Team Training in Virtual 

Environments (Section 3.6). Before presenting the results and their interpretation, the 

changes to the research method based on the issues identified as part of the exploratory study 

(Section 5.4) are described. The study followed a quasi-experimental between-subjects 

design, and it was conducted outside the laboratory, over the Internet. It has been previously 

argued that teams should be studied “in the wild” and that studies conducted in a lab setting 

with student populations may not necessarily translate to field settings (Marlow et al., 2016). 

Therefore, by conducting the study remotely, in the setting that the participants generally 

play the video game, the hope was that it would ensure a certain degree of ecological validity 

as well as extend the collective understanding of teamwork in a real setting. Moreover, it 

served as a detailed discussion of the feasibility of conducting fully virtual experiments using 

VR and video games for the purpose of team theory building and testing. 

6.1. Introduction 

There is an increased interest in using consumer-ready HMD VR systems for team 

training (Section 2.2.3). However, evidence of a training benefit over the more traditional 

and more researched flat-screen desktop systems is inconclusive (Section 2.3). Furthermore, 

it is also not clear what features endogenous to the technology used, virtual environments 

(VEs) in this case, may influence the ability to train and assess team competencies. In order 

to explore this gap, a model of Team Training in Virtual Environments was proposed (Section 

3.6), with an initial set of three potential VE features as influencing factors of teamwork 

processes, with the aim of validating the addition of these constructs to the model. When 
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empirically exploring this, it was found that usability issues experienced by participants may 

have distracted them from being able to focus on engaging in the team competencies of 

interest (Section 5.3).  

Results also indicated that these usability issues affected both presence and stress, 

potentially skewing the relationship between these constructs and teamwork. Prior work had 

suggested that individuals who are not familiar with a medium, may not have the mental 

models necessary for effectively exploiting the system’s capabilities for collaborative or 

teamwork processes (Hussain et al., 2007; Boughzala et al., 2012; Sherblom et al., 2018). 

Thus, based on the participants’ characteristics from the exploratory study (Section 5.2.1), 

those in the VR condition may not have been familiar enough with the system and its controls, 

leading to poor usability ratings, and ultimately, requiring too much cognitive effort for the 

development of mental models to have enough resources available for engaging in teamwork. 

Therefore, it is important that this confirmatory study recruits a sample of participants who 

are highly familiar with the systems (both hardware and software) in their assigned 

conditions, desktop or VR denoting the level of immersion, in order to minimise the 

systematic variance introduced by usability issues. 

6.2. Method 

6.2.1. Design 

Although typically VR research studies are conducted in a lab setting, the design of the 

current confirmatory study will use a remote protocol. There are two reasons for this. Firstly, 

and practically, it must ensure that the study can still be conducted in the event of COVID-

19 restrictions (lockdowns, social distancing, etc), as the previous study had to be halted due 

to a national lockdown, and subsequent restrictions on face-to-face research have been 

imposed across the University sector. Second, and conceptually more importantly, it must 

allow for a wider access to a sample of participants experienced in the condition’s designated 

interface (e.g. VR) and virtual task (e.g. PAYDAY 2; PD2), in order to control for the 

usability issues found to influence previous results (Section 5.4). 

This is not the only empirical study to realise the benefits of fully virtual designs. The 

health and safety concerns related to conducting experiments, especially with wearable 

technology such as an HMD, during COVID-19 has escalated the interest in the feasibility 
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and validity of running remote VR studies (Mottelson, Petersen, Lilija, & Makransky, 2021; 

Radiah et al., 2021; Saffo, Bartolomeo, Yildirim, & Dunne, 2021). Online studies present a 

number of benefits such as subject pool diversity (Huber & Gajos, 2020; Ratcliffe et al., 

2021; Saffo et al., 2021); potentially higher ecological validity (Huber & Gajos, 2020); lower 

costs (Huber & Gajos, 2020; Ratcliffe et al., 2021); and faster turnaround (Huber & Gajos, 

2020; Saffo et al., 2021). Remote VR studies with participants who own their own HMDs, 

enable the recruitment of expert users, and minimises the risk of novelty effects on results 

that is often found with first-time users (Mottelson et al., 2021). However, at the time of this 

study’s design, no other studies had been published using a similar protocol and none of the 

subsequently published ones evaluated teamwork. 

The validity of remote VR experiments has been demonstrated in the context of a number 

of different designs. A lot of attention has been given to demonstrating the validity of 

unsupervised online experiments, potentially because they are less time consuming (Radiah 

et al., 2021). For example, Huber and Gajos (2020) found that they were able to replicate the 

results of two in-lab experiments with uncompensated and unsupervised online studies with 

the use of a bespoke online experiment platform. The authors found that the results held 

across device types, although effect sizes got smaller in the case of the second replication 

study. Another study compared in-lab results to remote ones and found similar effect sizes, 

although there were differences in absolute performance due to the technology used since 

the in-lab study used HTC Vive HMDs whereas for the remote study they distributed Google 

Cardboard devices to participants (Mottelson & Hornbæk, 2017). The influence of the 

technology was then demonstrated with a follow-up in-lab study using Google Cardboard 

devices (Mottelson & Hornbæk, 2017).  

More recently, Mottelson et al. (2021) demonstrated good reliability of in-VR survey and 

tracking data in the context of unsupervised remote VR studies with participants’ own VR 

equipment. However, one potential limitation of unsupervised remote studies is that 

participants might not always pay attention and follow protocol, thus potentially reducing 

the effects of the experimental manipulation (Mottelson & Hornbæk, 2017); a drawback that 

has been echoed by other Extended Reality researchers in a recent survey (Ratcliffe et al., 

2021). The alternative is to conduct remote supervised experiments, which have been argued 

to be particularly well-suited for studies that require several participants participating 

synchronously (Radiah et al., 2021), such as this current study (Section 6.2.7). The feasibility 

and validity of supervised remote studies have also been demonstrated. For example, Saffo 
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et al. (2021) replicated two in-lab studies, one quantitative and one qualitative, inside a 

Commercial-Off-The-Shelf (COTS) social VR platform. These followed a remote-

supervised design and found that the results were comparable to face to face studies, 

indicating the validity of the method. In particular, the qualitative study entailed a 

collaborative task with two participants and the experimenter present. Similarly, Radiah et 

al. (2021) conducted two case studies to assess the feasibility of conducting remote VR 

experiments. Specifically, the second study explored the feasibility of supervised 

experiments using an established platform in the context of collaborative tasks. The authors 

found that the procedure worked well, however, differences in time zones between the 

experimenter and the participants meant that some of the sessions had to be run outside of 

normal office hours, such as during the researchers’ night, to accommodate participants.  

In summary, the evidence suggests that remote VR studies are not only feasible, their 

results are also valid. Furthermore, considering the constraints of conducting experiments, 

especially those that require HMDs, during the COVID-19 pandemic, as well as the need for 

access to an expert subject pool, the decision was made to conduct the current confirmatory 

study as a remote-supervised experiment. Supervision would ensure that the protocol was 

closely followed and that any concerns or questions could be addressed. This was especially 

important because the study required four participants in each session to run, which meant 

that if one had questions or concerns that could not be addressed at the time of the study, it 

could potentially lead to participants dropping out or unreliable data.  

Moreover, supervision also ensured the manual collection of objective task performance 

data, such as number of mistakes, which would otherwise not be feasible since the game 

does not automatically record them. Therefore, this study followed a supervised between-

subjects remote quasi-experimental design with two levels: VR condition (the intervention); 

and desktop condition (the control group). It was a quasi-experimental design due to the 

subject pool having to consist of PD2 players who were experienced with either the VR or 

desktop version of the game and had access to the respective hardware, it was not possible 

to randomly assign teams to the conditions. However, participants were still semi-randomly 

assigned to teams based on the individuals who only indicated being available for a specific 

session. In order to accommodate different time zones, sessions were made available from 

early in the morning (7 AM) until later in the evening (9 PM) UK time. Weekend sessions 

were also made available to allow participants who worked to take part. 
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With regards to the constructs measured and their operationalisation, a number of changes 

had to be made based on the issues found as well as the knowledge developed as a result of 

the exploratory study (Chapter 5). The measure for psychological fidelity was found to make 

the interpretation of the results more difficult due to measuring stress as three separate 

subconstructs (Section 5.4). Since in the context of this research, stress was proposed as an 

indirect measure of psychological fidelity, it was important to use a method that measures 

overall stress as an individual construct for the purpose of validating the addition of 

psychological fidelity to the model of Team Training in Virtual Environments (Section 3.6). 

The proposed new method will be described in the Measures subsection (Section 6.2.5.2).  

Another change was the decision to exclude workload from the variables measured. The 

justification behind this decision was two-fold. First, it was previously posited (Section 

4.3.4.1) that a less natural medium would lead to higher workload and lower teamwork, 

however, this effect is mediated by the familiarity of team members with the medium used. 

Similarly, it has previously been argued that a common use of mental workload is to compare 

the ease of use of different systems (Khojasteh & Won, 2021), which would help explain 

why familiarity would mediate the effect of less natural media as posited by media 

naturalness theory (Kock, 2002; Guthrie et al., 2007). This is further supported by the 

significant negative correlation between workload and usability in the exploratory study 

(Section 5.2.3.2). Since the target sample was comprised of experienced individuals, the 

level of workload should be similar across participants. The second reason was to minimise 

the risk of respondent fatigue (Ben-Nun, 2008) since the study heavily relied on 

questionnaires as the main method of data collection and the Teamwork Questionnaire alone 

is 40 items long (Section 4.6.1). 

An updated summary of the variables studied, their operationalisation, and the associated 

measurement tools are presented in Figure 6-1. 
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Figure 6-1.Explanatory, Confounding and Outcome variables. Note: T - theoretical construct; O - 

operationalisation of construct; M - measurement tool of construct. 

The results from the exploratory study could be interpreted in different ways based on 

past theory (Section 5.3). However, without collecting contextual information, it was 

difficult to ascertain what led to the results found. Therefore, one of the recommendations 

for the confirmatory study (Section 5.4) was to add a qualitative component in order to 

collect such information, achieved by adding two open-ended questions to the post-task 

survey used in this study (Section 6.2.5.3). Harland and Holey (2011) found that using a 

similar approach in a dominantly quantitative methodology added value and depth to the 

results and conclusions drawn. In the current study there were two main rationales for 

adopting a partially mixed-methods approach, based on the rationales identified by Greene 

et al. (1989). First, similar to the quantitative methods, the open-ended questions also 

assessed aspects that may have hindered or supported the ability of participants to engage in 

teamwork. The aim was to confirm quantitative results and to uncover any additional 

variables which have not been identified through the review of the literature, thus adhering 

to the triangulation and complementarity rationale (Greene et al., 1989; Harland & Holey, 

2011). Second, the intent was that any consistencies or discrepancies across the two sets of 

results could be analysed to provide new insights and future research avenues, similar to the 

initiation rationale (Greene et al., 1989; Harland & Holey, 2011). Therefore, in this study, 

the primary component will be the quantitative results, with the qualitative results used for 

elaborating on and helping explain the former (Miles, Huberman, & Saldaña, 2013). 
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Quantitative research strives to achieve objectivity throughout the research process 

(Creswell & Creswell, 2018). At the time of writing there were no examples of remote 

supervised quasi experimental studies done in group research, with a focus on measuring 

teamwork in VR. Therefore, to develop an understanding of how this methodology may have 

impacted the results, as well as provide a critical reflection on the process for future scholars 

to draw upon, general notes were made for each session, reflecting on any issues or 

interesting aspects pertaining to the process as a whole. This reflective practice helped 

generate a secondary output as well as help situate the reliability of the findings. 

6.2.2. Hypotheses 

Based on the literature reviews conducted (Chapter 2 and Chapter 3) the following 

research questions were proposed: 

RQ1: Do individuals’ perception of teamwork in a team-based virtual environment 

change with the level of immersion, presence, and psychological fidelity? 

RQ2: What is the nature of the relationship between immersion, presence, and 

psychological fidelity, and how does it influence individuals’ perception of teamwork? 

There is a dearth of research comparing HMD-based systems to flat-screen desktop setups, 

and the studies reviewed did not explicitly measure teamwork or team effectiveness (Section 

2.3.1). Similarly, the results of studies conducted on individuals are conflicting in terms of a 

training benefit and appear to depend at least in some part on the task being trained (Section 

2.3.2). Therefore, it is not clear whether using a more immersive system can lead to a training 

benefit in the context of teams. Furthermore, the findings from the exploratory study 

conducted highlighted a trend in the data suggesting that the level of immersion could 

influence individuals’ perception of teamwork (Section 5.3). Consequently, it is 

hypothesised that the level of immersion, as operationalised in the context of this research 

(Section 4.3.2.1), could affect the ability of individuals to engage in team competencies 

(H1a).  

H1a: The level of immersion, operationalised as desktop (less immersive) and VR (more 

immersive), will influence individuals’ ability to engage in teamwork knowledge, skills, and 

attitudes (KSAs), as quantified by individuals’ perception of teamwork. 
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Presence, or the subjective feeling of “being there” in the VE (Section 3.4.1), has been 

previously found to have a significant positive effect on teamwork quality perceptions 

(Massey et al., 2013), and is often argued to be a predictor of performance outcomes (Witmer 

& Singer, 1998; Tichon & Wallis, 2010; Cummings & Bailenson, 2016). Similarly, 

correlational analyses conducted as part of the exploratory study indicated that there is a 

positive relationship between presence and teamwork (Section 5.2.3.2). Thus, it is 

hypothesised that presence, as operationalised in the context of this research (Section 

4.3.2.2), could affect the ability of individuals to engage in team competencies (H1b). 

H1b: Presence will influence individuals’ ability to engage in teamwork KSAs, as 

quantified by individuals’ perception of teamwork. 

Psychological fidelity, or the ability of the VE to elicit similar cognitive, emotional, and 

behavioural responses from the user as the real-world equivalent (Section 3.5.3), is argued 

to be the most important type of fidelity for team training systems (Section 3.5.2). The ability 

to successfully elicit psychological processes through VEs has been previously linked to 

better team learning, as well as enhanced knowledge and skill development (Section 3.5.3). 

It is, however, not clear what the optimum level of psychological fidelity is for training 

teamwork. Due to the measurement method used for psychological fidelity in the exploratory 

study, it was difficult to ascertain the relationship between the overall psychological fidelity 

and teamwork (Section 5.4), however, there was a trend of potential relationships between 

the individual stress subconstructs and teamwork (Section 5.2.3.2). Therefore, it is 

hypothesised that psychological fidelity, as operationalised in the context of this research 

(Section 4.3.2.3), could affect the ability of individuals to engage in team competencies 

(H1c).  

H1c: Psychological fidelity, as measured by stress, will influence individuals’ ability to 

engage in teamwork KSAs, as quantified by individuals’ perception of teamwork. 

A common issue in the literature, and indeed, in practice, is that there is little agreement 

on the definitions and operationalisations of immersion, presence, and psychological fidelity, 

which can lead to conceptual overlaps between the constructs (Chapter 3). This in turn can 

lead to uncertainty surrounding the nature of the relationship between the constructs (Section 

3.6), or indeed, whether these relationships in and of themselves influence teamwork above 

and beyond the contribution of each individual construct. Based on prior research (Section 

4.3.2.4), it is expected that there will be a relationship between immersion and presence 
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(H2a), psychological fidelity and presence (H2b), as well as psychological fidelity and 

immersion (H2c).  

H2a: The relationship between presence and individuals’ ability to engage in teamwork 

KSAs will depend on the level of technological immersion.  

H2b: The relationship between psychological fidelity and individuals’ ability to engage 

in teamwork KSAs will depend on the level of technological immersion.  

H2c: The relationship between psychological fidelity and individuals’ ability to engage 

in teamwork KSAs will depend on the level of presence. 

The above hypotheses will be explored after adjusting for the known confounders of 

usability (Sections 4.3.4.2 and 5.4), prior experience with the task (Section 4.4) and interface 

(Section 5.4), and intra-team familiarity (Section 4.3.3). Furthermore, in case some sessions 

need to be conducted with fewer participants, the size of the team will also be adjusted for 

as prior evidence suggests that it can have an influence on team measures (Rosen et al., 2012; 

Salas et al., 2017). 

Since the findings of the exploratory study suggested that usability issues influenced the 

results (Section 5.3), it was important to ensure that the same would not happen in the current 

study. Thus, a control check was proposed, where it is hypothesised that the usability of the 

system will not significantly differ between conditions (H3). 

H3: Usability scores will not significantly differ between conditions. 

6.2.3. Sample Considerations 

In the team literature, it is generally argued that task-specific KSAs should be trained 

before team-specific ones, and evidence suggests that a similar principle applies to synthetic 

training as well (Section 4.4). Indeed, the previous study conducted found that inexperience 

with the system and hardware used for interaction may have confounded results (Section 

5.3). Specifically, the limited prior experience of participants with similar games may have 

contributed to the poor perceived usability of the systems (Section 5.2.3.2). The poor 

usability scores, particularly in the VR condition, may have resulted in participants focusing 

too much on developing an understanding of the controls and affordances of the game, to 

have enough cognitive resources left to engage in team competencies (Section 5.3). 

Consequently, in an attempt to control for potential usability issues arising from a lack of 
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familiarity with the game and the hardware (desktop or VR), this study used a representative 

sample from the PD2 community, namely healthy adults who have experience of and are 

highly familiar with PD2 in either its desktop or VR form. Another advantage of targeting 

individuals who are highly familiar with playing PD2, particularly in VR, is the reduced risk 

of novelty effects (Mottelson et al., 2021). However, this approach also presents with a 

significant limitation, since even though the availability and popularity of consumer-level 

HMDs has seen a significant growth recently, the number of people who own one is still low 

compared to other mainstream devices, such as a flat-screen desktop setup (Kelly et al., 

2021; Radiah et al., 2021). At the time of the study’s commencement in October 2020, the 

official PD2 community Discord server had 560 individuals who indicated that they play the 

game in VR, although it is possible that not everybody disclosed this. Conversely, according 

to a website that continuously analyses player numbers on Steam, the online game platform 

that PD2 uses, there were an average of 28,496 people playing PD2 in September 2020 

(Steamcharts, n.d.). Unfortunately, this website does not differentiate between desktop and 

VR players. It was thus anticipated that it would be more difficult to recruit VR players.  

The study was run between October 2020 and February 2021, with the first call for 

participants posted on the 13th of October 2020. Recruitment was done over social media 

(Reddit, Twitter, Facebook), PD2 forums on Steam, PD2 community Discord, a website 

dedicated to recruitment of participants for Extended Reality (XR) studies created in 

response to the COVID-19 lockdown (Ratcliffe & Soave, 2021), and via snowball sampling 

with existing participants reaching out to their acquaintances to participate. Where 

applicable, permission was requested from gatekeepers of these communities, a particularly 

important consideration for certain subreddits as they tend to have community rules in place 

(Shatz, 2016; Radiah et al., 2021). Suitable subgroups were identified on social media 

platforms in order to ensure that the posts were reaching the population of interest. On both 

Facebook and Reddit (r/paydaytheheist, r/PaydayTheHeistOnline), regular posts were made 

in PD2 dedicated groups. However, after the first recruitment effort, it became apparent that 

the posts were not reaching enough VR players, thus later efforts were also aimed at VR 

specific subreddits (r/virtualreality, r/SteamVR, r/Vive, r/ValveIndex, r/vive_vr, r/oculus, 

r/OculusQuest). Calls for participants were shared over social media and Discord channels 

at certain intervals, with most participants reacting to the Reddit posts. Unfortunately, certain 

difficulties were faced when posting on the Steam forums with individuals questioning the 

legitimacy of the study, potentially because of the disclaimer that the PhD is part-funded by 
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QinetiQ, who are a security and defence contractor. As a result, this channel was removed 

from the recruitment strategy. Each prospective participant was asked to add a Discord 

account specifically created for the purpose of this research, which was also used as the 

method of remote supervision (Section 6.2.7). Thus, all study-related interaction with 

participants could be done within the same platform. Furthermore, once they confirmed that 

they met all the inclusion criteria and none of the exclusion ones, they were sent a link to a 

Doodle poll, an online scheduling tool, and asked to indicate all of the sessions that they 

would be available for and their platform of choice (desktop or VR). Some people had to be 

rescheduled to a later date because there were no time slots for which all four people were 

available. After the initial calls on these channels, recruitment slowed down, and each 

additional call had diminishing numbers of participants volunteering. By February, the 

number of volunteers responding to the calls reduced too far, in some cases with less than 

four per call. Thus, recruitment continued until the end of February 2021, with the last team 

doing the study on the 20th of February.  

Other authors have noted similar difficulties in running experiments with teams, with 

Sadler and Judd (2001, p. 497) noting that “getting individuals to participate in groups is not 

always trivial, experimental sessions may be difficult to structure and subject recruitment 

may be tedious”. Similarly, Radiah et al. (2021) had issues with recruitment before adding 

compensation in the form of monetary incentives. Unfortunately, due to budget limitations, 

it was not possible to add a monetary incentive for this study, instead participants were 

debriefed at the end of the study and were told how well they did compared to previous 

teams (time and number of tries) without disclosing any additional information. Similarly, 

the mission chosen (Section 6.2.4) was based on an in-game achievement, making the 

mission more challenging than how it is normally played. This way, it was hoped that it 

would intrinsically motivate participants, by still providing value, even though it was non-

monetary (Huber & Gajos, 2020). 

This has an effect on the ‘feasible’ number of participants that can be recruited. Sample 

size is an important consideration for research on teams, since the existence of a hierarchy 

in the sample, with participants nested within teams, is likely to result in data that violates 

the assumption of independence, which some statistical techniques rely on (Sadler & Judd, 

2001; Zaccaro et al., 2005; Kashy & Hagiwara, 2012). The general recommendation when 

confronted with such data structures is to use multilevel modelling (MLM) techniques 

(Kashy & Hagiwara, 2012), which do not rely on the assumption of independence and take 
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both within and between cluster variances into consideration when estimating standard errors 

(Snijders & Bosker, 2012).  

A priori sample size calculations for MLM depend on a number of factors such as cluster 

size, intraclass correlation (ICC), and the number of parameters estimated (Field, 2009; 

Snijders & Bosker, 2012). Over the years, various ‘rules of thumb’ have been suggested 

depending on what researchers are interested in estimating (cross-level interaction, level-1 

fixed effects coefficients, random effects coefficients, etc). However, it is generally 

recommended that the number of clusters is more important than the number of individuals 

per cluster (Maas & Hox, 2005; Garson, 2019). According to some the minimum acceptable 

number of clusters is 30 with 30 members each (Kreft & de Leeuw, 1998), with other 

guidelines varying from minimum of 20 clusters (Snijders & Bosker, 2012; Robson & 

Pevalin, 2016), and 50 clusters with 20 members each for estimating cross-level interactions 

(Hox, 1998). Indeed, in a simulation study conducted by Maas and Hox (2005), they found 

that even at 50 clusters the estimates for the standard errors are still biased.  

Techniques for estimating the sample size for MLM methods could not be used for this 

study as no a priori data exists. However, to provide an estimate that could be used to 

complement and assess the appropriateness of previous ‘guidelines’, it is known that fitting 

a MLM requires a larger sample size than Ordinary Least Squares (OLS) estimation used in 

single-level regression (Garson, 2019). Thus, ignoring the potential dependence in the data, 

a power analysis was performed to estimate the minimum required sample size for a multiple 

regression using the G*Power 3.1.9.7 software (Faul, Erdfelder, Buchner, & Lang, 2009). 

The Type II error rate was set to β = 0.20 (power = 0.80) and the Type I error rate at α = 0.05. 

Cohen’s (1988) recommendation was followed, which posited that in a typical study in the 

behavioural sciences the effect size would have a value of f2 = 0.15. Furthermore, 

considering the hypotheses (Section 6.2.2) proposed the current study would test 6 predictors, 

including the interactions between the 3 main predictors, whilst adjusting for 4 control 

variables. Since the main goal for the analysis was to test a significant increase in R2 based 

on the addition of the main predictors and, subsequently their interactions, two calculations 

were done using G*Power.  
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Figure 6-2. Power calculations for single-level linear multiple regression using G*Power: sample size 

required for testing main effects (left) and sample size required for testing interaction effects as well (right). 

Figure 6-2 (left) considers the settings for the first three hypotheses pertaining to the main 

effects, resulting in a minimum sample size of 77. Conversely, running the calculations with 

the addition of the interaction effects as well (Figure 6-2) results in a minimum sample size 

of 98. Therefore, the aim would be to recruit at least 100 participants (divided into teams of 

4) for a single-level regression and thus between 100 and 200 for MLM, with respect to the 

various recommendations in the MLM literature discussed above.  

6.2.4. Apparatus 

Participants used their own hardware, however, their setup had to meet the minimum 

system requirements in order to be able to run PD2 as well as to be able to use their respective 

HMDs. The task for the previous study was chosen based on the assumption that prospective 

participants would have varying levels of experience with the game and would have limited 

access to in-game equipment and skill customisation (Section 4.5.1). Considering the sample 

used for this study (Section 6.2.3), this would no longer be the case since participants needed 

to be experienced and use their own game accounts. Thus, a number of decisions had to be 

made in regard to the task used. First, it was still important for the task to require high levels 

of interdependence to ensure that the “Big Five” teamwork processes would apply (Salas et 

al., 2005). Second, and related to the previous point, it was important to pick a mission with 

a level of difficulty that would be challenging enough for both expert players, who have 
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played thousands of hours, and those who may not have quite reached that level of expertise 

yet (Marlow et al., 2016). Finally, it needed to be able to be completed in both desktop and 

VR, as well as not be a mission blocked behind a paywall as that would potentially exclude 

certain participants. 

Whilst PD2 was designed for 4-person co-operative play, the missions can be done by a 

single player even on the highest difficulty (”Death Sentence - One Down”), with multiple 

examples of people doing this on YouTube 1. Therefore, help was sought from the player 

base to choose a mission that would fit the above criteria. The most popular recommendation 

was the “Shadow Raid” mission, more specifically, using rules tied to an in-game 

achievement to make it more challenging and thus potentially increase the level of 

interdependence and difficulty. The mission can only be done in ‘stealth’, meaning that as 

soon as a guard is alerted, players have one minute to successfully finish the objectives 

before failing the mission. Furthermore, there is a limit to how many guards they can take 

out before automatically entering the one-minute timer. 

Normally, players would use specific equipment that would result in the lowest possible 

‘detection risk’, or the rate and distance at which guards can spot players. By borrowing the 

rules of the achievement, participants would need to equip two specific guns which would 

bring their detection risk to the maximum possible and require them to find other ways to 

silently incapacitate guards further increasing the difficulty. To be able to use the weapons, 

players need to be a specific level in the game, ensuring that they do indeed have experience 

with it. Since the mission itself is short, it also meant that if someone was spotted or if there 

were any technical issues, the mission could be restarted a number of times allowing for 

more opportunities to engage in team competencies. Similarly, the mission had a preplanning 

tool (Figure 6-3), which allows players to draw on a wireframe map and use to strategise 

prior to starting, such as request a dead drop of additional equipment depending on the 

strategy they are using or agree on additional loot drop-off points. This would ensure that 

teams had access to both a transition and an action phase (Section 2.2.2.1), since the 

importance of team processes shifts depending on which phase a team is in (Marks et al., 

2001; Salas et al., 2005). Additional rules were added based on discussions with a subject 

matter expert, a player who at the time had nearly 5000 hours in PD2 and is a recognised 

 

1 https://www.youtube.com/results?search_query=payday+2+DSOD+solo 

https://www.youtube.com/results?search_query=payday+2+DSOD+solo
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partner of the company who developed the game. The subject matter expert pointed out that 

there was still a way to get around the difficulty imposed by having the maximum detection 

risk possible through the chained use of ECM (Electronic Counter-Measure) Jammers 

(MrWombat, personal communication, October 13, 2020). These items last 20 seconds and 

they disable cameras, stop the AI (enemies) from calling for backup, and if the players take 

a certain skill, they also disable pagers which players must answer once they take down a 

guard to prevent the rest of the guards from being alerted. Therefore, the decision was made 

to limit the use of these items to only twice during any run, with only one person being 

allowed to equip one, since it is two uses/item. Similarly, participants were asked to turn off 

any game-changing mods, modifications that change the way the game looks or works, since 

these can also significantly reduce the difficulty level. Finally, to encourage teamwork and 

reduce the potential for solo play, participants were instructed that they each had to 

physically secure a piece of loot from inside the warehouse and that the objective is to try 

and complete the mission as a team, without the requirement to successfully finish it. The 

full instructions are presented in the following excerpt from the Participant Information 

Sheet: 

“Next, you will be asked to play through “Shadow Raid” on Death Sentence 1-Down 

difficulty with a minigun and RPG 7, or Microgun and Flamethrower/Grenade 

Launcher if you do not have the DLC for the aforementioned weapons. Max one 

person with a regular ECM is allowed per team. The hacker trait is allowed, but you 

are encouraged to adapt your non-fixed loadouts. NO gameplay changing mods are 

allowed such as SA, Pirate perfection and carrystacker. You will play with three other 

participants in the game while using the voice channel in the study’s Discord to speak 

with each other. The loadout is designed to make the mission more difficult in order 

to require the team to work together to succeed. Your task will be to try and complete 

the mission as a team, with every person required to secure at least one piece of loot 

from the heist, however, should you fail, you will be able to restart it as many times 

as you wish in the allotted time.” 
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Figure 6-3. Shadow Raid preplanning tool (Starbreeze Studios, 2013) 

To further illustrate the applicability of the mission for eliciting the processes described 

in the “Big Five” Teamwork Model the table adapted from Salas et al. (2005, pp. 560-561), 

with the definitions and behavioural markers of teamwork KSAs, was expanded to include 

a description of the mission and required tasks. 

Teamwork 

KSA 

Definition Behavioural Markers PD2 Experimental 

Scenario 

Team 

leadership 

The ability to direct 

and coordinate the 

activities of other team 

members, assess team 

performance, assign 

tasks, develop team 

knowledge, skills, and 

abilities, motivate team 

members, plan and 

organise, and establish 

a positive atmosphere. 

• Facilitate team problem 

solving. 

• Provide performance 

expectations and 

acceptable interaction 

patterns. 

• Synchronise and 

combine individual 

team member 

contributions. 

• Seek and evaluate 

information that affects 

team functioning. 

• Clarify team member 

roles. 

• Engage in preparatory 

meetings and feedback 

sessions with the team. 

• Similar to the last 

study, the 

experimental task was 

short and, therefore, it 

was not expected that 

teams would designate 

an official leader. 

• However, it is possible 

that the players with 

the most experience on 

the team might step up 

during the 

preplanning, or 

transition, phase. 

• The map is quite large, 

and loot is distributed 

throughout, thus, it 

was possible to assign 

different areas/tasks. 
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Mutual 

performance 

monitoring 

The ability to develop 

common 

understandings of the 

team environment and 

apply appropriate task 

strategies to accurately 

monitor teammate 

performance. 

• Identifying mistakes 

and lapses in other 

team members’ actions. 

• Providing feedback 

regarding team member 

actions to facilitate 

self-correction. 

• The ability to restart 

the mission gave the 

opportunity to reflect 

on team members’ 

actions and mistakes.  

• Team members were 

in a voice channel for 

the entire duration of 

the study, enabling a 

constant flow of 

information. 

Backup 

Behaviour 

The ability to anticipate 

other team members’ 

needs through accurate 

knowledge about their 

responsibilities. This 

includes the ability to 

shift workload among 

members to achieve 

balance during high 

periods of workload or 

pressure.  

• Recognition by 

potential backup 

providers that there is a 

workload distribution 

problem in their team. 

• Shifting of work 

responsibilities to 

underutilised team 

members. 

• Completion of the 

whole task or parts of 

tasks by other team 

members. 

• There were several 

viable strategies to 

achieving the 

objectives of the 

mission, providing 

opportunities to 

volunteer help or 

assign tasks to those 

who have finished 

their current ones. 

• Limited number of 

crowbars on the map, 

required to open 

crates. 

Adaptability The ability to adjust 

strategies based on 

information gathered 

from the environment 

through the use of 

backup behaviour and 

reallocation of 

intrateam resources. 

Altering a course of 

action or team 

repertoire in response 

to changing conditions 

(internal or external). 

• Identify cues that a 

change has occurred, 

assign meaning to that 

change, and develop a 

new plan to deal with 

the changes. 

• Identify opportunities 

for improvement and 

innovation for habitual 

or routine practices. 

• Remain vigilant to 

changes in the internal 

and external 

environment of the 

team. 

• There is a random 

element to where and 

what enemies appear 

on the map during 

every run, requiring 

vigilance and 

information sharing.  

• Ability to restart the 

mission provided 

opportunities for 

improvement and 

reflection. 

Team 

orientation 

The propensity to take 

other’s behaviour into 

account during group 

interaction and the 

belief in the importance 

of team goals over 

individual members’ 

goals.  

• Taking into account 

alternative solutions 

provided by teammates 

and appraising that 

input to determine what 

is most correct. 

• Increased task 

involvement, 

information sharing, 

strategizing, and 

participatory goal 

setting. 

• The preplanning tool 

allowed participants to 

share and discuss 

different strategies. 

• Each participant was 

required to secure at 

least one piece of loot 

from the map, 

encouraging team 

play. 
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Shared mental 

models 

An organising 

knowledge structure of 

the relationships among 

the task the team is 

engaged in and how the 

team members will 

interact. 

• Anticipating and 

predicting each other’s 

needs.  

• Identify changes in the 

team, task or 

teammates and 

implicitly adjusting 

strategies as needed. 

• Similar to adaptability, 

the randomness of 

enemies required 

frequent information 

sharing. 

• Since being spotted 

without incapacitating 

the guard could lead to 

failing the mission, it 

was important that 

team members update 

each other on guard 

positions. 

• The person bringing 

the ECM jammer 

would need to 

anticipate when the 

team would need it 

most. 

Mutual trust The shared belief that 

team members will 

perform their roles and 

protect the interests of 

their teammates. 

• Information sharing. 

• Willingness to admit 

mistakes and accept 

feedback. 

• Since mistakes could 

very quickly lead to 

failing the mission, it 

was expected that 

participants would 

reflect on them in 

order to improve for 

the next try. 

Closed-loop 

communication 

The exchange of 

information between a 

sender and receiver 

irrespective of the 

medium. 

• Following up with team 

members to ensure 

message was received. 

• Acknowledging that a 

message was received. 

• Clarifying with the 

sender of the message 

that the message 

received is the same as 

the intended message. 

• Constant flow of 

information on current 

tasks, enemy positions, 

number of ECM 

jammers remaining, 

and keeping track of 

the number of guards 

taken out, were crucial 

for successfully doing 

the mission.  

Table 6-1. Mapping of experimental scenario onto teamwork KSAs. 

6.2.5. Measures 

Objective task performance measures included the time it took to complete the mission 

in the successful run only, which is collected by the game itself, and the number of restarts, 

which were manually recorded for each team and is an indicator of task quality (Mayer, 

2018). Given that lapses in teamwork are well-documented as the causes of most errors in 

High Reliability Organisation (HRO) settings (Baker et al., 2006; Kozlowski & Ilgen, 2006), 

and that mistakes were most likely to lead to these restarts, these were correlated with 

teamwork to further demonstrate validity of the questionnaire. This is similar to the process 
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of Mayer (2018), who correlated team performance indicators, such as number of avoidable 

mistakes and success, with team quality measures. 

Unlike the exploratory study (Section 4.6), the self-report measures were administered 

via Survey Monkey2 as one pre- and one post- questionnaire (Appendix C). This ensured 

that participants could only progress onto the survey if they have agreed to the consent form 

presented first. Similarly, participants were shown a different version of the demographic 

questionnaire based on the setup they chose. The only questionnaires that changed were the 

demographic questionnaire and the measurement tool used for self-reported stress. 

6.2.5.1. Demographic 

The questionnaire asked participants about their age, hardware used, gaming habits and 

PD2 experience. There is evidence to suggest that the level of intrateam familiarity can affect 

teamwork (Section 4.3.3). However, unlike the exploratory study, it was no longer expected 

that participants would have a shared professional background. Thus, each participant had 

to answer four questions in the form of “How familiar are you with Participant 1 (check 

people’s names in the voice channel)? Please select “N/A” if you are Participant 1.” for each 

participant number (1-4) on a 5-point Likert scale. Answers ranged from “Strangers - never 

played games together” to “Regulars - almost always play games together”, with an 

additional option for “N/A”. An average score was then computed for each participant based 

on their familiarity with the other members of their team, with the minimum familiarity score 

being 1 and the maximum 5. 

6.2.5.2. Psychological Stress Measure 

The Psychological Stress Measure (PSM-9) was used to measure participants’ state of 

feeling stressed (Lemyre & Tessier, 2002). The PSM-9 was administered both pre and post 

intervention. The tool’s validity and reliability for measuring stress clinically has previously 

been demonstrated in the general population and was found to be sensitive-to-change 

(Lemyre, Chair, & Lalande-Markon, 2009). Similarly, it has also been used in experiments 

with student populations and in the context of video games (Roy & Ferguson, 2016). It is a 

9-item scale with questions such as “I feel stressed” and “I feel calm”, scored on an 8-point 

Likert scale with answers ranging from “Not at all” to “Extremely”. The overall stress score 

 

2 https://www.surveymonkey.co.uk 

https://www.surveymonkey.co.uk/
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was computed as the sum of all answers, minimum score being 9 and maximum 72. Stress 

change scores were calculated as d = (post-score - pre-score). 

6.2.5.3. Qualitative Experience 

At the end of the post-task survey two open-ended questions were added to aid in the 

interpretation of the quantitative results by providing contextual information. The following 

questions were included: “Was there anything in particular that helped your ability to work 

together as team?” and “Was there anything in particular that impeded your ability to work 

together as a team?”. These questions should identify confounding variables that were not 

highlighted in the literature reviewed and thus, not measured. Therefore, the answers could 

indicate areas of future research that may explain any remaining variance in teamwork scores 

not explained by the variables quantitatively measured. 

6.2.6. Participants 

Twenty teams of three to four members each (N = 77, 1 Female), participated in this study. 

This final sample size was an important consideration when deciding on the method of 

analysis (Section 6.2.8). Furthermore, the gender bias is a recognised limitation of similar 

studies (Kelly et al., 2021; Radiah et al., 2021). There were six teams in the VR condition 

(N = 23), one with only 3 members, and 14 in the desktop condition (N = 54), two with only 

3 members. All participants were adults, between the ages of 18 and 59, experienced with 

PD2, and fluent in English. They received no monetary incentive to take part in the study 

which lasted approximately 90 to 120 minutes. Treatment of these participants was in 

accordance with the University’s ethical standards (Ethics Committee reference number 

CCI-FEthC 2020-011). 

The two most popular HMDs were the Valve Index (34.78%) and the HTC Vive (26.09%). 

A complete breakdown of the different HMDs used by the participants can be found in Figure 

6-4. 
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Figure 6-4. Range and distribution of HMDs reported by participants. 

Only 33.3% of the teams (2 out of 6) successfully finished the mission in PD2 in the VR 

condition, whereas in the desktop condition 85.7% of the teams (12 out of 14) finished it 

successfully. Demographic information can be found in Table 6-2. None of the data were 

normally distributed, therefore, Mann-Whitney U tests were run to determine if there were 

any significant differences in the sample demographic variables of interest between the two 

conditions. It should be noted that the variable ‘PAYDAY 2 hours played’ for participants in 

the VR condition included time played in both the VR and the desktop mode for the game. 

For the desktop condition ‘Payday 2 hours played’ ranged from 126 to 5130. Conversely, for 

the participants in the VR condition, it ranged from 10 to 2059. Since the gaming platform 

does not differentiate between the two different modes of playing PD2, VR participants 

could only give an approximation of the number of hours they played in VR, which ranged 

from 5 to 1954, M = 193.39 SD = 505.13. 
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Characteristics   Desktop   Virtual Reality   Difference  

 
 N or M % or SD  N or M % or SD  p 

Gender (Male) (N, %)  53 98.1  23 100   

Age (M, SD)  22.52 4.37  31.00 11.71  < 0.01 

Time spent playing non-VR 

games/week (N, %) 
 

      

< 0.01 

 0 hours  2 3.7  1 4.3  

 1-5 hours  3 5.6  5 21.7  

 6-10 hours  10 18.5  6 26.1  

 11-15 hours  7 13.0  5 21.7  

 >15 hours  32 59.3  6 26.1  

PD2 hours played (VR and 

non-VR) (M, SD) 
 

1235.54 1085.37  621.43 657.57  < 0.01 

Familiarity with the team 

(out of 15) (M, SD) 
 

1.15 0.45  1.10 0.34  0.39 

Pre PSM-9 scores (M, SD)  19.83 7.82  23.22 9.27  0.12 

VR characteristics 
 

            

PD2 hours played in VR 

(M, SD) 
 

   193.39 505.13   

Time spent playing VR 

games/week (N, %) 
 

       

 0 hours  
   0 0   

  1-5 hours         13 56.5     

 6-10 hours     5 21.7   

 11-15 hours     1 4.3   

 >15 hours     4 17.4   

Table 6-2. Characteristics of participants. Note: M = mean; N = number of participants; SD = standard 

deviation. 
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6.2.7. Procedure 

 

Figure 6-5. Confirmatory study procedure. 

A Discord server was created specifically for the purpose of this study. All participants 

were given an invitation link to join the server once they have read the information sheet and 

agreed to take part. Before the session began, participants were given special roles on the 

server to be able to join a voice channel (allowing verbal communication) and to be granted 

access to their session’s chat channel ,which included their participant IDs (for anonymity 

purposes) and their unique session ID, used for digitally signing the consent forms. Each 

participant’s name was changed to “Participant” and a number from 1 to 4 for the duration 

of their session so that they could be identified for the purpose of the intra-team familiarity 

questions in the Demographic questionnaire (Section 6.2.5.1). By using a Discord server, it 

allowed participants to share their screen whilst playing through the experimental mission, 

enabling the manual collection of the number of restarts as well as ensuring that the protocol 

was closely followed.  
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At the time of their session, participants connected to the private voice channel and the 

researcher read the information sheet relevant to the condition, allowing the resolution of 

any queries that may arise. After this process, a link was given for the pre-task survey which 

required participants to digitally sign a consent form, with their unique Participant and 

Session IDs, before proceeding to the questionnaire. Participants in the HMD condition were 

also reminded that they should indicate if they are feeling sick or nauseous whilst wearing 

the HMD so that the study could be stopped.  

Next, participants played through the experimental mission (Section 6.2.4). The mission 

was started by the participants at their discretion. This was to enable them to use the 

preplanning tool and to strategise prior to going into the action phase of the mission. They 

were verbally instructed that should they fail the mission, they could restart it as many times 

as they wished within the first hour. A verbal warning was given after the hour mark, 

reminding participants that there was a post-task questionnaire which would take around 15 

to 20 minutes and that it was important they left enough time for this. The time taken, if 

successful, was recorded by the game and a screenshot of the post-mission score screen was 

saved to the team’s file.  

Before being debriefed, participants were given a link to the post-task survey (Appendix 

C) which included the following questionnaires in this order: PSM-9, Teamwork 

Questionnaire, Presence Questionnaire (PQ), System Usability Scale (SUS), and the two 

open-ended questions. For the participants in the HMD condition, this also served as a 

confirmation of their eyesight post HMD-wear. The duration of the study, including the 

surveys, experimental mission, and debriefing, was approximately two hours. 

6.2.8. Data Analysis 

6.2.8.1. Main Quantitative Component 

Overall, 20 teams participated in this study (N=77). As previously discussed (Section 

6.2.3), the number of clusters, or teams in this case, is the most important consideration for 

accurate estimation of effects. McNeish and Stapleton (2016) ran a simulation study to 

ascertain the effect of small sample sizes on two-level model estimates and concluded that 

20 clusters is a “very low” number. Although, there are certain adjustments, such as the 

Kenward-Roger approximation, that can be used in the case of small sample sizes and which 

have been shown to report accurate results even with sample sizes as low as 12 clusters with 
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four observations each (Kenward & Roger, 1997). Nonetheless, MLMs have a large number 

of assumptions that the data must meet in order to minimise the risk of Type I and Type II 

error, with Garson (2019) listing no less than 20, and McNeish et al. (2017) listing 10.  

With a small number of clusters, such as 20, verifying the assumptions would be 

particularly difficult, due to the small number of data points at the second level (McNeish & 

Stapleton, 2016). However, there are other methods that can account for clustering, whilst 

having significantly less assumptions than MLM, known as population-averaged methods. 

As well as having less assumptions, the results from these methods also have more 

established interpretations, when compared to MLM. However, the main caveat being that 

they treat clustering as a nuisance rather than a substantive interest (McNeish et al., 2017). 

This is in contrast with MLM because, although outcome variables are measured at the 

individual level, the aim is to make inferences based on both contextual (level-2 variables) 

and compositional (level-1 variables) effects, whilst also modelling random effects - 

allowing variables to vary across different contexts. Therefore, if random effects are not the 

main research interest, these methods provide an alternative method to account for clustering 

without the need to resort to a more complex and mathematically strict method such as MLM 

(McNeish et al., 2017).  

The purpose of this study is to ascertain what variables can affect individuals’ ability to 

engage in teamwork, so that designers of future synthetic team training systems can make 

informed design decisions, rather than making inferences at the team-level. Therefore, whilst 

modelling the random effect of teams, or even of certain variables being allowed to vary 

across contexts, might yield interesting results, considering the research aim, a population-

average method might be more suitable (McNeish et al., 2017). Nevertheless, both methods 

suggested by McNeish et al. (2017) require a minimum of 50 clusters to produce consistent 

estimates whilst accounting for clustering. As a result, MLM still needed to be considered as 

the main option to account for the potential non-independence in the current dataset, with 

the limitation that the small number of clusters may lead to unreliable standard errors 

(McNeish & Stapleton, 2016).  

In order to ascertain whether the non-independence was substantial and thus, the use of 

MLM was warranted, two methods were employed: computing the intraclass correlation 

coefficient (ICC) from the null multilevel model and testing whether it is significant (Garson, 

2019), and undertaking a likelihood ratio test comparing the null multilevel model with the 
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null single-level model (Robson & Pevalin, 2016). All analyses were conducted using SPSS 

(Version 25; IBM, 2017).  

The ICC gives an indication of the variation in the outcome variable that can be attributed 

to teams and is computed by fitting a null multilevel model - one where the effects of teams 

on teamwork are included, but no predictors. 

𝑦𝑖𝑗 = 𝛽0 + 𝑢𝑗 + 𝑒𝑖𝑗 (6-1) 

The two-level null model is presented in equation 6-1, where yij is the teamwork score of 

participant i in team j, β0 is the overall mean teamwork score across teams, uj is the effect of 

team j on teamwork score, and eij is a participant level residual, or the difference between 

the teamwork scores of participant i and that individual’s team mean. 

Parameter Estimate Std. Error Wald Z Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

Residual 0.21 0.04 5.37 <0.01 0.15 0.31 

Intercept  

[subject = team] 

Variance 0.02 0.03 0.75 0.46 0 0.26 

Table 6-3. Estimates of Covariance Parameters. Dependent Variable: Teamwork Score (without Leadership). 

The level 2 (between-teams) variance in teamwork score is estimated as 0.02, and the 

level 1 (between-participants) variance is estimated as 0.21. Therefore, the total variance is 

0.23 and the ICC = 0.09, calculated as the level 2 variance divided by the total variance. This 

means that 9% of the variation in teamwork score can be attributed to differences between 

teams, which some argue to be ‘non-trivial’ (Robson & Pevalin, 2016). However, others have 

warned against ignoring dependence in the data based on small ICC values (Sadler & Judd, 

2001). Nevertheless, because the level 2 variance, the intercept in Table 6-3, is not significant 

p = 0.46, neither is the ICC (Garson, 2019). Thus, there is not enough evidence to reject the 

hypothesis that the between-teams variance is significantly different from 0, suggesting that 

teamwork scores are independent of team membership and MLM is not necessary. 

𝑦𝑖 = 𝛽0 + 𝑒𝑖 (6-2) 

In order to conduct a likelihood ratio test, a null single-level model was fitted (6-2), where 

yi is the teamwork score of participant i, β0 is the mean teamwork score in the population, 

and ei is the residual for the ith participant.  
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The -2 Log Likelihood of this single-level model is -2LL = 105.89. Conversely, for the 

null 2-level model fitted above, it was -2LL = 105.20. Consequently, the likelihood ratio test 

statistic is 𝜒𝑐ℎ𝑎𝑛𝑔𝑒
2  = 105.89 - 105.20 = 0.69 on 1 d.f.. The critical value for p = 0.05 of a chi-

squared distribution on 1 d.f. is 3.84 (Field, 2009). Therefore, the test statistic of 0.69 on 1 

d.f. is not significant, and we fail to reject the null hypothesis that there is evidence of group 

effects in this dataset. 

In summary, neither the ICC, nor the likelihood ratio test statistic were significant, 

suggesting that the hierarchical nature of the data did not lead to substantial variance that 

can be attributed to team membership. Thus, based on the suggestions of Garson (2019) and 

that of Robson and Pevalin (2016), collapsing the analysis to a single-level multiple 

regression is justified. The decision was further justified as MLM requires a larger sample 

size than single-level regression (Garson, 2019) and the current study not meeting the 

minimum sample size suggested by the power analysis for the inclusion of interactions 

(Section 6.2.3).  

Multiple linear regression analysis is commonly used for predictive purposes, estimating 

the value of an outcome variable from two or more explanatory variables; or for explanatory 

purposes, where the interest is in estimating the variance in the outcome variable that can be 

explained by a set of explanatory variables (Field, 2009; Meyers, Gamst, & Guarino, 2017). 

The current study falls in the second category, since the aim is to ascertain whether 

immersion, presence, and psychological fidelity contribute to the ability of individuals to 

engage in teamwork. The interest then, is in determining the significance and amount of 

variance in teamwork score that can be explained by these three explanatory variables, above 

and beyond what is explained by variables identified in prior research (Section 6.2.2). 

Furthermore, the significance of the contribution of specific explanatory variables to 

predicting the outcome can be identified as a result of the analysis (Meyers et al., 2017), thus 

allowing to test each individual explanatory variable proposed in the current study (Section 

6.2.2). Another advantage of using multiple regression is the fact that the outputs, such as 

model fit (R2) and regression coefficients, have established interpretations, unlike MLM 

where researchers may risk incorrectly interpreting coefficients (McNeish et al., 2017). 

However, it was important to ensure that the current data did not violate the assumption of 

independence (Section 6.2.3), a requirement of multiple regression, before finalising on this 

data analysis method.  
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Once a model is fitted to the data, there are certain diagnostic statistics that must be 

examined in order to assess the model, as it will ensure that the assumptions of multiple 

regression are met to allow generalisation (Field, 2009). Similarly, the reporting of 

diagnostic statistics ensures that threats to statistical conclusion validity are further 

minimised (Section 4.8). These assumptions will be checked and reported as part of the 

results (Section 6.3.3.1). Another important consideration is the manner in which the 

explanatory variables to be included are chosen and the manner in which they are added to 

the model. There are several methods of building a regression model, with some relying on 

the researcher to make decisions at every step (e.g., forced entry and blockwise entry), and 

others that rely on the statistical analysis software used to decide which variables are kept 

and which ones are excluded from the final model (stepwise methods). Nevertheless, it is 

important that the inclusion of any variable has a strong theoretical reasoning (Field, 2009). 

In terms of the method of building the model, stepwise methods are generally criticised in 

the literature for having certain weaknesses that are out of the control of the researcher (Field, 

2009; Meyers et al., 2017). In contrast, the use of the blockwise entry method enables the 

addition of known covariates, such as demographic characteristics, as a first step, thus 

reducing sample variability before assessing the variables of interest (Allen, 2017). 

Furthermore, blockwise entry enables the assessment of changes in R2, or explained variance 

in the outcome, between the model containing only the covariates and the one containing the 

explanatory variables of interest. This is in contrast to forced entry, where all variables are 

entered simultaneously, which can lead to “masking” of the effect of variables with 

potentially good predictive ability, thus resulting in incomplete or improper conclusions 

(Meyers et al., 2017). Since the purpose of the current study is to assess the effect of 

immersion, presence, and psychology fidelity on teamwork, whilst controlling for known 

confounds, the change in R2 is one way of assessing this, together with the regression 

coefficients. Therefore, a blockwise entry method was used for building the regression model. 

6.2.8.2. Qualitative Component 

The qualitative component of this quasi-experiment served a supportive purpose (Section 

6.2.1), by helping triangulate quantitative results and identifying potential risks to validity 

(Section 4.8). This includes confounds that have not been controlled for, or potential 

unmeasured external variables that may influence the outcome variable, thus reducing the 

reliability of the conclusions drawn from the results of the regression model fitted (Field, 

2009).  
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The answers to the open-ended questions from the post-task survey were imported into 

and analysed with NVivo (Version 12; QSR International, 2018). Thematic analysis was used 

as the method of analysis based on the guidelines posited by Braun and Clarke (2006). Since 

the open-ended questions in the survey pertained to what may have supported or hindered 

participants ability to engage in teamwork, two broad categories of answers were expected, 

factors that are either endogenous or exogenous to VEs. Therefore, following a deductive 

coding process (i.e., codes from prior literature), an initial set of codes was created based on 

the research questions to aid in identifying any instances where the qualitative data 

corroborates or contradicts quantitative findings. However, it was equally important to allow 

the inclusion of data-driven, or inductive codes (i.e., from the participants’ responses). This 

accounts for any factors that have not been previously identified in the literature reviewed, 

‘surprises’ in the data (Miles et al., 2013), and helps provide context for the initial broader 

codes that were created (i.e., presence) by creating sub-codes. The final list of codes can be 

found in Appendix D. 

6.3. Results 

6.3.1. Reliability and Validity Checks 

Similar to the exploratory study (Section 5.2.2), reliability and validity (where feasible) 

were assessed for the modified teamwork instrument, since the current sample size was 

larger (N=77) compared to the exploratory study (N=23). Internal consistency was verified 

using Cronbach’s alpha. Values over 0.7 are considered acceptable, although, in the case of 

psychological constructs, even values below 0.7 can be accepted (Kline, 1999). 

The modified Teamwork Questionnaire, without the Leadership subscale, had a high 

reliability with a Cronbach’s α = 0.93, across the 40 items. Furthermore, the individual 

subscales also showed acceptable reliability: Team Orientation (Cronbach’s α = 0.70, 6 

items), Back-Up Behaviour (Cronbach’s α = 0.79, 5 items), Adaptability (Cronbach’s α = 

0.77, 5 items), Mutual Trust (Cronbach’s α = 0.83, 9 items), Shared Mental Models 

(Cronbach’s α = 0.83, 8 items), Communication (Cronbach’s α = 0.75, 3 items). Although 

the Mutual Performance Monitoring subscale’s reliability (Cronbach’s α = 0.64, 4 items) was 

below the threshold of 0.7, this could be due to the small number of items. Moreover, the 

reliability of the overall scale was excellent.  
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Validity of the teamwork questionnaire was previously judged by a teamwork expert 

(Section 4.6.1). To further demonstrate its validity, the scores were correlated with the 

number of restarts (Section 0). Thus, assessing the criterion validity of the scale (Leedy & 

Ormrod, 2015). Unfortunately, due to observer error, the number of restarts above 11 were 

not recorded during experimental sessions. Instead, a note was made where these exceeded 

11. Therefore, the decision was made to reduce the variable to 4 categories, with 0 = 0 restarts, 

1 = 1-5 restarts, 2 = 6-10 restarts, and 3 = more than 10 restarts. The Teamwork questionnaire 

was significantly correlated with the number of restarts, rs (77) = -0.27, p = 0.02. 

6.3.2. Control Check 

On average, participants judged the Usability of the system higher in the desktop 

condition (Mdn = 82.5) than in the VR condition (Mdn = 72.52). Usability scores were not 

normally distributed for the desktop condition, as assessed by Shapiro-Wilk’s test (p < 0.05) 

and by inspection of the Normal Q-Q Plots. Therefore, a Mann Whitney U test was run. The 

difference in usability between the desktop condition and the VR condition was statistically 

significant, U = 357.5, z = -2.94, p < 0.01. Therefore, the design of the study did not 

successfully control for usability issues and H3 was not supported. However, both the mean 

and median scores suggest that the systems had acceptable usability (Bangor et al.,2008). 

Furthermore, usability scores were significantly correlated with participants’ experience in 

PD2, rs (77) = 0.33, p < 0.01. 

6.3.3. Main Analysis 

6.3.3.1. Assumption Testing 

Before presenting the results of the regression analysis, it was important to assess the 

accuracy of the model and its ability to generalise beyond the sample used by running 

diagnostic tests. The results of these tests are presented next. 

The potential existence of multicollinearity, at a first step, was assessed by scanning the 

correlation matrix of all variables. According to Field (2009), correlations of above 0.80 

would signify potential multicollinearity issues. Correlations between the predictors ranged 

from -0.43 to 0.99. However, this is due to the addition of interaction terms to the model. As 

the correlation matrix shows (Appendix E), correlations between individual predictors 

ranged between -0.34 and 0.52. Another diagnostic method for assessing the assumption of 
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no multicollinearity is the evaluation of VIF and tolerance values, with the recommendation 

being that VIF values greater than 10 and tolerance values below 0.2 are a cause for concern 

(Field, 2009). As expected, because of the addition of the interaction terms, the final model 

included VIF and tolerance values that were not within the recommended guidelines 

(Appendix E). However, Hayes (2018) posited that the apparent multicollinearity issues that 

are introduced with the addition of interaction terms would not affect the regression 

coefficients and there is no need for the use of methods to reduce it, contrary to previous 

suggestions by some authors (Robinson & Schumacker, 2009).  

The assumption of independent errors has been met as evidenced by a Durbin-Watson 

statistic of 1.91, which is close to the value of 2 suggesting that the residuals are uncorrelated 

(Field, 2009). Next, the casewise diagnostics output was consulted for those cases that had 

a standardised residual less than -2 or greater than 2, so that these could be assessed on 

whether they are influencing the model fitted. None of the cases identified had a Cook’s 

distance value of over 1, leverage values were less than twice the average leverage, and all 

standardised DFBETA values were less than 1 and greater than -1 (Field, 2009). Therefore, 

it could be concluded that there were no outliers present or cases that may have influenced 

the regression model. 

 

Figure 6-6. Scatterplot of standardised residuals against standardised predicted values. 

The assumption of homoscedasticity was met, as assessed by visual inspection of a plot 

of standardised residuals versus standardised predicted values (Figure 6-6). 
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Figure 6-7. Histogram of the standardised residuals (left) and normal P-P plot of the standardised residuals 

(right). 

Finally, the assumption of normality was assessed by visual inspection of the histogram 

and P-P plot of regression standardised residuals (Figure 6-7), as well as the inspection of 

the partial plots (Appendix E).  

6.3.3.2. Regression Analysis 

As previously outlined (Section 6.2.8.1), multiple regression analysis using the blockwise 

method of model building was used to determine whether the addition of immersion (H1a), 

presence (H1b), psychological fidelity (H1c), and then the interactions between these, 

namely that between immersion and presence (H2a), immersion and psychological fidelity 

(H2b), and presence and psychological fidelity (H2c), improved the amount of variance 

explained in teamwork scores over and above known confounds. Variables were entered into 

the regression in 3 blocks. Demographic, team structure and usability variables were entered 

as a first step since, based on theoretical and empirical evidence (Section 6.2.2), they are 

known sources of variability in teamwork scores (Allen, 2017). The second block included 

the three predictors of interest, immersion, presence, and psychological fidelity. The third 

and final block, included the interaction terms between the three predictors of interest, 

namely immersion * presence, immersion * psychological fidelity, and presence * 

psychological fidelity. See Table 6-4 for full details on each regression model. Standardised 

regression coefficients were not reported since the addition of interaction terms renders them 

meaningless when ‘probing’ an interaction such as in the current analysis (Hayes, 2018, p. 

317). 
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Variables 

Teamwork Score 

Model 1 Model 2 Model 3 

B SE B 95% CI B SE B 95% CI B SE B 95% CI 

  LB UB   LB UB   LB UB 

Constant 3.20 0.29 2.62 3.79 2.34 0.42 1.5 3.19 2.60 0.51 1.58 3.62 

Team size 0.24 0.19 -0.13 0.61 0.31 0.17 -0.02 0.65 0.20 0.19 -0.18 0.57 

Prior experience -2.498E-5 0 0 0 -3.005E-5 0 0 0 -1.959E-5 0 0 0 

Intra-team familiarity -0.25 0.14 -0.53 0.04 -0.26 0.13 -0.52 0.004 -0.20 0.14 -0.47 0.07 

Usability score 0.02*** 0.004 0.01 0.02 0.01 0.004 -0.001 0.02 0.01 0.004 -0.003 0.01 

Immersion     -0.17 0.11 -0.39 0.05 -1.27 1.16 -3.58 1.03 

Presence     0.01*** 0.004 0.01 0.02 0.01** 0.004 0.003 0.02 

Psychological Fidelity     -0.01 0.01 -0.02 0.01 -0.05 0.04 -0.13 0.03 

Immersion * Presence         0.01 0.01 -0.01 0.03 

Immersion * Psychological 

Fidelity 
        0.02 0.02 -0.02 0.06 

Presence * Psychological Fidelity         0 0 0 0 

R2 0.22 0.39 0.42 

F 5.11** 6.34*** 4.76*** 

∆R2 0.22 0.17 0.03 

∆F 5.11** 6.44** 1.04 

Adj. R2 0.18 0.33 0.33 

Table 6-4. Regression results. Note: N = 77. CI = confidence interval. SE = standard error. LB = lower bound. UB = upper bound. * stands for p < 0.05, ** stands for p < 

0.01, *** stands for p < 0.001. 
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The addition of immersion, presence, and psychological fidelity to the prediction of 

teamwork score (Model 2) led to a statistically significant increase in R2 of 0.17, F(3,69) = 

6.44, p < 0.01. The full model of team size, prior experience (total hours of PD2 played), 

intra-team familiarity, usability, immersion, presence, psychological fidelity (stress change), 

immersion * presence, immersion * psychological fidelity, and psychological fidelity * 

presence (Model 3), was statistically significant, R2 = 0.42, F(10,66) = 4.76, p < 0.001; 

adjusted R2 = 0.33. However, the addition of the interaction terms between the variables of 

interest in Model 3 did not lead to a significant increase in model fit, ∆R2 = 0.03, F(3,66) = 

1.04, p = 0.38. Since the addition of interactions terms did not lead to a significant R2 increase, 

indeed, the adjusted R2 remained the same as for Model 2, these additional terms were 

‘dropped’ to maximise parsimony, as simpler models are preferable over complex ones when 

the variance accounted for is the same (Allen, 2017).  

Therefore, the final model is Model 2, explaining 39% of the variance in teamwork, with 

immersion, presence and psychological fidelity explaining 17%. The global effect size of 

Model 2 (Selya et al., 2012), is f2 = 0.64, which is considered large (f2 ≥ 0.35) according to 

Cohen’s (1988) guidelines. The variance uniquely accounted for by the predictors in Model 

2, over and above the variables from Model 1 (Selya et al., 2012), represents a moderate 

effect size, f2 = 0.28. Given the complex nature of teamwork, and the multitude of models 

that have been previously proposed in an effort to identify those variables that can influence 

it (Section 2.2), the large effect size of the final model attests to the significance of the results. 

Variables 

  Teamwork Score 
 

B SE B β p sr2 

Constant 
 

2.34 0.42 - <0.001 - 

Team size 
 

0.31 0.17 0.21 0.068 0.03 

Prior experience 
 

-3.005E-5 0 -0.06 0.53 0.003 

Intra-team familiarity  -0.26 0.13 -0.22 0.054 0.03 

Usability score  0.01 0.004 0.21 0.078 0.03 

Immersion  -0.17 0.11 -0.16 0.128 0.02 

Presence  0.01 0.004 0.42 <0.001*** 0.12 

Psychological Fidelity  -0.01 0.01 -0.11 0.27 0.01 

Table 6-5. The final regression model and its associated coefficients (unstandardised and standardised). Note: 

N=77. sr2 = squared semipartial correlations. *** stands for p < 0.001. 

The final model can be seen in Table 6-5 with the associated squared semipartial 

correlations of each predictor. These represent the unique variance in teamwork associated 
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with each predictor when all other predictors are controlled (Meyers et al., 2017). Since 

interaction terms were no longer part of the final model, standardised regression coefficients 

are also presented in the table.  

Based on the results from Table 6-5, only Presence is a significant predictor of teamwork, 

uniquely contributing 12% (sr2 = 0.12) of the variance in teamwork, thus only Hypothesis 

2b (H2b) was supported. 

6.3.3.3. Exploratory Analysis 

To further explore the results of the regression analysis, exploratory analyses were 

conducted looking at the difference between the two conditions for the main variables. Upon 

inspection of the Normal Q-Q plots and results of the Shapiro-Wilk’s tests (p < 0.05), the 

decision was made to use Mann-Whitney U tests. 

Variables   Desktop (N = 54)   Virtual Reality (N = 23)  Difference 

 
 M SD  M SD  p 

Teamwork Score  4.24 0.41  3.99 0.60  0.15 

Psychological Fidelity 
 

-0.22 6.92  -1.39 8.33 
 

0.44 

Presence  124.09 14.51  120.57 17.46  0.38 

Table 6-6. Exploratory analysis: differences between the two conditions. 

6.3.4. Integrating Qualitative Results 

During the process of thematic analysis, it became apparent that a number of participants 

used specific terms in their responses, which were consistent with previous close-ended 

teamwork-specific questions (Appendix C). This would suggest that the order of appearance 

of the open-ended questions may have biassed the results, by introducing priming effects 

(Parkin, 2008) or equally, may have led to learning bias (Choi & Pak, 2005). Initially, these 

responses were coded and then subsequently themed under each dimension found in the “Big 

Five” teamwork model, with each of seven dimensions being represented in the data. For 

example, a participant’s response to the first question about what helped their ability to work 

as team was “Talking in a VoIP program allowed us to form plans and adapt to certain 

scenarios in real time and adjust the balance of our workloads depending on the current 

task.” This response contains behavioural markers for both the adaptability and the mutual 

performance monitoring dimensions of teamwork (Table 6-1). Whilst the participants’ 

responses served as a confirmation of teamwork and the validity of the “Big Five” model to 
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VR-based team scenarios, alongside the main teamwork questionnaire, the research interest 

in the case of the qualitative data was to identify what factors or aspects of the ‘system’ have 

supported or hindered their ability to engage in these teamworking processes. As a result, 

the rest of the analysis focused on identifying these. 

Generally, the factors clustered into the following themes: teammate traits, team climate, 

experience level, usability issues, communication affordances, and team type. In the VR 

condition, 17.39% of the participants (4 out of 23) felt that there was nothing that had 

hindered their ability to work as a team. Similarly, in the desktop condition, 27.78% of the 

participants (15 out of 54) noted the same. The importance of communication for 

successfully working together as a team was highlighted by 43.48% (10 out of 23) 

participants in the VR condition and 38.89% (21 out of 54) participants in the desktop 

condition, further supporting the assertion that communication is the most important 

overarching dimension of Teamwork (Section 2.2.6). Three participants also noted a 

limitation with PD2 in the ‘randomness’ of guard and patrol spawns resulting in further 

increasing the difficulty of the mission. This limitation may mean that scenario difficulties 

were not controlled across the teams and may have, therefore, biased the results (Bowers & 

Jentsch, 2001). Although, the risk of bias was minimised by allowing teams numerous tries 

during their sessions (Section 6.2.4). 

The frequent mention of experience level in the responses to both questions, with 42.86% 

(33 out of 77) of participants mentioning it, further supports its addition to the model (Section 

6.3.3.2). However, considering its prevalence in the responses, it is surprising that the 

amount of variance it explained in teamwork scores was close to 0%. 

6.3.4.1. Usability Issues 

The representation of usability issues in the qualitative data further confirms their 

influence on teamwork. These issues were only prevalent in the responses of participants in 

the VR condition, with 43.48% (10 out of 23) mentioning at least one. Issues with the VR 

controls, however, could be due to a number of reasons such as inexperience, bad 

implementation of the game in VR, or equally, the control scheme just not being “natural” 

which again may link to inexperience (Section 5.3). Considering the range of experience of 

participants in the VR condition (Section 6.2.6), it may be that inexperience was at least one 

of the reasons for the issues experienced. 
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6.3.4.2. Teammate Traits 

Both positive and negative characteristics were mentioned as either helping or hindering 

participants’ ability to work as a team, such as being quiet, easily snapping or stressing, being 

dominant, being friendly, being open and understanding. This theme was represented in 

27.27% of the responses (21 out of 77). For example, one participant mentioned “Being 

friendly and open with each other made the experience fun despite the difficulty involved 

with the game and VR challenge”.  

On the other hand, for what hindered their ability to work as a team, a participant said 

“how i [sic] got too stressfull [sic] with stealth specialy [sic] with another player for my fear 

to ruin everything .” 

6.3.4.3. Team Climate 

This theme could be found in 55.84% (43 out of 77) of the responses. Negative aspects 

included people doing their own thing, lack of planning, not updating each other on 

developments, taking unnecessary risks, talking over each other, or relying too much on each 

other. For example, “At the start I think we tried to focus on the loot, rather than making 

sure our environment was safe enough in order to do so: i.e. taking out cameras & guards.” 

illustrates a lack of planning, which lead to the team taking unnecessary risks.  

On the other hand, positive aspects of this theme included bouncing back from failures, 

pre-mission planning, working towards achieving the same goals, making decisions as a 

“team”, not placing blame within the team, respecting each other, updating each other on 

developments, and there to have a good time. For example, a participant supplied the 

following answer “we were all willing to try each others suggestions on other strategies” 

with an additional participant stating “The fact that we agreed on all decisions and we took 

them together whether or not anyone agreed on it. We were all cool people and any mistakes 

were worked upon instead of playing any sort of blame game”. 

There are certain overlaps between this theme and the previous one (Section 6.3.4.2), 

whereby being friendly and open for example would promote a better team climate. 

Furthermore, the prevalence of these first two themes in the current study could be due in 

part to the next theme concerning the characteristics of the type of teams that participated. 

Consequently, with more established teams the preponderance or relative importance of 
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teammate traits and team climate to teamwork may not be quite as pronounced since 

teammates would be familiar with each other’s mannerisms and ways of working.  

6.3.4.4. Team Type 

This theme was only represented in the responses to the second question “Was there 

anything in particular that impeded your ability to work together as a team?” Consequently, 

it is characterised only by negative aspects such as dispersion of teammates across the globe 

leading to network issues such as high latency, not being familiar with teammates, language 

barriers and the size of the team. It is generally understood that the type of team influences 

how teamwork is exhibited (Section 2.2.2.1). However, in the context of the current study, 

this was controlled for by ensuring that all teams were ad hoc, as illustrated by a non-

significant difference in familiarity between the conditions (Section 6.2.6), and due to the 

study being conducted online, distributed. Unfortunately, the dispersion of participants 

across the globe introduced network issues, known as desynchronisation where there is a 

delay between client and server. The impact of network issues is exemplified in this 

participant’s response “The distance between the different players which caused 

desynchronisation between game clients.”  

An additional issue, due to the distributed nature of the study, was the potential of 

language barriers for certain teams (all participants spoke English, but some had English as 

a second language) with a participant noting that “I felt slightly impeded by an accent one 

user had solely because it made communicating a little slower, which is difficult when quick 

reactions are necessary.” 

Therefore, these issues may have had an influence on teamwork and were otherwise not 

accounted for in the regression analysis.  

Interestingly, this theme was most prevalent in the desktop condition, with 48.15% (26 

out of 54) of participants in this condition remarking it, and only 13.04% (3 out of 23) of 

participants in the VR condition. However, this may be due to participants in the VR 

condition focusing mostly on overall usability issues with the system (Section 6.3.4.1).  

6.3.4.5. Communication Affordances 

This theme was surmised by the quality of sound, nonverbal cues, and the ability to use 

voice chat, and was illustrated in 29.87% (23 out of 77) of responses. In particular, the use 

of voice chat was mentioned as being an important aid in engaging in teamwork by 16 
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participants. One participant’s response was “The voice chat was probably the most 

beneficial for communicating and working as a team, without it we would only have to 

assume what the other person was doing or wanted from us.”  

It was also clear that having teammates with bad microphone quality made it more 

difficult to work together, thus needing to resort to a different method of communication, e.g. 

“One team member's microphone was having issues throughout the game but through text 

communication we were able to work together efficiently in the time given.” 

One aspect that was only mentioned by participants in the VR condition, was the ability 

to convey nonverbal cues helping their ability to work together: “being able to face people 

who were talking and point at objectives”. This is in turn, could be an important 

consideration for future systems where the ability to convey nonverbal cues is deemed 

critical, as it appears that VR is a suitable medium for this. 

6.4. Discussion 

6.4.1. Addressing the Research Questions 

This chapter outlined a quasi-experiment designed to provide answers to two questions: 

“Do individuals’ perception of teamwork in a team-based virtual environment change with 

the level of technological immersion, presence, and psychological fidelity?” and “What is 

the nature of the relationship between technological immersion, presence, and psychological 

fidelity, and how does it influence individuals’ perception of teamwork?” Therefore, the goal 

of the study was to evaluate the effects of technological immersion, presence, and 

psychological fidelity on the ability of individuals, who are familiar with their respective 

systems, to engage in team competencies in a co-operative VE. Based on prior research, it 

was also expected that there would be certain relationships between these VE factors that 

would need to be accounted for. Consequently, by evaluating the influence of these factors 

on individuals’ perception of teamwork, their addition to the model of Team Training in 

Virtual Environments (Section 3.6) could be validated.  

Before discussing the interpretation of the results (Section 6.4.2), it is important to note 

a potential limitation of the study method. Since the variables in this study were measured 

using a questionnaire administered pre and post task (Section 0), it increased the risk of 

common method biases attributable to social desirability, mood state, implicit theories, 
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priming or questionnaire length amongst others (Podsakoff, MacKenzie, Lee, & Podsakoff, 

2003). The potential bias arising from priming or learning effects was highlighted in the 

context of the qualitative results (Section 6.3.4), where it was found that due to the order of 

appearance of the open-ended questions (after the main questionnaires), participants used 

terms and phrases consistent with the wording of earlier questions. Consequently, these 

common method biases may have led to systematic measurement errors, threatening the 

validity of conclusions drawn (Podsakoff et al., 2003).  

Whilst the current study was constrained to use a mono-method design by its remote 

supervised quasi-experimental nature, the experimental notes taken during the study 

suggested that participants engaged in teamworking behaviours, such as having a constant 

flow of communication, asking for updates on tasks and enemies, and adapting to changes 

in the environment. Similarly, the lower usability scores in the VR condition were supported 

by participants’ reporting usability issues mainly in VR (Section 6.3.4.1). Consequently, it is 

argued that any systematic bias introduced by employing a mono-method design was 

minimal and that the conclusions drawn are valid to the extent that they can be generalised 

based on the study’s design.  

Thus, at the highest level of analysis (Section 1.3), the findings of this study support the 

addition of the three VE moderators, immersion, presence, and psychological fidelity, to the 

model of Team Training in Virtual Environments. This addresses the first high level research 

question “Do individuals’ perception of teamwork in a team-based virtual environment 

change with the level of technological immersion, presence, and psychological fidelity?” 

Indeed, their inclusion leads to a statistically significant prediction model, with the VE 

moderators explaining an additional 17% of the variance in teamwork scores (Section 

6.3.3.2).  

 However, the lack of a significant change in model fit once interaction terms between the 

three factors were added, together with the non-significant regression coefficients for these 

terms, would suggest that there is not enough evidence to support the assumption that a 

moderation effect exists between the factors (Hayes, 2018). Moderation in the statistical 

sense is when the size or sign of the effect of a variable on an outcome depends on a third 

variable. Thus, the effect of either VE moderator on teamwork did not depend on the values 

of the other VE moderators, i.e. the effect of presence on teamwork perceptions was not 

influenced by the level of immersion. Consequently, this study did not find enough evidence 

to address the second high level research question; “What is the nature of the relationship 
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between technological immersion, presence, and psychological fidelity, and how does it 

influence individuals’ perception of teamwork?” i.e., the results could not confirm the 

relationship was of a moderating nature. Nevertheless, it does not preclude the possibility of 

there being a different type of relationship between the VE moderators, such as mediation, 

which is when the effect of a variable on an outcome happens through a third variable 

between the two. Therefore, the nature of the relationship between the factors and the 

influence of this relationship, if any, on teamwork requires further study (Section 7.3). 

Through the process of seeking these high-level answers to the research questions, several 

interesting findings were discovered with implications for both theory and practice (Section 

6.4.2). Specifically, the core quantitative results provide support for the validity of the model 

developed as part of this research (Section 3.6), with the supporting qualitative data 

highlighting potential expansions to the model. 

6.4.2. A Revised Model of Team Training in Virtual Environments 

6.4.2.1. Relationship between Presence and Immersion 

The results from the regression analysis (Section 6.3.3.2) showed that the model with all 

three VE moderators had a significantly better predictive power than the initial model, which 

only included the known confounds. Interestingly though, only the coefficient for presence 

reached significance in its ability to predict perceived teamwork scores.  

This, therefore, provides further empirical evidence for the positive effects of presence 

on teamwork perceptions. These results extend Massey et al.’ (2013) work, who found that 

presence had a significant positive effect on teamwork quality when using a desktop system, 

by providing new empirical support for the effects of presence on teamwork perceptions in 

the context of both desktop and now also VR.  

Surprisingly, the coefficient for immersion was not significantly different from 0 (Section 

6.3.3.2), thus there is not enough evidence to conclude that immersion influences individuals’ 

perceived ability to engage in teamwork. Furthermore, the non-significant interaction term 

between immersion and presence, as well as the lack of a significant difference in presence 

between the two conditions (Section 6.3.3.3), suggests that the level of immersion did not 

consistently affect participants’ sense of presence. This is contrary to prior research where it 

was found that systems higher in immersion lead to higher self-reported presence (Stevens 

& Kincaid, 2015; Cummings & Bailenson, 2016; Buttussi & Chittaro, 2018; Makransky, 
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Terkildsen, et al., 2019). Instead, these findings extend those of Bailey et al. (2017) to a 

team-based scenario. The authors also found that presence was not significantly different 

between a desktop and VR maintenance task simulator hypothesising that as long as systems 

meet a certain usability level, presence is felt regardless of the level of immersion. These 

results also provide confirmation of the findings from the exploratory study (Section 5.3) 

that participants reported lower presence in VR than in desktop due to the usability issues 

with the VR system. Consequently, these findings suggest that irrespective of the medium 

used (VR or desktop), if the VE meets a certain threshold of usability, and as a result does 

not disrupt individuals’ sense of presence, the quality of teamwork enabled by the VE will 

be perceived as being high. The extent of the effect of usability on the variables of interest 

is discussed next. 

6.4.2.2. Usability affects both Presence and Immersion 

There are a number of potential explanations for the lack of evidence of immersion’s 

effects on presence and teamwork in this study. One simple explanation would be a novelty 

effect that may have been present in prior studies (Stevens & Kincaid, 2015; Buttussi & 

Chittaro, 2018; Makransky, Terkildsen, et al., 2019), where novice VR users report 

significantly higher scores for subjective measures such as presence, due to excitement of 

using novel technologies such as HMDs.  

The risk of bias due to a novelty effect was minimised here, as all participants were 

‘expert’ VR users. However, it is important to note that experience levels with the systems 

were significantly different between conditions (Section 6.2.6), with the mean experience of 

participants in VR being half of those in the desktop condition. Whilst PD2 has been 

commercially available since 2013, the VR version was only released in March 2018, which 

could explain the lower number of hours reported. Moreover, the difference is based on the 

overall number of hours across desktop and VR versions. This suggests that the recruitment 

of expert players may not have been as successful in the VR group.  

The lower level of experience of VR participants may have contributed to the difference 

in usability scores between conditions as well as the prevalence of usability issues reported 

in the VR condition, as suggested by the significant correlation between level of experience 

and usability (Section 6.3.2), providing further empirical support for the effects of 

experience on usability ratings (McLellan, Muddimer, & Peres, 2012). Whilst the mean 

usability scores were still within the recommended guidelines for both systems, almost half 
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of the participants in the VR condition identified usability issues as disrupting their ability 

to engage in teamwork (Section 6.3.4.1).  

Similar to the exploratory study (Section 5.3), this suggests that less experienced VR 

players had to dedicate more cognitive resources to developing the necessary mental models 

of the VE and its associated available actions. The importance of a mental model of the VE 

for the manifestation of presence has been previously highlighted in the literature (Wirth et 

al., 2007; Davis et al., 2009). Therefore, this would also explain the non-significance of 

usability once presence was added to the model, providing further support for the assumption 

that prior experience and as a result, the perceived usability of the system, affect the 

manifestation of presence, extending prior work (Montoya et al., 2011; Leonardo et al., 2015; 

Sherblom et al., 2018) to collaboration in VR. 

In addition to the lack of experience in explaining the usability issues found with PD2 

VR, these could also be due, at least in part, to the way the VR version of the game was 

designed. Since the VR version was adapted from the desktop version of the game, it could 

be argued that PD2 in its original form was not designed with VR in mind. As has been 

previously highlighted by authors (Kharoub, Lataifeh, & Ahmed, 2019; Howard & Gutworth, 

2020), the design and development of VR applications requires different approaches to 

traditional desktop applications due to the differences in interaction paradigms between the 

two systems. This aspect was highlighted by a participant stating that “VR in Payday 2 is 

not very great. Any time you stick your head out of bounds, there is an unnecessarily long 

black-out period where you'll have to re-orient yourself. Switching between 

weapons/melee/throwables in Payday 2 VR is awful by itself, but when crouched, its [sic] 

basically impossible.” Similar comments were made by a number of both prospective and 

actual participants throughout the running of the study about issues surrounding the 

adaptation of PD2 to VR. This highlights an important consideration when designing or 

choosing a VR application for both training and research purposes, since using retrofitted 

VR versions of established VEs may introduce usability issues and lead to lower presence 

than it could potentially be if these issues were not present. Furthermore, these findings 

provide support for the previously hypothetical relationship between the way the system was 

developed and its potential influence on prior studies comparing HMDs to desktop setups 

proposed by Howard and Gutworth (2020). Although the authors proposed the design and 

development of the VR system as a potential explanation for the mixed results in social skills 

studies, this study provides evidence of this in the context of synthetic team training systems. 



Chapter 6 Confirmatory Study: Effect of Immersion, Presence and Psychological Fidelity on 

Teamwork 181 

 

In addition to the effect on presence, the above issues surrounding the usability of PD2 

VR could have also affected the immersion level of the system. In the context of this study 

immersion was defined as the objective description of a system based on the immersive 

properties proposed by Slater and Wilbur (1997). Therefore, based on the operationalisation 

adopted (Section 4.3.2.1), the level of immersion should have been constant across all 

systems in the VR condition as well as higher than in the desktop condition. However, one 

of the properties is related to the degree and, more specifically, the quality of body mapping 

or user tracking capabilities, the ‘Matching’ property, and this could be argued to have been 

affected by the usability issues in the VR condition. Indeed, a number of participants noted 

having difficulties with the interaction mapping in PD2 VR, such as one participant reporting 

that “Some of the controls were quite confusing - ladders are difficult, and switching between 

weapons and knowing how to fire [sic] them properly (e.g. throwable weapons).” Similarly, 

Cummings et al. (2016) in a meta-analysis found that user tracking, as a property of 

immersion, had a large to medium effect size on presence in the studies evaluated. Therefore, 

it is suggested that usability issues surrounding the quality and level of body mapping, 

impacts the objective level of immersion a system has, and as a result, individuals’ subjective 

feelings of presence. In other words, it is possible that usability does not only directly affect 

presence, rather, the relationship between presence and usability may be mediated by 

immersion (Section 6.4.2.1).  

Another aspect related to the design of the study, which may have influenced the level of 

immersion, is the variety of different HMDs used by participants (Section 6.2.6). Based on 

the operationalisation of immersion used, these should have still been more immersive than 

the desktop system. However, it may have not been to the same degree across all participants, 

thus contributing to the inconsistency in objective immersion already present due to the 

usability issues in PD2 VR. Thus, immersion and its interaction with presence may not have 

reached significance because of the lack of a consistent level of immersion across all 

participants in the VR group. 
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Figure 6-8. Revised Model of Team Training in Virtual Environments with the influence of Usability 

In summary, it is suggested that usability, as a function of both VE design and prior 

experience, affects not only the manifestation of presence (via needing to dedicate cognitive 

resources to develop mental models of the VE and the interactions available), but also to 

some extent the degree of objective immersion a system has, via a reduction in the quality 

of body mapping (Figure 6-8).  

6.4.2.3. Research Design Considerations for Evaluating the Effects of 

Psychological Fidelity 

The model of Team Training in Virtual Environments (Section 3.6) also suggested that, 

based on prior research (Beaubien & Baker, 2004; Tschan & Semmer, 2012; Champney et 

al., 2017), psychological fidelity would affect perceptions of teamwork. However, the study 

did not provide enough evidence to support this assumption. This could also explain why, 

contrary to expectations (Section 4.3.2.4), no evidence of moderation was found between 

psychological fidelity and immersion or presence, i.e., the effect of psychological fidelity on 

teamwork did not depend on the level of immersion or presence.  

There was a greater reduction in stress from pre to post task in the VR condition compared 

to desktop, albeit non-significant. However, this may have been due to missions in PD2 VR 
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being generally found more “challenging” by players than on desktop, thus affecting 

participants’ initial stress level as evidenced by the pre-task scores (Section 6.2.6). 

Furthermore, the mean change scores for both conditions suggest that stress was lower post 

task compared to pre task. This is in line with Desai et al.’ (2021) findings, wherein playing 

video games resulted in stress reduction in a student population. However, as the authors 

themselves note, this could be due to an effect similar to that of white coat hypertension 

(Myers et al., 2010), where baseline blood pressure is elevated due to fear of visiting a 

clinician. Therefore, it could be that participants’ baseline anxiety was artificially elevated 

by taking part in a research study with a task that is perceived as challenging in their 

community.  

Nevertheless, the lack of evidence for the effect of stress on teamwork could be due, in 

part, to the design of the study. The definition of psychological fidelity adopted throughout 

this thesis is the ability of the VE to elicit similar cognitive, emotional, and behavioural 

responses to the environment it emulates (Section 3.5.3), with stress defined as an indirect 

measure of it. Indeed, for training, it has been argued that it is sometimes important for 

systems to have high psychological fidelity, or in other words, to evoke levels of stress and 

arousal that are comparable to the real-world context in which the skills being trained are 

going to be applied (Alexander et al., 2005; Liu et al., 2008; Daglius-Dias & Scalabrini-Neto, 

2016). In order to ensure that this is achieved, the recommendation is to include specific cues 

in the environment with the assistance of a subject matter expert (Champney et al., 2014), 

with evaluation done by comparing physiological effects between the simulation and the 

real-world equivalent (Daglius-Dias & Scalabrini-Neto, 2016). 

Therefore, it could be argued that for successfully evaluating the effects of psychological 

fidelity, research should use a VE emulating a context that participants are familiar with so 

that the cues present in the environment can be recognised and thus lead to comparable 

psychological, cognitive, and behavioural effects. Considering the premise of PD2 missions 

is to commit various heists, neither the game nor the sample population may have been 

appropriate for assessing the effects of psychological fidelity on perceptions of teamwork, 

given that the necessary cues were probably missing or poorly implemented as, unlike other 

COTS games, PD2 does not strive for realism. This is further supported by some participants 

claiming that “being there [participating] to have fun” helped their ability to work as a team, 

highlighting both the participants’ attitudes and the entertainment purpose of PD2. 

Consequently, future work is needed with a VE designed to have the necessary cues to elicit 
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the psychological, cognitive, and behavioural effects as the real-world context in which the 

task happens.  

6.4.2.4. The Influence of Team Type on the Results 

The study was designed using robust methodological considerations but, contrary to 

expectations, the process of analysing the qualitative data provided by participants resulted 

in the identification of additional variables that had otherwise not been considered when 

designing the study. 

One of the previously identified, and consequently controlled for, factors was the type of 

team (Section 4.3.3), depicted on the Model of Team Training in VEs under the 

environmental moderator “temporal factors”, as this had been previously identified to 

influence the manifestation of teamwork (Section 2.2.2.1). One of these temporal factors is 

the temporal context in which teams operate (Driskell et al., 2003), or whether they are ad 

hoc (new) or established (pre-existing) teams. In this study, all teams were ad hoc, as 

evidenced by the low mean familiarity scores across conditions as well as the lack of a 

significant difference in these scores between the two groups, and they were all 

geographically distributed. Thus, this should have introduced no systemic bias to the results.  

However, the qualitative results suggest that the ad hoc nature of the teams may have 

introduced the additional factor of teammate traits, and related to this, team climate. 

Teammate traits, i.e., being friendly or easily snapping at other people (Section 6.3.4.2), 

could be argued to be related to the ‘Personality’ dimension under ‘Trainee Characteristics’ 

in the current model, and was initially proposed by Baldwin and Ford (1988). Personality 

characteristics, or teammate traits in this study, had been previously highlighted as 

potentially influencing team effectiveness in the review conducted by Fransen et al. (2011). 

Based on the participants’ responses, this factor is closely related to the “team climate” factor, 

characterised by intra-team aspects, such as making decisions as a team or taking 

unnecessary risks, describing how well the team members get along and their team ethics 

(Section 6.3.4.3). This was mentioned by over half of the participants, e.g., “everyone's 

opinion was respected and equally valid”.  

The qualitative results could suggest that because participants were not familiar with 

their teammates, they may have needed time to learn about each other in order to effectively 

engage in teamwork. Similar conclusions were drawn by Fransen et al. (2011), where they 

found that ad hoc student teams needed to first develop shared mental models through an 
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awareness of team-member and task aspects, necessitating a certain level of initial 

interpersonal trust, before being effective as a team. The authors consider this initial 

interpersonal trust to be based mainly on team member ability and reliability to get the 

assigned task done, which could explain the prevalence of participant comments on the level 

of experience of other teammates (Section 6.3.4). Indeed, considering the definition of 

mutual trust proposed by Salas et al. (2005, p. 195) as being the “shared belief that team 

members will perform their roles and protect the interests of their teammates” further 

supports the conclusion that participants may have needed time initially to learn about each 

other. These results then extend prior work (Sherblom et al., 2018), where trust and identity, 

operationalisation of which is similar to that of teammate traits in the present study, were 

found to affect virtual team communication using a desktop application, by confirming the 

existence of similar effects in VR.  

Similarly, a participant noted “I believe we could have performed much better if we were 

more comfortable sharing critical feedback with each other. I was afraid to give critical 

feedback as I didn't want anyone to get their feelings hurt.” Since identification of mistakes 

and provision of feedback are behavioural markers of mutual performance monitoring (Salas 

et al., 2005), this participant’s response would suggest that they may not have been familiar 

enough with their teammates to engage in effective mutual performance monitoring. Indeed, 

prior research has found that familiar teams, having an established shared mental model, 

exhibit more effective team processes, such as mutual performance monitoring and back up 

behaviour, compared to ad hoc teams (Smith-Jentsch, Kraiger, Cannon-Bowers, & Salas, 

2009). Similarly, the ad hoc nature of teams has been previously argued to lead to difficulties 

establishing team identity, since they do not have opportunities to develop team norms, 

shared mental models and trust (Pascual, Mills, & Blendell, 1999; White et al., 2018). 

Reflecting on the study, this would explain why it was common among the participating 

teams to be preoccupied with getting to know each other, or why a participant reported that 

the inability to match voices to players hindered them to work together as a team. Similarly, 

Driskell et al. (2003) hypothesised that the effect of Computer Mediated Communications 

(CMC) on team processes would vary based on whether the team is ad hoc or established. 

This suggests that ad hoc teams may require different affordances in a system than 

established teams, in order to promote the development of team identity, by supporting the 

development of shared mental models and trust.  
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Figure 6-9. Revised Model of Team Training in Virtual Environments with the hypothesised influence of 

Team Climate 

In summary, it is suggested that the ad hoc nature of the teams has resulted in a higher 

importance being placed on teammate traits and team climate for participants’ ability to 

engage in teamworking competencies (Figure 6-9), thereby reducing the magnitude of the 

effect of the variables of interest. Future work is needed to replicate the study with 

established teams in order to confirm this suggestion.  

6.4.2.5. Virtual Environments as a Function of both Software and Hardware 

Finally, the qualitative data provided confirmation of the overarching importance of 

communication for teamwork, supporting prior assertions of this in the literature (Section 

2.2.6). More specifically, communication affordances were another theme generated from 

the participants’ reported experience (Section 6.3.4.5). An affordance refers to both the 

physical and perceived properties of an object that indicates the associated actions available 

to a user (Norman, 2013). Specifically, participants commonly noted the positive effect of 

having access to voice communication capabilities on their ability to work as a team. Whilst 

PD2 has an in-built voice-comms feature, generally players do not use it.  
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Notwithstanding, a participant in the VR condition also noted the positive effect of being 

able to convey non-verbal cues such as pointing at objectives and having the ability to face 

people when talking. The use of non-verbal cues can be achieved in some desktop games as 

well, such as the use of character emotes in World of Warcraft (Blizzard Entertainment, 

2004). However, the interaction metaphors could be argued to influence how natural the 

conveyance of these cues are. For example, using an emote is achieved by typing or pressing 

a button on a keyboard in desktop, whereas in VR users’ hands are tracked thus only needing 

them to physically point, resulting in a potentially distinct experience to someone using a 

system that does not have the same affordances. Therefore, it is argued that the way a VE is 

experienced is a function of not only the software, as suggested by the previous definition 

used for VEs (Section 1.1.1), but also of the hardware, since this can influence how the user 

interacts and experiences the mediated environment, i.e. the quality of the microphone used 

or the input devices and the quality of the interactions they afford inside the VE. The 

proposed new definition for VEs is more in line with those used at the advent of VR as a 

field, where the terms Virtual Environment Display and Virtual Reality were used 

interchangeably (Ellis, 1994), i.e., the perceived environment is the sum of ‘everything’, not 

just the digital model being interacted with. 

 
Figure 6-10. Revised Model of Team Training in Virtual Environments. 
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Therefore, the ‘Type of CMC’ is not an Environmental Moderator, rather it should be 

considered as an aspect of Communication Affordances. Since communication affordances 

in the context of a collaborative task would inherently include the quality of the sound, as 

supported by the qualitative results, it could be argued that they would be related to the level 

of technological immersion of a system, through the properties of ‘extensive’, ‘matching’ 

and ‘self-representation in the VE’ (Section 4.3.2.1). Similarly, it is hypothesised that 

communication affordances could also affect individuals’ sense of presence, since natural 

interaction techniques have been previously argued to be important for presence (Slater & 

Usoh, 1994; Davis et al., 2009). These and the other findings discussed are presented in the 

revised model of Team Training in Virtual Environments (Figure 6-10). 
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Figure 6-11. Summary of research results. Rounded rectangles are quantitative variables; framed variables were identified from the qualitative data. Positive associations 

are marked with (+), negative associations are marked with (-), and (?) represent potential associations that need future evaluation.
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The various associations between the factors in the revised model of Team Training in 

VEs that have been discussed and presented in this section are summarised in Figure 6-11. 

These associations have important implications for practice in the areas of both systems 

design and team research (Section 6.5.1). 

6.5. Conclusions 

This study examined the effect of factors endogenous to VEs on the ability of individuals 

to engage in team competencies. The findings provided empirical evidence for the influence 

of immersion, presence, and psychological fidelity on perceived teamwork as evidenced by 

the significant improvement in model fit (Section 6.4.1), answering the first research 

question of this thesis (Section 1.3). However, out of the three factors examined only 

presence was a significant predictor of teamwork scores (Section 6.3.3.2). Interpreting the 

implications of these results for practice, designers of future synthetic team training systems 

should focus on maximising presence (Section 6.5.1), as that is clearly a significant variable 

in the model. However though, future research should still continue to explore the influence 

of immersion and psychological fidelity (Section 7.3) as the magnitude of their influence 

may have been masked by other factors introduced as part of the experimental design, i.e., 

different headsets used may have influenced immersion (Section 6.4.2.2) and the scenario 

and sample may not have been appropriate for testing psychological fidelity (Section 6.4.2.3). 

Thus, these affects might have been masked in the current model fitting process. 

The results did not, however, provide answers to the second research question (Section 

1.3), since there was not enough evidence found of moderating relationships between the 

factors of interest (Section 6.3.3.2). Most notably, the existence of a relationship between 

immersion and presence was not supported (Section 6.3.3.3).  

It is important to note however, the constructs of interest in this research have numerous 

operationalisations in the literature: teamwork and team effectiveness have been given 

considerable attention in the literature, with over 138 models and frameworks developed to 

operationalise them (Salas et al., 2007); immersion can be defined as either technological or 

psychological (Section 3.3); there is little consensus on the manifestation of presence or its 

various subcategories (Section 3.4); and psychological fidelity can also commonly be 

confused with one of the many other types of fidelity (Section 3.5). Consequently, the results 

of this research can only be generalised to situations where teamwork is conceptualised in 
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the context of the “Big Five” model (Section 2.2.2) and the VE factors follow similar 

operationalisation as in the current study (Section 4.3.2). 

The reasons for the lack of a statistically significant relationship between immersion and 

presence could be gained from the integration of the qualitative results. Although the sample 

used for the study was one of ‘expert’ users, usability issues were still reported by 

participants in the VR condition (Section 6.3.4.1). These issues, however, may have 

stemmed from the retrofitted design of the VR version of PD2 and the design of VR 

applications requires different approaches to interaction paradigms than desktop applications 

(Kharoub et al., 2019). Nevertheless, the findings suggest that as long as the system meets a 

certain threshold of usability, presence is experienced regardless of the level of immersion 

of the system (Section 6.4.2.1), coming to a similar conclusion as Bailey et al. (2017) did 

with an individual training scenario, extending their work to a team-based scenario. In 

addition, since the adoption of VR headsets is still marginal to that of other mainstream 

devices (Kelly et al., 2021; Radiah et al., 2021; Ratcliffe et al., 2021), questions remain over 

whether owners of HMDs present any notable differences to the wider population. Therefore, 

the results may not generalise beyond the ‘expert user’ population if they are indeed different. 

Furthermore, there appears to be a relationship not only between usability (as a function 

of both VE design and experience level) and presence, but also between usability and 

immersion (Section 6.4.2.2). This, therefore, further helps explain the finding that presence 

was lower in VR than in desktop from the exploratory study (Section 5.4). Interpreting these 

results through the lens of media naturalness theory (Kock, 2002), it is argued that 

participants in both conditions were familiar enough with the system to perceive them both 

as equally natural so as to not be affected by their mediation on teamwork processes (Section 

2.2.6). Similarly, through the process of interpreting the results it also became evident that 

evaluating the effect of psychological fidelity may require a more contextually appropriate 

VE and sample (Section 6.4.2.3), which could explain the lack of evidence of an effect found 

in the current study. For example, if high-reliability teams are the focus of the study, 

individuals that frequently work in a high-risk context should be chosen with a VE that 

contains cues from said context.  

The qualitative results also highlighted that the ad hoc nature of the teams introduced a 

greater importance for teammate traits and team climate on the ability of individuals to 

engage in team competencies (such as mutual performance monitoring or backup behaviour), 

potentially masking the magnitude of the effect of the VE moderators (Section 6.4.2.4). 

Furthermore, the increased importance of communication affordances for supporting the 
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ability to work as a team was highlighted, leading to a different conceptualisation of VEs as 

a function of both software and hardware (Section 6.4.2.5). Together, the findings from this 

study informed the revised model of Team Training in Virtual Environments (Figure 6-10). 

This has some key implications for both teamwork training and the theory that surrounds it.  

6.5.1. Implications of Findings for Theory and Practice 

The findings of this study (Section 6.4) have a number of implications for the design of 

synthetic team training systems. These are represented in the following design guidelines: 

a. Minimise, where possible, the severity and extent of latency issues, such as 

desynchronisation between client and server. Such issues can disrupt the ability to 

work together as a team for geographically dispersed users (Section 6.3.4.4). 

b. Design the VR experience independently of other media. Retrofitting VR onto a 

system that was originally designed with desktop in mind can lead to poorly 

implemented affordances that may be unintuitive and incongruent with users’ mental 

models of how they should work. This can lead to users having to dedicate cognitive 

resources to updating their existing mental models, leaving less available resources 

for engaging in teamwork (Section 6.4.2.2). 

c. Design to maximise presence. For example, by implementing user actions that are 

believable, it can help ensure that the user perceives the mediated space as a plausible 

environment (Section 3.4.1). Higher perceived feelings of presence are associated 

with the system enabling a higher quality of teamwork (Section 6.4.2.1).  

d. Maximise the usability of the system. It is especially important that there are no major 

usability issues, as these can disrupt presence and lower the objective level of 

immersion of the system (Section 6.4.2.2). Therefore, irrespective of the level of 

technological immersion of the system, if its usability is kept high enough that 

presence is not disrupted, trainees will be better able to engage in teamworking 

competencies. 

e. Consider both the software (i.e., the scenario) and the hardware (i.e., the input) when 

designing the VE. VEs should be understood as a function of both software and 

hardware, thus having a moderating role through the range and quality of team 

processes it enables (Section 6.4.2.5). Out of the VE factors investigated, presence, 
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immersion and psychological fidelity all contribute to users’ ability to engage in the 

“Big Five” teamwork competencies, with presence being the most influential. 

Furthermore, the usability of the VE (Section 6.4.2.2) and the communication 

affordances (i.e. greater degree of body mapping increases the range and quality of 

non-verbal communication) available (Section 6.4.2.5) affect presence and 

immersion.  

f. Opt for VR if non-verbal cues are identified as critical as a result of a Training Needs 

Analysis. If the conveyance of non-verbal communication cues in a natural way is 

identified as important for training a particular task (i.e., signalling to a plane that it 

is safe to touch down), VR appears to be an appropriate medium for this (Section 

6.3.4.5). 

As well as providing designers and system engineers with the above evidence-based 

guidelines, the results also have further implications for the theory and practice of team 

research. First, the quantitative and qualitative results of this study provided empirical 

evidence of the applicability of the “Big Five” teamwork model (Salas et al., 2005) to ad hoc 

teams of experienced ‘gamers’ in both VR and desktop. Furthermore, the qualitative results 

provided evidence (Section 6.3.4) of the concurrent validity of the teamwork questionnaire 

proposed by Duel (2010). Therefore, the “Big Five” teamwork model is an appropriate 

theoretical framework for the research of team KSAs in both desktop and VR-based VEs.  

Second, the results suggest that both the VE and the population used may not have been 

appropriate for evaluating the effects of psychological fidelity (Section 6.4.2.3). Instead, 

future studies should ensure that the VE used is designed to include context-specific cues, 

with the help of a subject matter expert, in order to elicit cognitive, emotional and 

behavioural effects that are comparable to the real-world context in which the skills being 

trained are going to be applied (Section 6.4.2.3). It could also be argued that ‘gamers’ might 

have lacked the contextual experience to recognise the task, a heist in this instance, as a high-

risk situation with mistakes leading to serious consequences. Therefore, if high-risk or high-

reliability teams are the focus of the research, non-specific samples may not be appropriate 

for evaluating the effects of psychological fidelity.  

Third, future research should carefully consider the type of team to be used depending on 

the research questions being asked. Ad hoc teams may differ from established teams in the 

way they exhibit team processes (Section 6.4.2.4), since they do not have an established 
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shared mental model and need to develop an initial interpersonal trust to be effective. Related 

to this, future work is needed to identify how the development of trust and shared mental 

models, and as a result of team identity, can be supported in VEs. In other words, what 

affordances promote the swift development of these team competencies, or how can VE 

designers support the initial ‘getting to know each other’ phase of ad hoc teams.  

Fourth, the revised model of Team Training in Virtual Environments (Figure 6-10) 

provides a theoretical framework for future research to evaluate the effect of VEs or that of 

particular VE features on the ability to train teams. Furthermore, the validation of the VE 

moderators (Section 6.4.1) suggests that rather than continuing to evaluate overall systems’ 

influence on the training of individuals or teams (Section 2.3), research should focus on 

developing a deeper understanding of how certain features or the presence of certain 

affordances, such as those for communication, affect individuals’ ability to engage in the 

KSAs being trained. For example, although only presence, operationalisation of which is 

identical to that of ‘physical’ or ‘spatial’ presence (Section 3.4.1), was found to be a 

significant predictor of teamwork perceptions (Section 6.4.2.1), the ability of VR to enable 

users to convey non-verbal cues (Section 6.3.4.5) suggests that future research should 

investigate other types of ‘presence’, such as social or co-presence (Lee, 2004; Alexander et 

al., 2005; Dalgarno & Lee, 2010).  

Finally, this study provided further confirmation of the impact of VE expertise levels on 

teamwork through perceived usability (Section 6.4.2.2). This is supported by the findings 

that the level of immersion did not significantly affect teamwork (Section 6.3.3.2) or 

presence (Section 6.3.3.3) in an ‘expert’ sample, raising an important question over the 

results of past studies comparing VR to desktop systems (Section 2.3). The lack of a training 

benefit could be explained by the need to commit cognitive resources to developing a mental 

model of the VE (Section 5.3). Conversely, where a training benefit is found, it is not clear 

to what extent these results are confounded by a novelty effect, due to an “overwhelming 

experience of immersion” (Mottelson et al., 2021, p. 10). It is proposed that as long as 

usability is high enough so as to not disrupt presence, individuals will be better able to 

engage in teamwork competencies regardless of the level of immersion of the system. 
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6.5.2. Feasibility of Supervised Remote VR Studies with Uncompensated Samples 

Reflecting on the process of running the study described in this chapter also provides 

interesting methodological insights for future research. Running a supervised remote study 

with an uncompensated representative sample (Section 6.2.1) presents a number of 

opportunities, but also drawbacks. First, it provided insight into the decision-making process 

of prospective participants. A number of prospective participants noted in their expressions 

of interest that the ‘challenge’ aspect of the task really appealed to them. Conversely, others 

left comments on the various recruitment posts mentioning that they thought it would be too 

difficult or that they simply do not enjoy ‘stealth’ missions such as the experimental one, and 

thus would not participate. This highlights that whilst challenges may be appealing to some 

individuals from the ‘gamer’ population and provide adequate intrinsic motivation through 

non-monetary means, it does preclude others from participating, increasing the risk of self-

selection bias (Olsen, 2008).  

Second, the remote design provided wider access to a representative sample, compared 

to constraining the study to the University as was the case with the exploratory study (Section 

5.1.1). Nevertheless, this introduced other issues such as difficulties with scheduling 

experimental sessions, exacerbated by the requirement of four participants /team / session, 

or equally, the presence of latency issues, since participants were distributed across the globe 

(Section 6.3.4.4). 

The complexity of the study meant that an experimenter needed to be present for each 

session (Section 6.2.1), which may have introduced bias effects, such as the Hawthorne 

effect (Leedy & Ormrod, 2015), as well as potential bias from building rapport between 

participants as well as between experimenter and participant due to the use of a Discord 

server and its associated pervasive chat channels (Ratcliffe et al., 2021). 

Finally, the study was less time consuming overall to run compared to the exploratory 

study. With this design, the experimenter does not have to setup the computers, headsets and 

ensure HMD compliance in the way the room is setup, i.e., ensuring there is enough space 

and no hazards in the way. Whilst this may be a context-specific benefit due to the absence 

of a dedicated space for running similar studies at the University of Portsmouth, team-based 

research in VR still requires a large enough space to accommodate multiple VR tracking 

areas. Therefore, by running the study remotely, it is possible to accommodate any number 

of HMDs offering opportunities to run studies with teams of greater sizes. In contrast, if 



196 Chapter 6 Confirmatory Study: Effect of Immersion, Presence and Psychological 

Fidelity on Teamwork 

 

there are any technical issues, the experimenter cannot intervene to resolve them. For 

example, one participant kept getting disconnected from their game session and had to 

resolve the issue on their own before being able to continue with the study.  

Overall, especially considering the constraints imposed by COVID-19, the benefits 

outweigh the drawbacks. In conclusion, supervised remote studies with uncompensated 

samples in a video game and VR worked as an alternative for team theory building and 

testing.
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Chapter 7  

 

Conclusion 

7.1. Thesis Summary 

The uncertainty surrounding the global security context (Houghton, 2015) means that 

training based on past conflicts may no longer accurately depict the nature of future conflicts, 

thus training prospects are liable to evolve to accommodate and ensure an adequate level of 

readiness and adaptation in future personnel (Kuchan, 2010; Richards, 2010). In order for 

their training needs to be met, these future personnel would require a blend of live and 

synthetic training (United States Government Accountability Office, 2012; Ministry of 

Defence, 2017a). Consequently, synthetic training, or training conducted in a virtual 

environment (VE), was argued to play a central role in achieving military readiness across 

the globe (Section 1.1.1). Furthermore, it became evident that teams are critical for achieving 

defence outputs and that there is an interest in adopting innovative technologies for their 

training (Section 1.1.2). The military is a High Reliability Organisation (HRO) and, therefore, 

in order to be effective in their performance military teams must possess both teamwork and 

taskwork knowledge, skills and attitudes (Section 2.2.1).  

Whilst synthetic training systems have been shown to be an effective delivery method for 

team training interventions (Aggarwal et al., 2004; Salas, Cooke, & Rosen, 2008; Shuffler, 

Pavlas, & Salas, 2012; Forrest, McKimm, & Edgar, 2013; Barton, Bruce, & Schreiber, 2017), 

it was not clear whether the use of HMDs led to a training benefit compared to traditional 

flat-screen desktop setups. Although desktop-based synthetic training systems have a long-

standing history of being successfully used by military organisations, i.e., Virtual Battlespace 

(Bohemia Interactive Simulations, 2014), with the advent of consumer-ready HMDs there 

was an increased interest in adopting these for team training, i.e., xCITE (QinetiQ, 2017) or 

SAF-TAC (SimCentric Technologies, 2020). Thus, it was argued that the setup used may 

support team competencies differently, and an initial research question was presented to 

explore this idea (Section 1.3). 
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There are numerous theories that developers of these systems could draw upon when 

designing the training content and the surrounding learning material, ranging from 

theoretical models of teamwork and their respective attitudes, cognitions and behaviours to 

train and assess (Section 2.2.1), to validated and commonly employed team training 

programmes such as CRM or TeamSTEPPS (Section 2.2.3). Specifically, for the purpose of 

this research, the suitability of the “Big Five” Teamwork Model (Salas et al., 2005) was 

established as the theoretical framework for understanding what processes subsume 

teamwork (Section 2.2.2). Evidence also suggested a number of organisational, 

environmental and operational factors as either inputs or moderators of teamwork processes, 

such as whether a team is ad hoc or established (Section 2.2.2.1). 

Since synthetic training is the focal delivery method for this thesis, the role of VEs in the 

training of teamwork was explored, critically reviewing the effect of computer mediated 

communication on team processes. This training delivery method presented several benefits 

compared to traditional training methods, e.g. live training or high-fidelity simulators, such 

as reduced costs, the ability to train whilst geographically dispersed, and the ability to train 

tasks that would otherwise be too dangerous or not feasible in a live environment (Section 

2.2.5). However, an extensive review of Computer-Mediated Communication (CMC) 

theories also revealed that both desktop and VR media are expected to affect communication, 

an important overarching process for teamwork (Section 2.2.6), Specifically, certain aspects 

of communication that are present in face-to-face interaction, such as non-verbal cues, are 

missing in VEs. This could then lead to higher cognitive load (Priest et al., 2004), or 

difficulties in developing trust (Davis et al., 2009).  

In the case of HMD-based solutions, a number of issues were identified such as increased 

cost compared to desktop (Bogan et al., 2019; Trahan et al., 2019), the potential of VR 

induced symptoms and effects, i.e., nausea and fatigue (Srivastava et al., 2019), or a 

resistance to change something that already works (Banton, 2019). Therefore, to justify the 

increased cost and overcome the potential resistance to change, there was a need to determine 

whether empirical evidence of a training benefit exists to support the use of immersive 

technologies over traditional and sometimes cheaper desktop options.  

There was consensus that procurement decisions should be made based on empirical and 

theoretical evidence to ensure success (Stevens & Kincaid, 2015; Marlow et al., 2016). To 

ascertain the nature of this evidence to date, a semi-systematic review of past studies was 

conducted. Since the number of team-based studies was limited and focused on evaluating 
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task performance rather than teamwork (Section 2.3.1), studies evaluating the effects on 

individuals and task performance were also included in the review (Section 2.3.2). The 

findings from this review established that the evidence of a training benefit of immersive 

technologies over less-immersive desktop systems was inconsistent. Furthermore, the results 

of the studies reviewed suggested that the effectiveness of various technological setups 

depended on the task being trained. However, it was difficult to distinguish the reasons 

behind these findings. Thus, it was posited that this research should not attempt to evaluate 

the effectiveness of systems as a whole, or at the training system level, as was apparent in 

the studies reviewed (Section 2.3).  

Instead, research should focus on developing an understanding of how the different 

features of these systems can affect training and how they can be optimised for the objectives 

of the training exercise (Bell et al., 2008; Marlow et al., 2016; Bailey et al., 2017). This was 

achieved by critically reviewing a number of different synthetic training design frameworks 

to identify the features that could be important for the optimisation of these training systems 

(Section 3.2). Particularly, three features were chosen as the focus of this research based on 

their saturation and relative importance in these frameworks and empirical studies, as well 

as often being suggested to affect both task performance and teamwork; immersion, presence, 

and psychological fidelity. Following a thorough discussion of the operationalisation of these 

features, it was evident there were certain overlaps and the potential for relationships 

between them.  

Definitions of immersion in the literature often conceptually overlap with the definitions 

of presence and psychological fidelity (Section 3.3.2). Thus, in the context of this thesis, the 

positivist definition of immersion was adopted as being an objective and measurable 

description of a system (Slater & Wilbur, 1997; Bowman & McMahan, 2007). Conversely, 

presence was defined as the subjective, user-specific, psychological response to the VE 

broadly manifesting as a sense of “being there” in the environment (Witmer & Singer, 1998; 

Bowman & McMahan, 2007; Cummings & Bailenson, 2016; Slater & Sanchez-Vives, 2016). 

Furthermore, it was also argued that the manifestation of presence is a function of both 

technological factors, such as immersion, and users’ inherent characteristics (Section 3.4.1). 

Finally, fidelity, or the degree to which the VE realistically replicates the real-world, was 

found to have several categorisations in the literature (Section 3.5.1). However, the 

consensus was that psychological fidelity, defined as the ability of the VE to engage users in 

similar processes, psychological or otherwise, as they would in the real-world, is the most 
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important type of fidelity for synthetic team training systems to have (Beaubien & Baker, 

2004; Tschan & Semmer, 2012; Champney et al., 2017; Ministry of Defence, 2017b). 

Similarly, since the definition of psychological fidelity could be argued to share similarities 

with the experience of willingly suspending disbelief, an experience commonly associated 

with presence, it was suggested that there could be a relationship between the two constructs 

(Section 3.5.3). In summary, the nature of the relationship between these three constructs 

was unclear, as well as their individual or compound effect on teamwork. 

 

Figure 7-1. Initial model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Salas et al. (2005), and Driskell et al. (2003). 

Therefore, an initial model of Team Training in Virtual Environments (Figure 7-1) was 

proposed based on past frameworks that had not been empirically validated in a VE team 

training context. The model was adapted from the work of Priest et al. (2004), describing a 

model of virtual team performance and how VE features may affect this, by refocusing the 

purpose on training transfer, incorporating the model of training transfer by Baldwin and 

Ford (1988) to denote the input and output of the training intervention.  

Similar to Priest et al. (2004), the environmental moderators initially proposed by Driskell 

et al. (2003) were kept, since further support for their inclusion was found as part of the 

research effort described in this thesis: the effect of CMC on communication was expected 
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to be different depending on the medium used (Section 2.2.6); temporal factors, such as 

whether a team is ad hoc or established, were also established to influence the way teamwork 

is exhibited (Section 2.2.2.1); task characteristics, such as level of interdependence, were 

known to affect teamwork (Rosen et al., 2012; Shuffler et al., 2012) and this was further 

evidenced by the inconsistency in the results of past studies (Section 2.3). Furthermore, the 

teamwork processes described in the original model by Priest et al. (2004) were replaced 

with the ones from the “Big Five” teamwork model (Salas et al., 2005), and ‘involvement’ 

in the original model was replaced with psychological fidelity. Finally, it was important to 

establish that this thesis considered the extent that technology might influence the ability of 

individuals to engage in team processes, i.e., at the user level, as opposed to evaluating the 

effectiveness at the level of the training system, which would be influenced by the quality of 

the instructional design. Accordingly, this research explored the effects of immersion, 

presence, and psychological fidelity on teamwork perception in a performance episode, 

rather than a training scenario, proposing the following refined research questions: 

Do individuals’ perception of teamwork in a team-based virtual environment change with 

the level of technological immersion, presence, and psychological fidelity? 

What is the nature of the relationship between technological immersion, presence, and 

psychological fidelity, and how does it influence individuals’ perception of teamwork? 

An experimental protocol was proposed (Chapter 4) in order to answer the above 

questions, and hence validate the addition of immersion, presence, and psychological fidelity 

to the model of Team Training in Virtual Environments. Due to the nature of the research, to 

test and validate the proposed model, a quantitative approach was adopted, following a 

between-subjects design, with technological immersion level as the independent variable 

(Section 4.2). Given that a common issue in the literature was the fragmented nature of the 

operationalisation of these constructs, a conceptual framework was presented to establish 

the operationalisation used in the thesis, as well as to justify the data collection methods and 

their validity (Section 4.3).  

Since the available sample pool consisted of gamers (Section 4.4), a Commercial-Off-

The-Shelf video game that enabled both VR and desktop play was identified as the 

experimental testbed (Section 4.5). This protocol was then piloted as part of an exploratory 

in-person study (Chapter 5) investigating whether there was a difference in the perceived 

ability of team members to engage in teamwork processes in a co-operative video game 

using an immersive VR system (HMD) or less-immersive system (desktop). The results of 
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this exploratory study (Section 5.4) together with the limitations to research practice imposed 

by the COVID-19 pandemic, informed the refinements (Section 6.2.1) and hypotheses 

(Section 6.2.2) of the confirmatory study, which was conducted in a fully virtual manner. 

Collectively, the findings from these studies informed the revised model of Team Training 

in Virtual Environments, as well as a number of other contributions to both theory and 

practice (Sections 7.2.1, 7.2.2 and 7.2.3 below). 

7.2. Contributions to Knowledge 

7.2.1. Contribution to Theory: Synthetic Team Training and Teamwork 

With the increased availability of consumer-ready HMDs, there is an interest in adopting 

these technologies for the training of both individuals and teams. However, Stevens and 

Kincaid (2015) and Marlow et al. (2016) caution against adopting new technologies without 

ensuring that there is empirical evidence of an added benefit to support their procurement. 

In the context of individual training, prior reviews of studies comparing the two types of 

systems (Stone et al., 2011; Stevens & Kincaid, 2015; Buttussi & Chittaro, 2018) included 

mainly studies that were conducted before the widespread availability of consumer-ready 

HMDs, for example the Oculus Rift release in 2012. Therefore, in order to update these 

reviews and ascertain the effect of the technology’s maturation on individual performance, 

a semi-systematic review of studies dated post-2012 was conducted (Table 2-3). This 

constitutes a contribution to knowledge by establishing that even with developments in 

technology, and hence ‘technological immersion’, the more immersive displays still only 

benefit certain tasks. It further contributed to knowledge by enabling the identification of 

task types where a training benefit is likely to occur.  

Furthermore, since in terms of a benefit for training teamwork, the number of studies 

comparing desktop systems to HMDs were found to be not only limited in number, but also 

found to focus on task outcomes rather than the evaluation of teamwork (Section 2.3.1), the 

updated review of individual-focused studies allowed for the extrapolation of findings to the 

context of teams. Nevertheless, in both cases the evidence found was inconsistent and it was 

not clear what contributed to the discrepancy in results between the different tasks.  

One potential explanation is the tendency to conduct such studies at the system level 

(Cannon-Bowers & Bowers, 2009), with Bell et al. (2008), Marlow et al. (2016) and Bailey 

et al. (2017) proposing that research should instead focus on isolating specific features to 
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ascertain how they might affect the training being conducted. Technology alone is not 

sufficient to ensure effective training (Rosen et al., 2008; Dalgarno & Lee, 2010), and instead, 

this thesis offers empirical support for the prior theory that technology acts as a facilitator 

rather than a catalyst for ‘learning team competencies’ (Section 3.2). Nevertheless, it is 

important that the features endogenous to the technology used are optimally harnessed 

(Marlow et al., 2016) and matched to the training objectives (Bell et al., 2008). However, it 

is even less clear which technological features influence individuals’ ability to engage in 

team competencies.  

Prior to this thesis, only theoretical work has been completed; to develop frameworks for 

guiding future research and for providing a conceptually grounded perspective for synthetic 

training systems. These frameworks were identified and selected through a rigorous process 

(Section 3.1.1), and were subsequently reviewed (Section 3.2) in order to identify those 

features, endogenous to VEs, that could be important for the optimisation of synthetic 

training systems. This thesis thus contributes to the field of synthetic training systems’ design, 

by providing a synthesised ‘corpus’ of features hypothesised to affect training (Table 3-1). 

Future work in this area (Section 7.3 below) can then also use these features as a theoretical 

basis for how they might influence training.  

While, prior to this thesis, the frameworks reviewed have not been empirically validated 

in a synthetic team training context, their theoretical underpinnings helped to identify an 

initial set of three important features in the design of synthetic training systems; immersion, 

presence, and psychological fidelity. These constructs are often suggested to affect both task 

performance and teamwork with their relative importance further highlighted by their 

saturation in the frameworks (Table 3-1). However, there is no empirical evidence for the 

inclusion of these constructs in the frameworks for teamwork in VR. Moreover, another 

common issue in the literature is the fragmented nature of the operationalisation of these 

terms. This in turn can lead to a disconnect between scholars and current practice, since it is 

difficult to ascertain whether different studies are indeed discussing and measuring the same 

constructs. Thus, it renders design and technology decisions more difficult. To address this 

limitation, a thorough review of the operationalisation of the terms and the empirical 

evidence of their influence on performance was undertaken (Sections 3.3, 3.4 and 3.5). The 

findings from the reviews of frameworks (Section 3.2) and constructs chosen (Sections 3.3, 

3.4 and 3.5) contributed to knowledge by proposing an initial theoretical model of Team 

Training in Virtual Environments (Figure 7-1; Balint, 2021). The aim of this thesis then 
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became to empirically validate the addition of immersion, presence, and psychological 

fidelity as VE moderators to the model, by exploring their influence on team processes. This 

was achieved by first conducting an exploratory study (Chapter 5), the findings of which 

informed a larger confirmatory study (Chapter 6) that subsequently informed the final 

‘empirically corrected’ model of Team Training in Virtual Environments.  

 

Figure 7-2. Revised model of Team Training in Virtual Environments. Adapted from Priest et al. (2004), 

Baldwin and Ford (1988), Driskell et al. (2003), and Salas et al. (2005). 

The revised model of Team Training in Virtual Environments (Figure 7-2), constitutes a 

high-level contribution to knowledge in the area of synthetic team training theory by 

providing a synthesis of how VE features can affect the ability of individuals to engage in 

team competencies. In the process of developing the model a number of more granular 

contributions to knowledge were made, while identifying a number of areas that require 

future work (Section 7.3).  

The model contributed to knowledge by building on that of Priest et al. (2004), adapting 

it specifically for the training of teams in VEs, rather than for virtual teams and their 

performance on the job as was the case with the original. The main reason for focusing on 

the influence of technological features on teamwork processes during training, is that the 

goal of training systems is maximising transfer to the operational environment (Section 
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2.2.5). Therefore, as a sub-contribution to knowledge, the seminal training transfer 

framework by Baldwin and Ford (1988), denoted on the model as Input and Output, was 

shown to be applicable in a VE team context, as demonstrated by the prevalence of both 

ability and personality characteristics in the qualitative data (Section 6.3.4). This then 

provides partial support for the use of the Baldwin and Ford (1988) training transfer 

framework in synthetic training contexts. Since this research did not directly measure any 

indicators in the Output category, further work is required to validate the framework fully in 

VE contexts (Section 7.3).  

A further sub-contribution was made by providing empirical evidence of the applicability 

of the “Big Five” teamwork model (Salas et al., 2005) to ad hoc teams of experienced gamers 

in HMD-based VR, as demonstrated by the qualitative data (Section 6.3.4) providing 

confirmation and triangulation of the quantitative measure of teamwork (Section 6.3.3.3). 

Consequently, the “Big Five” teamwork model is an appropriate theoretical basis for the 

research and evaluation of team competencies in both desktop and VR-based synthetic 

training systems. 

Through empirical means, the three VE moderators of immersion, presence, and 

psychological fidelity together were shown to significantly predict teamwork, over and 

above the variance in teamwork that could be explained by known confounds alone (Table 

6-4). This therefore provides empirical evidence of the influence of these three features on 

teamwork, contributing to the understanding of the moderating effects of VE features on the 

ability of individuals to engage in team competencies. It should be noted however, that of 

the three features tested, presence was also suggested as part of the model fitting process to 

be a significant predictor of teamwork by itself (Section 6.3.3.2). Whilst entering each 

feature subsequently into the model is possible, to test for model fit, that was not the aim of 

this research – ascertaining the influence of the three features together on teamwork 

perceptions (Section 1.3). Therefore, doing so after running the predetermined analysis 

(Sections 6.2.8.1 and 6.3.3.2) could have been interpreted as ‘fishing’ (Section 4.8). 

Interpreting the implications of these results for practice, designers of future synthetic team 

training systems should focus on maximising presence (Table 7-1), as that is clearly a 

significant variable in the model. However though, future research should still continue to 

explore the influence of immersion and psychological fidelity (Section 7.3) as the magnitude 

of their influence may have been masked by other factors introduced as part of the 

experimental design, i.e., different headsets used may have influenced immersion (Section 
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6.4.2.2) and the scenario and sample may not have been appropriate for testing psychological 

fidelity (Section 6.4.2.3). Thus, these affects might have been masked in the current model 

fitting process. 

Related to the above, a further contribution to knowledge was that of the three features 

investigated, presence was found to have the largest influence on teamwork in VR (Table 

6-5), with the joint interpretation of the quantitative and qualitative results leading to 

interesting findings with implications for theory. The results from the exploratory study 

suggested that higher levels of immersion may lead to an increase in individuals’ cognitive 

load due to perceived usability issues when users are not familiar with the respective system 

(Section 5.3). This could then lead to trainees being too distracted, by trying to engage in 

taskwork KSAs and trying to develop the necessary mental models of the interface used, to 

fully leverage the affordances of the system to be able to focus on the expected teamwork 

KSAs (Balint et al., 2020). This extends the work of Kiss et al. (2015) to teamwork in HMD-

based VR, establishing that users not only require task-related shared mental models of the 

VE to coordinate, since participants were already familiar with similar tasks, they also need 

to establish mental models of the interactions that the specific system affords, in order to 

efficiently engage in teamwork. 

These findings were further confirmed by the results of the confirmatory study (Section 

6.4.2.2), suggesting that usability (as a function of both VE design and experience level) 

affects the manifestation of presence. This is a contribution to knowledge because it extends 

prior work (Montoya et al., 2011; Leonardo et al., 2015; Sherblom et al., 2018) to 

collaboration in VR. It also provides empirical support for the assertion that familiarity with 

the system mediates the influence of media naturalness on teamwork (Kock, 2002). This was 

supported by the findings that the level of immersion did not significantly affect teamwork 

(Section 6.3.3.2) or presence (Section 6.3.3.3) in an ‘expert’ sample, raising an important 

question over the results of past studies comparing VR to desktop systems (Section 2.3). The 

lack of a training benefit could be explained by the need to commit cognitive resources to 

developing a mental model of the VE (Section 5.3). Conversely, where a training benefit is 

found, it is not clear to what extent these results are confounded by a novelty effect, due to 

an “overwhelming experience of immersion” (Mottelson et al., 2021, p. 10). Therefore, this 

contributes to the understanding of the extent of usability’s influence on outcomes of interest, 

by establishing that even when users are familiar with the task, poor usability can have 
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adverse effects on presence and the level of objective immersion of the system. This aids in 

the interpretation of the results of prior and future studies. 

Finally, the qualitative results (Section 6.3.4.5) suggested that the ‘Type of CMC’, 

previously considered an environmental moderator in the model (Section 3.6), should be 

considered an aspect of Communication Affordances. This is in turn was argued to influence 

the objective level of immersion of a system, as a separate feature to be considered (Section 

6.4.2.5). Similarly, it was proposed that communication affordances could also affect 

individuals’ sense of presence, since natural interaction techniques have been previously 

argued to be important for presence (Slater & Usoh, 1994; Davis et al., 2009). Therefore, it 

was argued that the way a VE is experienced is a function of not only the software, as implied 

by prior uses of the term (for example Menin et al, 2018), but also of the hardware, since 

this can influence how the user interacts and experiences the mediated environment, i.e. the 

quality of the microphone used or the input devices and the quality of the interactions they 

afford inside the VE. This contributes to the field of user experience in VEs, proposing a 

new definition for VEs more in line with those used at the advent of VR as a field, where the 

term Virtual Environment and Virtual Reality were used interchangeably (Ellis, 1994), i.e. 

the perceived environment is the sum of ‘everything’, not just the digital model being 

interacted with. 

7.2.2. Contributions to Practice: Synthetic Team Training Design and Team Research 

With the continued advancement of VR HMDs and the critical role that teams play in 

HROs, research was needed to explore how to optimise virtual environments for the training 

and assessment of team competencies. Consequently, this thesis addressed this gap by 

proposing a model of Team Training in VEs (Figure 7-2), informed by a synthesis of 

literature on the topic (Section 3.6) and two empirical studies (Chapter 5 and Chapter 6). 

Through these research efforts an understanding was developed of how features endogenous 

to VEs could affect the ability of individuals to engage in team competencies. More 

specifically, it was demonstrated through empirical means that the features previously 

identified from the literature (Section 3.2) significantly affected teamwork in an empirical 

setting (Section 6.4.1). The implications of these findings for the design of synthetic team 

training systems and that of team research are presented as design guidelines in Table 7-1. 
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Intended 

Audience 

Guideline Context 

Designers  Minimise, where possible, the 

severity and extent of latency issues, 

such as desynchronisation between 

client and server. 

High latency can introduce usability 

issues for geographically dispersed 

users (Section 6.3.4.4) 

 Design the VR experience 

independently of other media. 

Retrofitting VR onto a system that was 

originally designed with desktop in 

mind can lead to poorly implemented 

affordances that may be unintuitive and 

incongruent with users’ mental models. 

This can lead to users having to 

dedicate cognitive resources to 

updating their existing mental models, 

leaving less available resources for 

engaging in teamwork (Section 

6.4.2.2). 

 Design to maximise presence. By implementing user actions that are 

believable, for example, it can help 

ensure that the user perceives the 

mediated space as a plausible 

environment (Section 3.4.1). Higher 

perceived feelings of presence were 

associated with the system enabling a 

higher quality of teamwork (Section 

6.4.2.1). 

 Maximise the usability of the system. There must be no major usability issues, 

as these can disrupt presence and lower 

the objective level of immersion of the 

system (Section 6.4.2.2). Therefore, 

irrespective of the level of 

technological immersion of the system, 

if its usability is kept high enough that 

presence is not disrupted, trainees will 

be better able to engage in teamworking 

competencies. One way of achieving 

this is to ensure that users can 

familiarise themselves with the 

interface and controls before a team 

training exercise. Otherwise, they may 

need to commit cognitive resources to 

developing a mental model of the 

system and its associated collaborative 

affordances, instead of focusing on the 

training objectives (Section 5.3) 

 Consider both the software (i.e., the 

scenario) and the hardware (i.e., the 

input) when designing the VE. 

VEs should be understood as a function 

of both software and hardware, thus 

having a moderating role through the 

range and quality of team processes it 

enables (Section 6.4.2.5). Out of the VE 

factors investigated, presence, 

immersion and psychological fidelity 
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all contribute to users’ ability to engage 

in the “Big Five” teamwork 

competencies, with presence being the 

most influential. Furthermore, the 

usability of the VE (Section 6.4.2.2) 

and the communication affordances 

(i.e. greater degree of body mapping 

increases the range and quality of non-

verbal communication) available 

(Section 6.4.2.5) affect presence and 

immersion. 

 Opt for VR if non-verbal cues are 

identified as critical as a result of a 

Training Needs Analysis. 

If the conveyance of non-verbal 

communication cues in a natural way is 

identified as important for training a 

particular task (e.g. signalling to a plane 

that it is safe to touch down), VR 

appears to be an appropriate medium 

for this (Section 6.3.4.5). 

Researchers When evaluating the effects of 

psychological fidelity use a VE that 

includes context-specific cues and a 

sample familiar with the task and real-

world context to ensure the cues are 

recognised. 

Context-specific cues should be 

informed by a subject matter expert, in 

order to elicit cognitive, emotional and 

behavioural effects that are comparable 

to the real-world context in which the 

skills being trained are going to be 

applied. However, unless the 

participants have the prior experience to 

recognise these cues, the expected 

responses may not be elicited (Section 

6.4.2.3). 

 The type of team (ad hoc vs 

established) needs to be considered.  

Ad hoc teams may differ from 

established teams in the way they 

exhibit team processes (Section 

6.4.2.4), since they do not have an 

established shared mental model and 

need to develop an initial interpersonal 

trust to be effective. Thus, the objective 

of the research should dictate the type 

of team to be used. 

 Studies evaluating the effectiveness 

of novel technologies, such as VR, 

should use participants familiar with 

such technologies, and/or be 

longitudinal in nature.  

Novice VR users may report 

significantly higher scores for 

subjective measures, due to excitement 

of using novel technologies (6.4.2.2). 

This in turn can affect the results found.  

Table 7-1. Design guidelines for designers of synthetic team training systems and researchers in the field of 

team research. 

Ultimately, the findings of this thesis contribute to the practice of synthetic training 

systems design and that of team research by enabling informed decisions to be made by 

designers and researchers, above and beyond those informed by theories of team training 

curricula, presented as design guidelines (Table 7-1). 
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7.2.3. Contributions to Methodology 

As evidenced through the various contributions to theory (Section 7.2.1) and to practice 

(Section 7.2.2) that were made as a result of the confirmatory study (Chapter 6), it can be 

established that supervised remote studies with uncompensated samples in a video game and 

VR are a viable and valid alternative for team theory building and testing. This extends prior 

work (Mottelson & Hornbæk, 2017; Huber & Gajos, 2020; Mottelson et al., 2021; Saffo et 

al., 2021), by demonstrating the design’s applicability and validity for studies evaluating 

teamwork, whilst similar work conducted during the COVID-19 restrictions has focused on 

taskwork (Section 6.2.1). Indeed, the quantitative data and the subsequent integration of the 

qualitative data gathered provided support and confirmation of the results found in the 

exploratory study, which followed an in-person design, furthering the understanding of the 

influence of usability issues on the constructs of interest.  

Reflecting on the process of running such a study, it was found that the benefits 

outweighed the drawbacks (Section 6.5.2). One such benefit was the insight it provided into 

the decision-making process of prospective participants, highlighting that whilst challenges 

may be appealing to some individuals from the ‘gamer’ population, which provides adequate 

intrinsic motivation through non-monetary means, it does preclude others from participating, 

increasing the risk of self-selection bias (Olsen, 2008). It was also found that some people 

questioned the legitimacy of the study due to it being funded by a security and defence 

contractor (Section 6.2.3). Thus, it is recommended that similar studies are added to an 

official record, such as the University’s website, with a summary and the decision of the 

ethical review board.  

The research undertaken also contributes to the understanding of the research process 

required to evaluate the influence of features endogenous to VEs on teamwork. The revised 

model of Team Training in Virtual Environments (Figure 7-2) provides a theoretical 

framework for future research in this area. This is important, since a common issue in the 

scientific community in this area of research is the lack of consensus on the definitions and 

operationalisation of the various features (Chapter 3), and equally, the availability of a vast 

number of theoretical models of teamwork (Section 2.2.1). This highlights how the 

fragmented nature of the constructs being studied can lead to inconsistencies in results and 

practice. Therefore, a detailed conceptual framework was developed to clearly present the 

theoretical position in which the current research was grounded (Section 4.3), which in turn 

can be used and adapted by future research to evaluate the influence of additional features. 
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However, it is suggested that even if this is not used, it is good practice for each research 

study to clearly define its theoretical viewpoint and explain its terms so they can be compared 

or contrasted in any future meta-analyses.  

Finally, there is consensus in the team literature that multilevel modelling techniques 

should be used to analyse data gathered from teams (Sadler & Judd, 2001; Zaccaro et al., 

2005; Kashy & Hagiwara, 2012). However, potentially due to the length limitations of 

published papers, the process of data analysis for ‘small team’ sized studies is often not fully 

explained (McNeish et al., 2017). Moreover, most textbooks were found to either use 

examples based on larger units of interest, such as pupils in classes or patients in hospitals 

(Field, 2009; Snijders & Bosker, 2012), or not provide detailed enough information (Kashy 

& Hagiwara, 2012) to easily apply it in a small team context. Therefore, this research 

addresses this gap by providing a detailed discussion of the decisions and steps involved in 

the analysis of the data, from the confirmatory study (Section 6.2.8.1), for small teams. 

7.3. Future Research Avenues 

Empirical research of the effects of technological features on teamwork in the context of 

synthetic training systems is an area of research that has not been given much attention in 

the past. The validation of the VE moderators (Section 6.4.1) suggests that rather than 

continuing to evaluate overall systems’ influence on the training of individuals or teams 

(Section 2.3), research should focus on developing a deeper understanding of how certain 

features or the absence of certain affordances, such as those for communication, affect 

individuals’ ability to engage in the knowledge, skills and attitudes being trained. 

Nevertheless, it should be noted that the current research did not use a representative sample 

for a high reliability training organisation (i.e., military personnel) or a VE designed 

specifically for the training of teams within that particular task (i.e., the scenario was a bank 

heist). Therefore, the primary suggestion for future research is to replicate the studies in a 

more ecologically valid context.  

In addition to this, a number of other potential avenues for future work were identified in 

the process of undertaking this research: 

a. The integration of qualitative data from the confirmatory study resulted in the 

suggestion that the ad hoc nature of the teams has resulted in a higher importance 

being placed on teammate traits and team climate for participants’ ability to engage 

in teamworking competencies (Section 6.4.2.4), thereby reducing the magnitude of 
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the effect of the variables of interest. Consequently, future work is needed to replicate 

the study with established teams in order to confirm this suggestion.  

b. The ad hoc nature of teams has been previously argued to lead to difficulties 

establishing team identity, since they do not have opportunities to develop team 

norms, shared mental models and trust (Pascual, Mills, & Blendell, 1999; White et 

al., 2018). These difficulties were also found in the current research, where results 

suggested that participants may have needed time to learn about each other in order 

to effectively engage in teamwork (Section 6.4.2.4). Therefore, it was suggested that 

ad hoc teams may require different affordances in a system than established teams, 

in order to promote the development of team identity, by supporting the development 

of shared mental models and trust. Future work should seek to identify how the 

development of trust and shared mental models, and as a result team identity, can be 

supported in VEs. In other words, which affordances facilitate the swift development 

of these team competencies, or how VE designers can support the initial ‘getting to 

know each other’ phase of ad hoc teams.  

c. Although the definition of presence used in this thesis was operationalised as that of 

‘physical’ or ‘spatial’ presence (Section 3.4.1), it was found to be a significant 

predictor of teamwork perceptions (Section 6.4.2.1). However, the ability of VR to 

enable users to convey non-verbal cues (Section 6.3.4.5) suggests that future research 

should investigate other types of ‘presence’, such as social or co-presence (Lee, 

2004; Alexander et al., 2005; Dalgarno & Lee, 2010). 

d. The results suggested that both the VE and the population used may have affected 

the results for psychological fidelity (Section 6.4.2.3). Thus, future studies should 

ensure that the VE used is designed to include context-specific cues, with the help of 

a subject matter expert, in order to elicit cognitive, emotional and behavioural effects 

that are comparable to the real-world context in which the skills being trained are 

going to be applied. Considering the premise of PD2 missions is to commit various 

heists, neither the game nor the sample population may have been appropriate for 

assessing the effects of psychological fidelity on perceptions of teamwork, given that 

the necessary cues were probably missing or poorly implemented as, unlike other 

COTS games, PD2 does not strive for realism. Thus, it could be argued that ‘gamers’ 

might have lacked the contextual experience to recognise the task, a heist in this 

instance, as a high-risk situation with mistakes leading to serious consequences. It is 
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proposed that the confirmatory study should be replicated with a VE designed to have 

the necessary cues to elicit the psychological, cognitive, and behavioural effects as 

the real-world context in which the task happens, in order to ascertain the extent of 

the effect of psychological fidelity on teamwork.  

e. The second research question that this thesis sought to address (Section 1.3) was 

concerned with ascertaining the nature of the relationships between immersion, 

presence, and psychological fidelity, and how these relationships might influence 

perceptions of teamwork. The results suggested that there was not enough evidence 

to support the assumption that a moderation effect exists between these features 

(Section 6.4.1). Nevertheless, it does not preclude the possibility of there being a 

different type of relationship between the VE moderators, such as mediation. 

Therefore, the nature of the relationships between the VE moderators, and the 

influence of these relationships on teamwork requires further study.  

f. The three VE moderators of immersion, presence, and psychological fidelity, were 

shown to significantly predict teamwork, over and above the variance in teamwork 

that could be explained by known confounds alone (Table 6-4). Surprisingly, the level 

of immersion was not found to significantly predict teamwork. Similarly, results 

suggested that the level of immersion did not consistently affect participants’ sense 

of presence either. It was proposed that as long as the system meets a certain threshold 

of usability, presence is experienced regardless of the level of immersion of the 

system (Section 6.4.2.1). This extends the work of Bailey et al. (2017) with an 

individual training scenario, to a team-based scenario. Therefore, future work is 

needed to explore what this ‘threshold’ of usability is in practice. 

g. This work provided partial support for the use of the Baldwin and Ford (1988) 

training transfer framework in synthetic training contexts by establishing the 

influence of input characteristics such as ability and personality on teamwork 

(Section 6.3.4). However, this research did not directly measure any indicators in the 

output category. Consequently, future research is needed to fully validate the 

framework in VE contexts. 
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7.4. Final Comment 

Initially, this thesis set out to investigate system design attributes that manipulate 

communication in HMD-based VR training systems and their effect on teamwork. The 

research presented throughout this thesis is a culmination of many ideas, some developed, 

others abandoned (such as the initial aim), based on the lessons learned over the four years 

spent in the PhD programme. It confirmed that features endogenous to VEs can affect the 

ability of individuals to engage in team competencies and that, contrary to expectations, the 

use of novel technologies does not automatically lead to a training benefit. As was echoed 

early in the process (Section 3.2) technology acts as a facilitator rather than a catalyst for 

learning. Therefore, future efforts when adopting novel technologies should not start with 

the choice of technology, rather the training needs identified at a first step should dictate 

what the technology choice should be, much as Kozlowski and Bell (2007) recommended. 

In the words of Massey et al. (2013, p. 899), “it is not the VE itself nor the user’s perceived 

presence in the VE, but rather the quality of teamwork that the VE enables” and the results 

of this research confirm that it is important that we further explore how best to increase this 

quality with more empirical evaluations of additional VE features.



References 215 

 

References 

Aggarwal, R., Undre, S., Moorthy, K., Vincent, C., & Darzi, A. (2004). The simulated 

operating theatre: comprehensive training for surgical teams. Quality and Safety in 

Health Care, 13(suppl 1), i27-i32. https://dx.doi.org/10.1136/qshc.2004.010009 

Aidman , E., Galanis, G., Manton, J., Vozzo, A., & Bonner, M. (2002). Evaluating human 

systems in military training. Australian Journal of Psychology, 54(3), 168-173. 

https://dx.doi.org/10.1080/00049530412331312754 

Alexander, A. L., Brunyé, T., Sidman, J., & Weil, S. A. (2005). From Gaming to Training: A 

Review of Studies on Fidelity, Immersion, Presence, and Buy-in and Their Effects on 

Transfer in PC-Based Simulations and Games. Retrieved from 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.103.3657&rep=rep1&typ

e=pdf 

Alison, L., van den Heuvel, C., Waring, S., Power, N., Long, A., O’Hara, T., & Crego, J. 

(2012). Immersive Simulated Learning Environments for Researching Critical 

Incidents: A Knowledge Synthesis of the Literature and Experiences of Studying 

High-Risk Strategic Decision Making. Journal of Cognitive Engineering and 

Decision Making, 7(3), 255-272. https://dx.doi.org/10.1177/1555343412468113 

Allen, M. (2017). Multiple Regression: Block Analysis. In The SAGE Encyclopedia of 

Communication Research Methods. SAGE Publications. 

https://dx.doi.org/10.4135/9781483381411 

Alonso, A., Baker, D. P., Holtzman, A., Day, R., King, H., Toomey, L., & Salas, E. (2006). 

Reducing medical error in the Military Health System: How can team training help? 

Human Resource Management Review, 16(3), 396-415. 

https://dx.doi.org/https://doi.org/10.1016/j.hrmr.2006.05.006 

American Psychological Association. (2010). Publication manual of the American 

Psychological Association (6th ed.). Washington, DC: American Psychological 

Association. 

Andersson, D., Rankin, A., & Diptee, D. (2017). Approaches to team performance 

assessment: a comparison of self-assessment reports and behavioral observer scales. 

Cognition, Technology & Work, 19(2), 517-528. https://dx.doi.org/10.1007/s10111-

017-0428-0 

Bailey, S. K. T., Johnson, C. I., Schroeder, B. L., & Marraffino, M. D. (2017). Using Virtual 

Reality for Training Maintenance Procedures. Paper presented at the 

Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC), 

Orlando, FL. Retrieved from 

https://www.interplaylearning.com/hubfs/Blog/Case%20Studies/Using%20Virtual

%20Reality%20for%20Training%20Maintenace%20Procedures.pdf 

Baker, D. P., Day, R., & Salas, E. (2006). Teamwork as an Essential Component of High‐
Reliability Organizations. Health Services Research, 41, 1576-1598. 

https://dx.doi.org/10.1111/j.1475-6773.2006.00566.x 



216 References 

 

Baker, D. P., Salas, E., King, H., Battles, J., & Barach, P. (2005). The Role of Teamwork in 

the Professional Education of Physicians: Current Status and Assessment 

Recommendations. Joint Commission Journal on Quality and Patient Safety, 31(4), 

185-202. https://dx.doi.org/10.1016/S1553-7250(05)31025-7 

Baldwin, T. T., & Ford, J. K. (1988). Transfer of training: A review and directions for future 

research. Personnel Psychology, 41(1), 63-105. https://dx.doi.org/10.1111/j.1744-

6570.1988.tb00632.x 

Balint, B.-N., Stevens, B., Dudfield, H., & Powell, W. (2020). Exploring the characteristics 

of immersive technologies for teamwork. Paper presented at the Virtual 

Interservice/Industry Training, Simulation, and Education Conference. Retrieved 

from 

https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=7940

6&CID=572#View 

Balint, B.-N. (2021, May 24-27). Effectiveness of Immersive Technologies: an alternative 

approach and lessons learnt [Conference presentation]. Defence Simulation 

Education & Training (DSET) 2021 Conference, Bristol, United Kingdom. 

Bangor, A., Kortum, P. T., & Miller, J. T. (2008). An Empirical Evaluation of the System 

Usability Scale. International Journal of Human–Computer Interaction, 24(6), 574-

594. https://dx.doi.org/10.1080/10447310802205776 

Banton, C. L. (2019). Advancing Technologies in Human Resource Development (HRD). In 

P. A. Gordon & J. A. Overbey (Eds.), Advances in the Technology of Managing 

People: Contemporary Issues in Business (pp. 25-36): Emerald Publishing Limited. 

Barton, G., Bruce, A., & Schreiber, R. (2017). Teaching nurses teamwork: Integrative review 

of competency-based team training in nursing education. Nurse Education in 

Practice, 32, 129-137. https://dx.doi.org/https://doi.org/10.1016/j.nepr.2017.11.019 

Beaubien, J. M., & Baker, D. P. (2004). The use of simulation for training teamwork skills 

in health care: how low can you go? BMJ Quality & Safety, 13(suppl 1), i51-i56. 

Retrieved from http://qualitysafety.bmj.com/content/13/suppl_1/i51.abstract 

Bell, B. S., Kanar, A. M., & Kozlowski, S. W. J. (2008). Current issues and future directions 

in simulation-based training in North America. The International Journal of Human 

Resource Management, 19(8), 1416-1434. 

https://dx.doi.org/10.1080/09585190802200173 

Ben-Nun, P. (2008). Respondent Fatigue. In P. J. Lavrakas (Ed.), Encyclopedia of Survey 

Research Methods. Sage Publications. 

https://dx.doi.org/10.4135/9781412963947.n480 

Bertrand, J., Bhargava, A., Madathil, K. C., Gramopadhye, A., & Babu, S. V. (2017). The 

effects of presentation method and simulation fidelity on psychomotor education in 

a bimanual metrology training simulation. Proceedings of the 2017 IEEE Symposium 

on 3D User Interfaces (3DUI), 59-68. 

https://dx.doi.org/10.1109/3DUI.2017.7893318 

Bharathi, A. K. B. G., & Tucker, C. S. (2015). Investigating the Impact of Interactive 

Immersive Virtual Reality Environments in Enhancing Task Performance in Online 

Engineering Design Activities. Proceedings of the ASME 2015 International Design 

Engineering Technical Conferences and Computers and Information in Engineering 

Conference, Volume 3: 17th International Conference on Advanced Vehicle 

https://dx.doi.org/10.1111/j.1744-6570.1988.tb00632.x
https://dx.doi.org/10.1111/j.1744-6570.1988.tb00632.x


References 217 

 

Technologies; 12th International Conference on Design Education; 8th Frontiers in 

Biomedical Devices. https://dx.doi.org/https://doi.org/10.1115/DETC2015-47388 

Blizzard Entertainment. (2004). World of Warcraft [Video Game]. Blizzard Entertainment. 

Blumberg, F. C., Almonte, D. E., Anthony, J. S., & Hashimoto, N. (2012). Serious Games: 

What Are They? What Do They Do? Why Should We Play Them? In E. D. Karen 

(Ed.), The Oxford Handbook of Media Psychology (pp. 334-351): Oxford University 

Press. 

Bogan, M., Bybee, S., & Bahlis, J. (2019). Increasing XR Technology's Return on Investment 

through Media Analysis. Paper presented at the Interservice/Industry Training, 

Simulation, and Education Conference (I/ITSEC), Orlando, Florida, USA. Retrieved 

from http://www.bnhexpertsoft.com/wp-

content/uploads/2020/03/ITSEC_2019_Paper_CAE_BNH.pdf 

Bohemia Interactive Simulations. (2014). Virtual Battlespace 3. Prague, Czech Republic: 

Bohemia Interactive Simulations.  

Botella, C., Fernández-Álvarez, J., Guillén, V., García-Palacios, A., & Baños, R. (2017). 

Recent Progress in Virtual Reality Exposure Therapy for Phobias: A Systematic 

Review. Current Psychiatry Reports, 19(7), 42. https://dx.doi.org/10.1007/s11920-

017-0788-4 

Boughzala, I., de Vreede, G.-J., & Limayem, M. (2012). Team Collaboration in Virtual 

Worlds: Editorial to the Special Issue. Journal of the Association for Information 

Systems, 13(10), 714-734. https://dx.doi.org/10.17705/1jais.00313 

Bowers, C. A., & Jentsch, F. (2001). Use of commercial, off-the-shelf, simulations for team 

research. In Advances in Human Performance and Cognitive Engineering Research. 

Advances in Human Performance and Cognitive Engineering Research (Vol. 1, pp. 

293-317). Emerald Group Publishing Limited. https://dx.doi.org/10.1016/S1479-

3601(01)01009-8 

Bowman, D. A., & McMahan, R. P. (2007). Virtual Reality: How Much Immersion Is 

Enough? Computer, 40(7), 36-43. https://dx.doi.org/10.1109/MC.2007.257 

Bracq, M.-S., Michinov, E., & Jannin, P. (2019). Virtual Reality Simulation in Nontechnical 

Skills Training for Healthcare Professionals. Simulation in Healthcare, 14(3), 188–

194. https://dx.doi.org/10.1097/sih.0000000000000347 

Braun, V., & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative Research 

in Psychology, 3(2), 77-101. https://dx.doi.org/10.1191/1478088706qp063oa 

Brittan, S. (2016) Synthetic environments: a new training field/Interviewer: E. Earls. 

Brooke, J. (1996). SUS: A 'quick and dirty' usability scale. In P. Jordan, B. Thomas, & B. 

Weerdmeester (Eds.), Usability Evaluation in Industry (pp. 189-194). London, UK: 

Taylor & Francis. 

Brown, B. (2010). A training transfer study of simulation games. Retrieved from 

http://www.dtic.mil/dtic/tr/fulltext/u2/a518353.pdf 

Brown, E., & Cairns, P. (2004). A grounded investigation of game immersion. Paper 

presented at the CHI '04 Extended Abstracts on Human Factors in Computing 

Systems, Vienna, Austria.  



218 References 

 

Bustamante, E. A., & Spain, R. D. (2008). Measurement Invariance of the Nasa TLX. 

Proceedings of the Human Factors and Ergonomics Society Annual Meeting, 52(19), 

1522-1526. https://dx.doi.org/10.1177/154193120805201946 

Buttussi, F., & Chittaro, L. (2018). Effects of Different Types of Virtual Reality Display on 

Presence and Learning in a Safety Training Scenario. IEEE Transactions on 

Visualization and Computer Graphics, 24(2), 1063-1076. 

https://dx.doi.org/10.1109/TVCG.2017.2653117 

Cahillane, M., Webb, S., Smy, V., & MacLean, P. (2017). Collective Knowledge, Skills and 

Attitudes Retention: Development of a Decision Support Aid (TIN 

2.100.Unpublished internal document, Defence Science and Technology Laboratory. 

Cairns, P. (2019). Doing Better Statistics in Human-Computer Interaction. Cambridge, UK: 

Cambridge University Press. 

Cannon-Bowers, J., & Bowers, C. (2009). Synthetic Learning Environments: On Developing 

a Science of Simulation, Games, and Virtual Worlds for Training. In S. W. J. 

Kozlowski & E. Salas (Eds.), Learning, Training, and Development in Organizations 

(pp. 229-261). New York: Routledge. 

Champney, R. K., Carroll, M., & Surpris, G. (2014). A Human Experience Approach to 

Optimizing Simulator Fidelity. Proceedings of the Human Factors and Ergonomics 

Society Annual Meeting, 58(1), 2355-2359. 

https://dx.doi.org/10.1177/1541931214581490 

Champney, R. K., Stanney, K. M., Milham, L., Carroll, M., & Cohn, J. (2017). An 

examination of virtual environment training fidelity on training effectiveness. 

International Journal of Learning Technology, 12(1), 42-65. 

https://dx.doi.org/10.1504/IJLT.2017.083997 

Chertoff, D., & Schatz, S. (2012). Beyond Presence: How Holistic Experience Drives 

Training and Education. In K. S. Hale & K. Stanney (Eds.), Handbook of Virtual 

Environments : Design, Implementation, and Applications. (2nd ed., pp. 857-871). 

Retrieved from ProQuest Ebook Central https://ebookcentral.proquest.com 

Choi, B. C. K., & Pak, A. W. P. (2005). A catalog of biases in questionnaires. Preventing 

chronic disease, 2(1), A13-A13. Retrieved from 

https://pubmed.ncbi.nlm.nih.gov/15670466 

Clifford, R. M. S., Khan, H., Hoermann, S., Billinghurst, M., & Lindeman, R. W. (2018, 18-

22 March 2018). The Effect of Immersive Displays on Situation Awareness in Virtual 

Environments for Aerial Firefighting Air Attack Supervisor Training. Proceedings of 

the 2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), 1-2. 

https://dx.doi.org/10.1109/VR.2018.8446139 

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences (2nd ed.). New York, 

USA: Lawrence Erlbaum Associates. 

Cooke, N. J., Salas, E., Kiekel, P. A., & Bell, B. (2004). Advances in measuring team 

cognition. In Team cognition: Understanding the factors that drive process and 

performance. (pp. 83-106). Washington, DC, US: American Psychological 

Association. 

Coovert, M. D., Miller, E. E. P., & Bennett, W. J. (2017). Assessing Trust and Effectiveness 

in Virtual Teams: Latent Growth Curve and Latent Change Score Models. Social 

Sciences, 6(3), 87. Retrieved from https://www.mdpi.com/2076-0760/6/3/87 



References 219 

 

Coovert, M. D., Winner, J., Bennett, W., & Howard, D. J. (2017). Serious Games are a 

Serious Tool for Team Research. International Journal of Serious Games, 4(1), 41-

55. https://dx.doi.org/10.17083/ijsg.v4i1.141 

Cordeil, M., Dwyer, T., Klein, K., Laha, B., Marriott, K., & Thomas, B. H. (2017). 

Immersive Collaborative Analysis of Network Connectivity: CAVE-style or Head-

Mounted Display? IEEE Transactions on Visualization and Computer Graphics, 

23(1), 441-450. https://dx.doi.org/10.1109/TVCG.2016.2599107 

Cotard, C., & Michinov, E. (2018). When team member familiarity affects transactive 

memory and skills: a simulation-based training among police teams. Ergonomics, 

61(12), 1591-1600. https://dx.doi.org/10.1080/00140139.2018.1510547 

Creswell, J. W., & Creswell, J. D. (2018). Research Design: Qualitative, Quantitative, and 

Mixed Methods Approaches (5th ed.). Los Angeles, USA: Sage Publications. 

Crookall, D. (2010). Serious Games, Debriefing, and Simulation/Gaming as a Discipline. 

Simulation & Gaming, 41(6), 898-920. 

https://dx.doi.org/10.1177/1046878110390784 

Csikszentmihalyi, M. (1990). Flow: The Psychology of Optimal Experience. New York: 

Harper & Row. 

Cummings, J. J., & Bailenson, J. N. (2016). How Immersive Is Enough? A Meta-Analysis 

of the Effect of Immersive Technology on User Presence. Media Psychology, 19(2), 

272-309. https://dx.doi.org/10.1080/15213269.2015.1015740 

Curry, J., Price, T., & Sabin, P. (2016). Commercial-Off-the-Shelf-Technology in UK 

Military Training. Simulation & Gaming, 47(1), 7-30. 

https://dx.doi.org/10.1177/1046878115600578 

Daft, R. L., & Lengel, R. H. (1986). Organizational Information Requirements, Media 

Richness and Structural Design. Management Science, 32(5), 554-571. Retrieved 

from http://www.jstor.org/stable/2631846 

Daglius-Dias, R., & Scalabrini-Neto, A. (2016). Stress levels during emergency care: A 

comparison between reality and simulated scenarios. Journal of Critical Care, 33, 8-

13. https://dx.doi.org/https://doi.org/10.1016/j.jcrc.2016.02.010 

Dalgarno, B., & Lee, M. J. W. (2010). What are the learning affordances of 3-D virtual 

environments? British Journal of Educational Technology, 41(1), 10-32. 

https://dx.doi.org/10.1111/j.1467-8535.2009.01038.x 

Davis, A., Murphy, J., Owens, D., Khazanchi, D., & Zigurs, I. (2009). Avatars, people, and 

virtual worlds: Foundations for research in metaverses. Journal of the Association of 

Information Systems, 10(2), 90-117. Retrieved from 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

63149189088&partnerID=40&md5=04c2c9974c75e476ff4ce624839c1f89 

de Armas, C., Tori, R., & Netto, A. V. (2019). Use of virtual reality simulators for training 

programs in the areas of security and defense: a systematic review. Multimedia Tools 

and Applications. https://dx.doi.org/10.1007/s11042-019-08141-8 

de Moura, D. Y., & Sadagic, A. (2019, 23-27 March 2019). The Effects of Stereopsis and 

Immersion on Bimanual Assembly Tasks in a Virtual Reality System. Proceedings of 

the 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), 286-294. 

https://dx.doi.org/10.1109/VR.2019.8798112 



220 References 

 

Dede, C. (1995). The evolution of constructivist learning environments: Immersion in 

distributed, virtual worlds. Educational Technology, 35(5), 46-52. Retrieved from 

https://pdfs.semanticscholar.org/bebe/b6d2ba05047a6d83b82a6b002e15e0eae2ac.p

df 

Defence Committee. (2008a). Defence - Fourteenth Report: Part 2: Recruitment and 

Retention overview. Retrieved from UK Parliamentary business, Publications & 

records: 

https://publications.parliament.uk/pa/cm200708/cmselect/cmdfence/424/42405.htm 

Defence Committee. (2008b). Defence - Fourteenth Report: Part 4: Retention. Retrieved 

from UK Parliamentary business, Publications & records: 

https://publications.parliament.uk/pa/cm200708/cmselect/cmdfence/424/42405.htm 

Delice, F., Rousseau, M., & Feitosa, J. (2019). Advancing Teams Research: What, When, 

and How to Measure Team Dynamics Over Time. Frontiers in Psychology, 10(1324). 

https://dx.doi.org/10.3389/fpsyg.2019.01324 

Delise, L. A., Allen Gorman, C., Brooks, A. M., Rentsch, J. R., & Steele-Johnson, D. (2010). 

The effects of team training on team outcomes: A meta-analysis. Performance 

Improvement Quarterly, 22(4), 53-80. https://dx.doi.org/10.1002/piq.20068 

Dennis, A. R., & Valacich, J. S. (1999, 5-8 Jan. 1999). Rethinking media richness: towards 

a theory of media synchronicity. Proceedings of the Proceedings of the 32nd Annual 

Hawaii International Conference on Systems Sciences. 1999. HICSS-32. Abstracts 

and CD-ROM of Full Papers, Track1, 10 pp. 

https://dx.doi.org/10.1109/HICSS.1999.772701 

Deputy Flag Officer Sea Training (DFOST). (2014). Maritime Synthetic Training 

Strategy.Unpublished internal document, Navy Command. 

Desai, V., Gupta, A., Andersen, L., Ronnestrand, B., & Wong, M. (2021). Stress-Reducing 

Effects of Playing a Casual Video Game among Undergraduate Students. Trends in 

Psychology, 1-17. https://dx.doi.org/10.1007/s43076-021-00062-6 

Draper, J. V., Kaber, D. B., & Usher, J. M. (1998). Telepresence. Human Factors, 40(3), 354-

375. https://dx.doi.org/10.1518/001872098779591386 

Drews, F. A., & Bakdash, J. Z. (2013). Simulation Training in Health Care. Reviews of 

Human Factors and Ergonomics, 8(1), 191-234. 

https://dx.doi.org/10.1177/1557234X13492977 

Driskell, J. E., Radtke, P. H., & Salas, E. (2003). Virtual Teams: Effects of Technological 

Mediation on Team Performance. Group Dynamics: Theory, Research, and Practice, 

7(4), 297-323. https://dx.doi.org/10.1037/1089-2699.7.4.297 

Driskell, T., Salas, E., & Vessey, W. B. (2014). Team Training in Virtual Environments: A 

Dual Approach. In K. S. Hale & K. M. Stanney (Eds.), Handbook of virtual 

environments : Design, implementation, and applications. (2nd ed., pp. 1001-1028). 

CRC Press. Retrieved from ProQuest Ebook Central 

https://ebookcentral.proquest.com 

Dudfield, H. (2009). The Development of Shared Mental Models during Air Battlespace 

Collective Training using Dispersed Networked Systems. Paper presented at the 

HFM-181 Symposium on Human Performance Enhancement for NATO Military 

Operations (Science, Technology and Ethics), Sofia, Bulgaria. Retrieved from 

https://www.sto.nato.int/publications/STO%20Meeting%20Proceedings/Forms/All

%20MPs.aspx?FolderCTID=0x0120D5200078F9E87043356C409A0D30823AFA



References 221 

 

16F602008CF184CAB7588E468F5E9FA364E05BA5&View=%7B72ed425f-c31f-

451c-a545-

41122bba61a7%7D&RootFolder=%2Fpublications%2FSTO%20Meeting%20Proce

edings%2FRTO-MP-HFM-181&TreeField=Folders&TreeValue=RTO-MP-HFM-

181&ProcessQStringToCAML=1&SortField=DocIcon&SortDir=Asc 

Duel, J. (2010). Teamwork in action: Military teams preparing for, and conducting Peace 

Support Operations. (Unpublished doctoral thesis), Koninklijke De Swart, Den Haag. 

Retrieved from https://pure.uvt.nl/portal/en/publications/teamwork-in-

action(80540e0d-a044-4d0e-871c-2b5893153c8e).html  

Ellis, S. R. (1994). What are virtual environments? IEEE Computer Graphics and 

Applications, 14(1), 17-22. https://dx.doi.org/10.1109/38.250914 

Ermi, L., & Mäyrä, F. (2005). Fundamental Components of the Gameplay Experience: 

Analysing Immersion. Proceedings of the DiGRA '05 - Proceedings of the 2005 

DiGRA International Conference: Changing Views: Worlds in Play, 3.  

Facebook Technologies. (n.d.). Oculus Rift and Rift S Minimum Requirements and System 

Specifications.Retrieved 13/01/2020, from 

https://support.oculus.com/248749509016567/#faq_248749509016567 

Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical power analyses using 

G*Power 3.1: Tests for correlation and regression analyses. Behavior Research 

Methods, 41(4), 1149-1160. https://dx.doi.org/10.3758/BRM.41.4.1149 

Field, A. (2009). Discovering Statistics Using SPSS (3rd ed.). London: Sage Publications 

Ltd. 

Fletcher, J. D., & Wind, A. P. (2014). The Evolving Definition of Cognitive Readiness for 

Military Operations. In H. F. O'Neil, R. S. Perez, & E. L. Baker (Eds.), Teaching and 

Measuring Cognitive Readiness (pp. 25-52). Boston, MA: Springer US. 

Forrest, K., McKimm, J., & Edgar, S. (2013). Essential Simulation in Clinical Education. 

Hoboken, UNITED KINGDOM: John Wiley & Sons, Incorporated. 

Fransen, J., Kirschner, P. A., & Erkens, G. (2011). Mediating team effectiveness in the 

context of collaborative learning: The importance of team and task awareness. 

Computers in Human Behavior, 27(3), 1103-1113. 

https://dx.doi.org/https://doi.org/10.1016/j.chb.2010.05.017 

Fritz, C. O., Morris, P. E., & Richler, J. J. (2012). Effect size estimates: Current use, 

calculations, and interpretation. Journal of Experimental Psychology: General, 

141(1), 2-18. https://dx.doi.org/10.1037/a0024338 

Garson, G. D. (2019). Multilevel Modeling: Applications in STATA®, IBM® SPSS®, SAS®, 

R & HLM™. California, USA: SAGE Publications. 

Goodwin, G. F., Blacksmith, N., & Coats, M. R. (2018). The science of teams in the military: 

Contributions from over 60 years of research. Am Psychol, 73(4), 322-333. 

https://dx.doi.org/10.1037/amp0000259 

Government Business Council, & Rockwell Collins. (2014). Going Virtual to Prepare for a 

New Era of Defense. Retrieved from 

http://cdn.govexec.com/media/gbc/docs/gbc_rc_going_virtual_final.pdf 

Grand, J. A., Pearce, M., Rench, T. A., Chao, G. T., Fernandez, R., & Kozlowski, S. W. J. 

(2013). Going DEEP: guidelines for building simulation-based team assessments. 

BMJ Quality & Safety, 22, 436-448.  



222 References 

 

Gratch, J., & Marsella, S. (2003). Fight the way you train: the role and limits of emotions in 

training for combat. The Brown Journal of World Affairs, 10(1), 63-76.  

Greene, J. C., Caracelli, V. J., & Graham, W. F. (1989). Toward a Conceptual Framework for 

Mixed-Method Evaluation Designs. Educational Evaluation and Policy Analysis, 

11(3), 255-274. https://dx.doi.org/10.3102/01623737011003255 

Guthrie, J. W., Rosen, M. A., Salas, E., Nelson, W. T., & Bolia, R. S. (2007). The Effects of 

Collaborative Technologies on Individual and Team Performance in a Network 

Centric Warfare (NCW) Environment (AFRL-HE-WP-TR-2007-0055). Retrieved 

from The Official US Defense Technical Informartion Center website: 

https://apps.dtic.mil/dtic/tr/fulltext/u2/a470167.pdf 

Hackman, J. R. (1987). The design of work teams. In J. Lorsch (Ed.), Handbook of 

organizational behavior (pp. 315-342). New York: Prentice Hall. 

Hambley, L. A., O’Neill, T. A., & Kline, T. J. B. (2007). Virtual team leadership: The effects 

of leadership style and communication medium on team interaction styles and 

outcomes. Organizational Behavior and Human Decision Processes, 103(1), 1-20. 

https://dx.doi.org/https://doi.org/10.1016/j.obhdp.2006.09.004 

Hamstra, S. J., Brydges, R., Hatala, R., Zendejas, B., & Cook, D. A. (2014). Reconsidering 

Fidelity in Simulation-Based Training. Academic Medicine, 89(3). Retrieved from 

https://journals.lww.com/academicmedicine/Fulltext/2014/03000/Reconsidering_Fi

delity_in_Simulation_Based.11.aspx 

Hantula, D. A., Kock, N., D’Arcy, J. P., & DeRosa, D. M. (2011). Media Compensation 

Theory: A Darwinian Perspective on Adaptation to Electronic Communication and 

Collaboration. In G. Saad (Ed.), Evolutionary Psychology in the Business Sciences 

(pp. 339-363). Berlin, Heidelberg: Springer. 

Harland, N., & Holey, E. (2011). Including open-ended questions in quantitative 

questionnaires—theory and practice. International Journal of Therapy and 

Rehabilitation, 18(9), 482-486. https://dx.doi.org/10.12968/ijtr.2011.18.9.482 

Hart, S. G. (2006). Nasa-Task Load Index (NASA-TLX); 20 Years Later. Proceedings of the 

Human Factors and Ergonomics Society Annual Meeting, 50(9), 904-908. 

https://dx.doi.org/10.1177/154193120605000909 

Hart, S. G., & Staveland, L. E. (1988). Development of NASA-TLX (Task Load Index): 

Results of Empirical and Theoretical Research. In P. A. Hancock & N. Meshkati 

(Eds.), Human Mental Workload (pp. 139-183). Amsterdam: North-Holland. 

Hasler, B. S., Buecheler, T., & Pfeifer, R. (2009, 2009//). Collaborative Work in 3D Virtual 

Environments: A Research Agenda and Operational Framework. Proceedings of the 

Online Communities and Social Computing, 23-32.  

Hayes, A. F. (2018). Introduction to Mediation, Moderation, and Conditional Process 

Analysis: A Regression-Based Approach (2nd ed.). New York, USA: The Guilford 

Press. 

Heeter, C. (1992). Being There: The Subjective Experience of Presence. Presence: 

Teleoperators and Virtual Environments, 1(2), 262-271. 

https://dx.doi.org/10.1162/pres.1992.1.2.262 

Helton, W. S. (2004). Validation of a Short Stress State Questionnaire. Proceedings of the 

Human Factors and Ergonomics Society Annual Meeting, 48(11), 1238-1242. 

https://dx.doi.org/10.1177/154193120404801107 

https://dx.doi.org/10.1162/pres.1992.1.2.262


References 223 

 

Helton, W. S., & Näswall, K. (2015). Short Stress State Questionnaire. European Journal of 

Psychological Assessment, 31(1), 20-30. https://dx.doi.org/10.1027/1015-

5759/a000200 

Hoebbel, C. L., Bauerle, T. J., Macdonald, B., & Mallett, L. G. (2015). Assessing the Effects 

of Virtual Emergency Training on Mine Rescue Team Efficacy. Proceedings of the 

Interservice/Industry Training, Simulation and Education Conference (I/ITSEC). 

Retrieved from 

https://www.cdc.gov/NIOSH/Mining/UserFiles/works/pdfs/ateov.pdf 

Holton, T. L., & Fraser, B. (2015). Generation Z and Technology - Constructing Tomorrow's 

Boundary Spanners (DRDC-RDDC-2015-R167). Retrieved from the Canadian 

Defence Research Reports official website: http://pubs.drdc-

rddc.gc.ca/BASIS/pcandid/www/engpub/DDW?W%3DSYSNUM=802434 

Houghton, N. (2015). Building a British military fit for future challenges rather than past 

conflicts.Retrieved 04/10, from https://www.gov.uk/government/speeches/building-

a-british-military-fit-for-future-challenges-rather-than-past-conflicts 

Howard, M. C., & Gutworth, M. B. (2020). A meta-analysis of virtual reality training 

programs for social skill development. Computers & Education, 144, 103707. 

https://dx.doi.org/https://doi.org/10.1016/j.compedu.2019.103707 

Howard, M. C., & Rose, J. C. (2019). Refining and extending task–technology fit theory: 

Creation of two task–technology fit scales and empirical clarification of the construct. 

Information & Management, 56(6), 103134. 

https://dx.doi.org/https://doi.org/10.1016/j.im.2018.12.002 

Hox, J. (1998). Multilevel Modeling: When and Why. In I. Balderjahn, R. Mathar, & M. 

Schader (Eds.), Classification, Data Analysis, and Data Highways (pp. 147-154). 

Berlin: Springer. 

Huber, B., & Gajos, K. Z. (2020). Conducting online virtual environment experiments with 

uncompensated, unsupervised samples. PLOS ONE, 15(1), e0227629. 

https://dx.doi.org/10.1371/journal.pone.0227629 

Hudson, M. (2014). Social Presence in Team-Based Digital Games. (EngD), University of 

York, Retrieved from http://etheses.whiterose.ac.uk/9109/  

Human Factors Integration Defence Technology Centre. (2008). Developing Guidelines for 

Distributed Teamwork: Review of the Literature and the HFI DTC's Distributed 

Teamwork Studies (HFIDTC/2/WP8.6.2/1). Retrieved from the official Defence 

Human Capability website: https://www.defencehumancapability.com 

Hussain, T. S., Weil, S. A., Brunyé, T., Sidman, J., Ferguson, W., & Alexander, A. L. (2007). 

Eliciting and evaluating teamwork within a multi-player game-based training 

environment. In H. F. O'Neil & R. S. Perez (Eds.), Computer Games and Team and 

Individual Learning (pp. 77-104). Amsterdam, The Netherlands: Elsevier. 

IBM. (2017). SPSS [Computer software]. Retrieved from 

https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-25 

IGDB. (n.d.). Age Rating for Payday 2.Retrieved, from 

https://www.igdb.com/games/payday-2/age_rating 

Jennett, C., Cox, A. L., Cairns, P., Dhoparee, S., Epps, A., Tijs, T., & Walton, A. (2008). 

Measuring and defining the experience of immersion in games. International Journal 



224 References 

 

of Human-Computer Studies, 66(9), 641-661. 

https://dx.doi.org/https://doi.org/10.1016/j.ijhcs.2008.04.004 

Johnston, J. C., Leibrecht, B. C., Holder, L. D., Coffey, R. S., & Quinkert, K. A. (2002). 

Training for future operations: Digital leaders’ transformational insights (Special 

Report 53). Alexandria, VA: U.S. Army Research Institute for the Behavioral and 

Social Sciences. 

Kalisch, B. J., Aebersold, M., McLaughlin, M., Tschannen, D., & Lane, S. (2014). An 

Intervention to Improve Nursing Teamwork Using Virtual Simulation. Western 

Journal of Nursing Research, 37(2), 164-179. 

https://dx.doi.org/10.1177/0193945914531458 

Kalisch, B. J., Weaver, S. J., & Salas, E. (2009). What Does Nursing Teamwork Look Like? 

A Qualitative Study. Journal of Nursing Care Quality, 24(4). Retrieved from 

https://journals.lww.com/jncqjournal/Fulltext/2009/10000/What_Does_Nursing_Te

amwork_Look_Like__A.5.aspx 

Kankanhalli, A., Tan, B. C. Y., & Wei, K.-K. (2006). Conflict and Performance in Global 

Virtual Teams. Journal of Management Information Systems, 23(3), 237-274. 

https://dx.doi.org/10.2753/MIS0742-1222230309 

Kashy, D. A., & Hagiwara, N. (2012). Analysing Group Data. In A. B. Hollingshead & M. 

S. Poole (Eds.), Research Methods for Studying Groups and Teams (pp. 311-328). 

Oxon, UK: Routledge. 

Keller, S. L. (2013). Computer-Mediated Communication and Success in Educational 

Collaboration. American Communication Journal, 15(3), 40-58.  

Kelly, J. W., Cherep, L. A., Lim, A. F., Doty, T., & Gilber, S. B. (2021, 27 March-1 April 

2021). Who Are Virtual Reality Headset Owners? A Survey and Comparison of 

Headset Owners and Non-Owners. Proceedings of the 2021 IEEE Virtual Reality and 

3D User Interfaces (VR), 687-694. https://dx.doi.org/10.1109/VR50410.2021.00095 

Kendall Dana, L., & Salas, E. (2004). MEASURING TEAM PERFORMANCE: REVIEW 

OF CURRENT METHODS AND CONSIDERATION OF FUTURE NEEDS. In W. 

N. James, T. Victoria, & R. R. Darren (Eds.), The Science and Simulation of Human 

Performance (Vol. 5, pp. 307-326): Emerald Group Publishing Limited. 

Kenward, M. G., & Roger, J. H. (1997). Small sample inference for fixed effects from 

restricted maximum likelihood. Biometrics, 53(3), 983-997. 

Kharoub, H., Lataifeh, M., & Ahmed, N. (2019). 3D User Interface Design and Usability for 

Immersive VR. Applied Sciences, 9(22). https://dx.doi.org/10.3390/app9224861 

Khojasteh, N., & Won, A. S. (2021). Working Together on Diverse Tasks: A Longitudinal 

Study on Individual Workload, Presence and Emotional Recognition in Collaborative 

Virtual Environments. Frontiers in Virtual Reality, 2(53). 

https://dx.doi.org/10.3389/frvir.2021.643331 

Kim, H.-G., Cheon, E.-J., Bai, D.-S., Lee, Y. H., & Koo, B.-H. (2018). Stress and Heart Rate 

Variability: A Meta-Analysis and Review of the Literature. Psychiatry investigation, 

15(3), 235-245. https://dx.doi.org/10.30773/pi.2017.08.17 

Kiss, L., Hámornik, B. P., Geszten, D., & Hercegfi, K. (2015, 19-21 Oct. 2015). The 

connection of the style of interactions and the collaboration in a virtual work 

environment. Proceedings of the 2015 6th IEEE International Conference on 

https://dx.doi.org/10.1177/0193945914531458
https://dx.doi.org/10.30773/pi.2017.08.17


References 225 

 

Cognitive Infocommunications (CogInfoCom), 211-214. 

https://dx.doi.org/10.1109/CogInfoCom.2015.7390592 

Kline, P. (1999). The handbook of psychological testing (2nd ed.). London, UK: Routledge. 

Knerr, B. W. (2007). Immersive Simulation Training for the Dismounted Soldier (Study 

Report 2007-01). Retrieved from the Defense Technical Information Center website: 

https://apps.dtic.mil/docs/citations/ADA464022 

Kock, N. (2002). Evolution and Media Naturalness: A Look at E-Communication Through 

a Darwinian Theoretical Lens. Proceedings of the 23rd international conference on 

information systems, 34. Retrieved from http://aisel.aisnet.org/icis2002/34 

Kozlowski, S. W. J., & Bell, B. S. (2007). A theory-based approach for designing distributed 

learning systems. In S. M. Fiore & E. Salas (Eds.), Toward a science of distributed 

learning. (pp. 15-39). Washington, DC, US: American Psychological Association. 

Kozlowski, S. W. J., & Chao, G. T. (2018). Unpacking team process dynamics and emergent 

phenomena: Challenges, conceptual advances, and innovative methods. American 

Psychologist, 73(4), 576-592. https://dx.doi.org/10.1037/amp0000245 

Kozlowski, S. W. J., & DeShon, R. P. (2004). A psychological fidelity approach to 

simulation-based training: Theory, research and principles. In E. Salas, S. G. Schflett, 

& M. D. Coovert (Eds.), Scaled worlds: Development, validation, and applications 

(pp. 75-99). Burlington, VT: Ashgate. 

Kozlowski, S. W. J., & Ilgen, D. R. (2006). Enhancing the Effectiveness of Work Groups 

and Teams. Psychological Science in the Public Interest, 7(3), 77-124. 

https://dx.doi.org/10.1111/j.1529-1006.2006.00030.x 

Kreft, I. G., & de Leeuw, J. (1998). Introducing Multilevel Modeling. Sage. Retrieved from 

https://methods.sagepub.com/book/introducing-multilevel-modeling 

Krokos, E., Plaisant, C., & Varshney, A. (2019). Virtual memory palaces: immersion aids 

recall. Virtual Reality, 23(1), 1-15. https://dx.doi.org/10.1007/s10055-018-0346-3 

Kuchan, J. P. (2010). Adapting to the Uncertain Nature of Future Conflict. Retrieved from 

http://www.dtic.mil/docs/citations/ADA523000 

Lackey, S. J., Salcedo, J. N., Szalma, J. L., & Hancock, P. A. (2016). The stress and workload 

of virtual reality training: the effects of presence, immersion and flow. Ergonomics, 

59(8), 1060-1072. https://dx.doi.org/10.1080/00140139.2015.1122234 

Lee, K. M. (2004). Presence, Explicated. Communication Theory, 14(1), 27-50. 

https://dx.doi.org/10.1111/j.1468-2885.2004.tb00302.x 

Leedy, P. D., & Ormrod, J. E. (2015). Practical Research: Planning and Design (11th ed.). 

Harlow, UK: Pearson Education. 

Lemyre, L., Chair, M. R., & Lalande-Markon, M.-P. (2009). Psychological stress measure 

(PSM-9): Integration of an evidence-based approach to assessment, monitoring, and 

evaluation of stress in physical therapy practice. Physiotherapy Theory and Practice, 

25(5-6), 453-462. https://dx.doi.org/10.1080/09593980902886321 

Lemyre, L., & Tessier, R. (2002). Measuring psychological stress: concept, model, and 

measurement instrument in primary care research. Canadian Family Physician, 49, 

1159-1160. Retrieved from https://pubmed.ncbi.nlm.nih.gov/14526870/ 

Leonard, L. G., Sherblom, J. C., Withers, L. A., & Smith, J. S. (2015). Training effective 

virtual teams: Presence, identity, communication openness, and conversational 

https://methods.sagepub.com/book/introducing-multilevel-modeling


226 References 

 

interactivity. Connexions: International Professional Communication Journal, 3(1), 

11-45. 

Lewis, J. R., & Sauro, J. (2018). Item benchmarks for the system usability scale. J. Usability 

Studies, 13(3), 158–167.  

Li, N., Marshall, D., Sykes, M., McCulloch, P., Shalhoub, J., & Maruthappu, M. (2018). 

Systematic review of methods for quantifying teamwork in the operating theatre. BJS 

open, 2(2), 42-51. https://dx.doi.org/10.1002/bjs5.40 

Linden Lab. (2003). Second Life [Video Game]. Linden Lab. 

Liu, D., Macchiarella, N. D., & Vincenzi, D. A. (2008). Human Factors in Simulation and 

Training. In P. A. Hancock, D. A. Vincenzi, J. A. Wise, & M. Mouloua (Eds.), Human 

Factors in Simulation and Training. (pp. 61-73). Retrieved from 

https://www.researchgate.net/publication/278914678_Simulation_Fidelity 

Lukosch, H. (2014). Balancing Fidelity of Simulation Game Environments to Increase 

Situational Awareness Skills. Proceedings of the Games and Learning Alliance, 370-

375. https://dx.doi.org/10.1007/978-3-319-12157-4_31 

Lukosch, H., Lukosch, S., Hoermann, S., & Lindeman, R. W. (2019). Conceptualizing 

Fidelity for HCI in Applied Gaming. Proceedings of the HCI in Games, 165-179. 

https://dx.doi.org/10.1007%2F978-3-030-22602-2_14 

Maas, C. J. M., & Hox, J. J. (2005). Sufficient Sample Sizes for Multilevel Modeling. 

Methodology, 1(3), 86-92. https://dx.doi.org/10.1027/1614-2241.1.3.86 

Makransky, G., Borre-Gude, S., & Mayer, R. E. (2019). Motivational and cognitive benefits 

of training in immersive virtual reality based on multiple assessments. Journal of 

Computer Assisted Learning, 0(0). https://dx.doi.org/10.1111/jcal.12375 

Makransky, G., Terkildsen, T. S., & Mayer, R. E. (2019). Adding immersive virtual reality 

to a science lab simulation causes more presence but less learning. Learning and 

Instruction, 60, 225-236. 

https://dx.doi.org/https://doi.org/10.1016/j.learninstruc.2017.12.007 

Mallam, S., Nazir, S., & Renganayagalu, S. K. (2019). Rethinking Maritime Education, 

Training, and Operations in the Digital Era: Applications for Emerging Immersive 

Technologies. Journal of Marine Science and Engineering, 7(23), 428-437. 

https://dx.doi.org/10.3390/jmse7120428 

Marks, M. A., Mathieu, J. E., & Zaccaro, S. J. (2001). A Temporally Based Framework and 

Taxonomy of Team Processes. The Academy of Management Review, 26(3), 356-376. 

https://dx.doi.org/10.2307/259182 

Marks, S., Windsor, J., & Wünsche, B. (2012). Head Tracking Based Avatar Control for 

Virtual Environment Teamwork Training. JVRB - Journal of Virtual Reality and 

Broadcasting, 9(2012)(9). https://dx.doi.org/10.20385/1860-2037/9.2012.9 

Marlow, S. L., Salas, E., Landon, L. B., & Presnell, B. (2016). Eliciting teamwork with game 

attributes: A systematic review and research agenda. Computers in Human Behavior, 

55, 413-423. https://dx.doi.org/https://doi.org/10.1016/j.chb.2015.09.028 

Massey, A. P., Montoya, M. M., & Wu, P. F. (2013, January 7-10). 3D Virtual Environments 

and Corporate Learning: An Empirical Investigation of Benefits. Proceedings of the 

2013 46th Hawaii International Conference on System Sciences, 893-902. 

https://dx.doi.org/10.1109/HICSS.2013.28 



References 227 

 

Mathieu, J., Maynard, M. T., Rapp, T., & Gilson, L. (2008). Team Effectiveness 1997-2007: 

A Review of Recent Advancements and a Glimpse Into the Future. Journal of 

Management, 34(3), 410-476. https://dx.doi.org/10.1177/0149206308316061 

Mayer, I. (2018). Assessment of Teams in a Digital Game Environment. Simulation & 

Gaming, 49(6), 602-619. https://dx.doi.org/10.1177/1046878118770831 

McEwan, D., Ruissen, G. R., Eys, M. A., Zumbo, B. D., & Beauchamp, M. R. (2017). The 

Effectiveness of Teamwork Training on Teamwork Behaviors and Team 

Performance: A Systematic Review and Meta-Analysis of Controlled Interventions. 

PLOS ONE, 12(1), e0169604. https://dx.doi.org/10.1371/journal.pone.0169604 

McIlrath, R. L. (2018, March 9). Pilot Training Next lands at Sheppard AFB. Retrieved from 

the Official United States Air Force Website website: 

https://www.af.mil/News/Article-Display/Article/1462406/pilot-training-next-

lands-at-sheppard-afb/ 

McLellan, S., Muddimer, A., & Peres, S. C. (2012). The effect of experience on system 

usability scale ratings. J. Usability Studies, 7(2), 56–67.  

McMahan, R. P., Bowman, D. A., Zielinski, D. J., & Brady, R. B. (2012). Evaluating Display 

Fidelity and Interaction Fidelity in a Virtual Reality Game. IEEE Transactions on 

Visualization and Computer Graphics, 18(4), 626-633. 

https://dx.doi.org/10.1109/TVCG.2012.43 

McNeish, D., Stapleton, L. M., & Silverman, R. D. (2017). On the unnecessary ubiquity of 

hierarchical linear modeling. Psychol Methods, 22(1), 114-140. 

https://dx.doi.org/10.1037/met0000078 

McNeish, D. M., & Stapleton, L. M. (2016). The Effect of Small Sample Size on Two-Level 

Model Estimates: A Review and Illustration. Educational Psychology Review, 28(2), 

295-314. https://dx.doi.org/10.1007/s10648-014-9287-x 

Meehan, M., Insko, B., Whitton, M., & Brooks, F. P. (2002). Physiological measures of 

presence in stressful virtual environments. ACM Transactions on Graphics, 21(3), 

645–652. https://dx.doi.org/10.1145/566654.566630 

Menin, A., Torchelsen, R., & Nedel, L. (2018). An Analysis of VR Technology Used in 

Immersive Simulations with a Serious Game Perspective. IEEE Computer Graphics 

and Applications, 38(2), 57-73. https://dx.doi.org/10.1109/MCG.2018.021951633 

Meyers, L. S., Gamst, G., & Guarino, A. J. (2017). Applied Multivariate Research: Design 

and Interpretation (3rd ed.). California, USA: SAGE Publications. 

Miles, M. B., Huberman, A. M., & Saldaña, J. (2013). Qualitative Data Analysis: A Methods 

Sourcebook (3rd ed.). California, USA: SAGE Publications. 

Ministry of Defence. (2016). Guidance: New Employment Model.Retrieved, from 

https://www.gov.uk/guidance/new-employment-model 

Ministry of Defence. (2017a). Defence Direction and Guidance for Training and Education 

(JSP 822). Part 1: Directive. Retrieved from 

https://www.gov.uk/government/publications/jsp-822-governance-and-

management-of-defence-individual-training-education-and-skills. 

Ministry of Defence. (2017b). Defence Direction and Guidance for Training and Education 

(JSP 822). Part 2: Guidance. Retrieved from 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/6077

17/20170404-JSP_822_Part_2-Final-O.pdf. 



228 References 

 

Minsky, M. (1980). Telepresence. Omni, 45-51. Retrieved from 

https://web.media.mit.edu/~minsky/papers/Telepresence.html 

Montoya, M. M., Massey, A. P., & Lockwood, N. S. (2011). 3D Collaborative Virtual 

Environments: Exploring the Link between Collaborative Behaviors and Team 

Performance. Decision Sciences, 42(2), 451-476. https://dx.doi.org/10.1111/j.1540-

5915.2011.00318.x 

Morgan, B. B., Glickman, A. S., Woodard, E. A., Blaiwes, A. S., & Salas, E. (1986). 

Measurement of Team Behaviors in a Navy Training Environment (Tech. Rep. TR-

86-014). Retrieved from the U.S. Defense Technical Information Center website: 

http://www.dtic.mil/docs/citations/ADA185237 

Morgan, B. B., Salas, E., & Glickman, A. S. (1993). An Analysis of Team Evolution and 

Maturation. Journal of General Psychology, 120(3), 277. Retrieved from 

https://search.proquest.com/docview/1290594386?accountid=13268 

Mottelson, A., & Hornbæk, K. (2017). Virtual reality studies outside the laboratory. Paper 

presented at the Proceedings of the 23rd ACM Symposium on Virtual Reality 

Software and Technology, Gothenburg, Sweden. Retrieved from 

https://doi.org/10.1145/3139131.3139141 

Mottelson, A., Petersen, G. B., Lilija, K., & Makransky, G. (2021). Conducting 

Unsupervised Virtual Reality User Studies Online. Frontiers in Virtual Reality, 2(66). 

https://dx.doi.org/10.3389/frvir.2021.681482 

Murphy, J. D. (2014). Continuous Improvement: The Debrief Imperative. In The Courage 

to Execute : The Processes, Principles, and Habits Elite Military Units Harness to 

Create High Performing Teams (pp. 121-142). Somerset,US: John Wiley & Sons. 

Myers, M. G., Godwin, M., Dawes, M., Kiss, A., Tobe, S. W., & Kaczorowski, J. (2010). 

Measurement of Blood Pressure in the Office. Hypertension, 55(2), 195-200. 

https://dx.doi.org/10.1161/HYPERTENSIONAHA.109.141879 

Nacke, L., & Lindley, C. A. (2008). Flow and immersion in first-person shooters: measuring 

the player's gameplay experience. Paper presented at the Proceedings of the 2008 

Conference on Future Play: Research, Play, Share, Toronto, Ontario, Canada. 

Retrieved from https://doi.org/10.1145/1496984.1496998 

NATO. (2017). Troop contributions.Retrieved, from 

https://www.nato.int/cps/ua/natohq/topics_50316.htm 

Newendorp, B. J., Noon, C., Holub, J., Winer, E. H., Gilbert, S., & de la Cruz, J. (2011). 

Configuring Virtual Reality Displays in a Mixed-Reality Environment for LVC 

Training. (44328), 423-430. https://dx.doi.org/10.1115/WINVR2011-5583 

Norman, D. A. (2013). The Design of Everyday Things: Revised and Expanded Edition. 

Cambridge, Massachusetts: MIT Press. 

Ohlander, U., Alfredson, J., Riveiro, M., & Falkman, G. (2016, 21-25 March 2016). 

Elements of team effectiveness: A qualitative study with pilots. Proceedings of the 

2016 IEEE International Multi-Disciplinary Conference on Cognitive Methods in 

Situation Awareness and Decision Support (CogSIMA), 21-27. 

https://dx.doi.org/10.1109/COGSIMA.2016.7497781 

Olsen, R. (2008). Self-Selection Bias. In P. J. Lavrakas (Ed.), Encyclopedia of Survey 

Research Methods. Sage Publications. 

https://dx.doi.org/10.4135/9781412963947.n480 



References 229 

 

Opall-Rome, B. (2015). Israeli Army Revamps Training Regimen. Retrieved from Defense 

News website: https://www.defensenews.com/training-sim/2015/11/27/israeli-army-

revamps-training-regimen/ 

Page, E. H., & Smith, R. (1998). Introduction to military training simulation: a guide for 

discrete event simulationists. Paper presented at the Proceedings of the 30th 

conference on Winter simulation, Washington, D.C., USA.  

Palfrey, J. G., & Gasser, U. (2008). Born digital : understanding the first generation of 

digital natives: New York : Basic Books. 

Paris, C. R., Salas, E., & Cannon-Bowers, J. A. (2010). Teamwork in multi-person systems: 

a review and analysis. Ergonomics, 43(8), 1052-1075. 

https://dx.doi.org/10.1080/00140130050084879 

Parkin, M. (2008). Priming. In P. J. Lavrakas (Ed.), Encyclopedia of Survey Research 

Methods. Sage Publications. https://dx.doi.org/10.4135/9781412963947.n399 

Pascual, R. G., Mills, M. C., & Blendell, C. (1999). Supporting distributed and ad-hoc team 

interaction. Proceedings of the 1999 International Conference on Human Interfaces 

in Control Rooms, Cockpits and Command Centres, 64-71. 

https://dx.doi.org/10.1049/cp:19990164 

Pauling, B. (2008). Engaging the Digital Natives. In T. Evans, M. Haughey, & D. Murphy 

(Eds.), International Handbook of Distance Education (pp. 385-416). Bingley: 

Emerald Group Publishing. 

Podsakoff, P. M., MacKenzie, S. B., Lee, J. Y., & Podsakoff, N. P. (2003). Common Method 

Biases in Behavioral Research: A Critical Review of the Literature and 

Recommended Remedies. Journal of Applied Psychology, 88(5), 879-903. 

https://dx.doi.org/10.1037/0021-9010.88.5.879 

Prensky, M. (2001). Digital Natives, Digital Immigrants Part 1. On the Horizon, 9(5), 1-6. 

https://dx.doi.org/10.1108/10748120110424816 

Priest, H. A., Guthrie, J., Stagl, K. C., Burke, C. S., & Salas, E. (2004). Virtual Teams: The 

Role of Involvement, Immersion and Presence for Distributed Team Members. 

Proceedings of the Human Factors and Ergonomics Society Annual Meeting, 48(23), 

2608-2612. https://dx.doi.org/10.1177/154193120404802301 

Psotka, J. (1995). Immersive training systems: Virtual reality and education and training. 

Instructional Science, 23(5), 405-431. https://dx.doi.org/10.1007/BF00896880 

QinetiQ. (2017). QinetiQ showcases digital classroom of the future.Retrieved, from 

https://www.qinetiq.com/en-gb/news/2017/03/qinetiq-showcases-digital-classroom-

of-the-future 

QSR International. (2018). NVivo (Version 12). Retrieved from 

https://www.qsrinternational.com/nvivo-qualitative-data-analysis-software/support-

services/nvivo-downloads 

Radiah, R., Mäkelä, V., Prange, S., Rodriguez, S. D., Piening, R., Zhou, Y., . . . Alt, F. (2021). 

Remote Vr Studies–A Framework for Running Virtual Reality Studies Remotely via 

Participant-Owned Hmds. Retrieved from https://arxiv.org/abs/2102.11207 

Ragan, E. D., Bowman, D. A., Kopper, R., Stinson, C., Scerbo, S., & McMahan, R. P. (2015). 

Effects of Field of View and Visual Complexity on Virtual Reality Training 

Effectiveness for a Visual Scanning Task. IEEE Transactions on Visualization and 



230 References 

 

Computer Graphics, 21(7), 794-807. 

https://dx.doi.org/10.1109/TVCG.2015.2403312 

Ratcliffe, J., & Soave, F. (2021). XRDRN.Retrieved June 22, 2021, from 

https://www.xrdrn.org/about/ 

Ratcliffe, J., Soave, F., Bryan-Kinns, N., Tokarchuk, L., & Farkhatdinov, I. (2021). Extended 

Reality (XR) Remote Research: a Survey of Drawbacks and Opportunities. In 

Proceedings of the 2021 CHI Conference on Human Factors in Computing Systems 

(pp. Article 527): Association for Computing Machinery. 

Renganayagalu, S. K., Mallam, S., Nazir, S., Ernstsen, J., & Haavardtun, P. (2019). Impact 

of Simulation Fidelity on Student Self-efficacy and Perceived Skill Development in 

Maritime Training. TransNav, the International Journal on Marine Navigation and 

Safety of Sea Transportation, 13(3), 663-669. 

https://dx.doi.org/10.12716/1001.13.03.25 

Richards, D. (2010). Securing Britain in an age of uncertainty.Retrieved 04/10, from 

https://www.gov.uk/government/speeches/2010-11-22-securing-britain-in-an-age-

of-uncertainty 

Roberts, K. H., & Rousseau, D. M. (1989). Research in nearly failure-free, high-reliability 

organizations: having the bubble. IEEE Transactions on Engineering Management, 

36(2), 132-139. https://dx.doi.org/10.1109/17.18830 

Robinson, C., & Schumacker, R. E. (2009). Interaction effects: Centering, variance inflation 

factor, and interpretation issues. Multiple Linear Regression Viewpoints, 35, 6-11.  

Robson, K., & Pevalin, D. (2016). Random intercept models: when intercepts vary. In 

Multilevel Modeling in Plain Language. (pp. 21-65). SAGE Publications Ltd. 

https://dx.doi.org/10.4135/9781473920712.n2 

Rosen, M. A., Salas, E., Wu, T. S., Silvestri, S., Lazzara, E. H., Lyons, R., . . . King, H. B. 

(2008). Promoting Teamwork: An Event-based Approach to Simulation-based 

Teamwork Training for Emergency Medicine Residents. Academic Emergency 

Medicine, 15(11), 1190-1198. https://dx.doi.org/10.1111/j.1553-2712.2008.00180.x 

Rosen, M. A., Wildman, J. L., Salas, E., & Rayne, S. (2012). Measuring team dynamics in 

the wild. In A. B. Hollingshead & M. S. Poole (Eds.), Research Methods for Studying 

Groups and Teams: A Guide to Approaches, Tools, and Technologies (pp. 386-417). 

Abingdon: Routledge. 

Roy, A., & Ferguson, C. J. (2016). Competitively versus cooperatively? An analysis of the 

effect of game play on levels of stress. Computers in Human Behavior, 56, 14-20. 

https://dx.doi.org/https://doi.org/10.1016/j.chb.2015.11.020 

Royal Navy. (n.d.). Phoenix Damage Repair Instructional Unit.Retrieved 15/05, from 

https://www.royalnavy.mod.uk/our-organisation/where-we-are/training-

establishments/hms-excellent/phoenix-damage-repair-instructional-unit 

Sadagic, A. (2016). Design and Choice of Visual Display Solutions in the Training Domain. 

IEEE Computer Graphics and Applications, 36(6), 18-25. 

https://dx.doi.org/10.1109/MCG.2016.112 

Sadler, M. S., & Judd, C. M. (2001). Overcoming Dependent Data: A Guide to the Analysis 

of Group Data. In M. A. Hogg & R. S. Tindale (Eds.), Blackwell Handbook of Social 

Psychology: Group Processes. https://dx.doi.org/10.1002/9780470998458.ch21 

https://www.gov.uk/government/speeches/2010-11-22-securing-britain-in-an-age-of-uncertainty
https://www.gov.uk/government/speeches/2010-11-22-securing-britain-in-an-age-of-uncertainty


References 231 

 

Saffo, D., Bartolomeo, S. D., Yildirim, C., & Dunne, C. (2021). Remote and Collaborative 

Virtual Reality Experiments via Social VR Platforms. Paper presented at the 

Proceedings of the 2021 CHI Conference on Human Factors in Computing Systems, 

Yokohama, Japan. Retrieved from https://doi.org/10.1145/3411764.3445426 

Sainsbury, R., & Baskerville, R. (2006, 04-07 Jan. 2006). Distrusting Online: Social 

Deviance in Virtual Teamwork. Proceedings of the Proceedings of the 39th Annual 

Hawaii International Conference on System Sciences (HICSS'06), 6, 121a-121a. 

https://dx.doi.org/10.1109/HICSS.2006.128 

Salas, E., Burke, C. S., & Samman, S. N. (2001). Understanding Command and Control 

Teams Operating in Complex Environments. Information Knowledge Systems 

Management, 2, 311-323. 

Salas, E., & Cannon-Bowers, J. A. (2001). Teamwork and Team Training. In N. J. Smelser 

& P. B. Baltes (Eds.), International Encyclopedia of the Social & Behavioral 

Sciences (pp. 15487-15492). Oxford: Pergamon. 

Salas, E., Cooke, N. J., & Rosen, M. A. (2008). On Teams, Teamwork, and Team 

Performance: Discoveries and Developments. Human Factors, 50(3), 540-547. 

https://dx.doi.org/10.1518/001872008X288457 

Salas, E., Reyes, D. L., & Woods, A. L. (2017). The Assessment of Team Performance: 

Observations and Needs. In A. A. von Davier, M. Zhu, & P. C. Kyllonen (Eds.), 

Innovative Assessment of Collaboration (pp. 21-36). Cham: Springer International 

Publishing. 

Salas, E., Rosen, M. A., Held, J. D., & Weissmuller, J. J. (2008). Performance Measurement 

in Simulation-Based Training: A Review and Best Practices. Simulation & Gaming, 

40(3), 328-376. https://dx.doi.org/10.1177/1046878108326734 

Salas, E., Sims, D. E., & Burke, C. S. (2005). Is there a “Big Five” in Teamwork? Small 

Group Research, 36(5), 555-599. https://dx.doi.org/10.1177/1046496405277134 

Salas, E., Stagl, K. C., Burke, C. S., & Goodwin, G. F. (2007). Fostering Team Effectiveness 

in Organizations: Toward an Integrative Theoretical Framework. In R. A. Dienstbier, 

J. W. Shuart, W. Spaulding, & J. Poland (Eds.), Modeling complex systems: 

Motivation, cognition and social processes (Vol. 51, pp. 185-243). Lincoln: 

University of Nebraska Press. 

Sauro, J. (2011). A practical guide to the System Usability Scale: Background, benchmarks, 

& best practices. Denver, CO: Measuring Usability LLC. 

Schroeder, B. L., Bailey, S. K. T., Johnson, C. I., & Gonzalez-Holland, E. (2017). Presence 

and Usability Do Not Directly Predict Procedural Recall in Virtual Reality Training. 

In C. Stephanidis (Ed.), HCI International 2017 – Posters' Extended Abstracts. 

Communications in Computer and Information Science (Vol. 714, pp. 54-61). 

https://dx.doi.org/https://doi.org/10.1007/978-3-319-58753-0_9 

Schwind, V., Knierim, P., Haas, N., & Henze, N. (2019). Using Presence Questionnaires in 

Virtual Reality. Paper presented at the Proceedings of the 2019 CHI Conference on 

Human Factors in Computing Systems, Glasgow, Scotland Uk. Retrieved from 

https://doi.org/10.1145/3290605.3300590 

Selya, A. S., Rose, J. S., Dierker, L. C., Hedeker, D., & Mermelstein, R. J. (2012). A Practical 

Guide to Calculating Cohen's f(2), a Measure of Local Effect Size, from PROC 

MIXED. Frontiers in Psychology, 3, 111-111. 

https://dx.doi.org/10.3389/fpsyg.2012.00111 



232 References 

 

Sen Gupta, M., Glynn, D.-M., & Goode, M. (2013). Review of Training Effectiveness 

Measures (TIN 2.001 Task 2.2a.Unpublished internal document, Defence Science 

and Technology Laboratory. 

Shadish, W. R., Cook, T. D., & Campbell, D. T. (2002). Experimental and quasi-

experimental designs for generalized causal inference. Boston, MA, US: Houghton, 

Mifflin and Company. 

Shapiro, M. J., Gardner, R., Godwin, S. A., Jay, G. D., Lindquist, D. G., Salisbury, M. L., & 

Salas, E. (2008). Defining Team Performance for Simulation‐based Training: 

Methodology, Metrics, and Opportunities for Emergency Medicine. Academic 

Emergency Medicine, 15(11), 1088-1097. https://dx.doi.org/10.1111/j.1553-

2712.2008.00251.x 

Shapiro, M. S., Rylant, R., de Lima, A., Vidaurri, A., & van de Werfhorst, H. (2017). Playing 

a rigged game: Inequality's effect on physiological stress responses. Physiology & 

Behavior, 180, 60-69. 

https://dx.doi.org/https://doi.org/10.1016/j.physbeh.2017.08.006 

Shatz, I. (2016). Fast, Free, and Targeted: Reddit as a Source for Recruiting Participants 

Online. Social Science Computer Review, 35(4), 537-549. 

https://dx.doi.org/10.1177/0894439316650163 

Sherblom, J. C., Withers, L. A., Leonard, L. G., & Smith, J. S. (2018). Virtual Team 

Communication Norms: Modeling the Mediating Effects of Relational Trust, 

Presence, and Identity on Conversational Interactivity, Openness, and Satisfaction. 

In G. Sukthankar, K. Lakkaraju, & R. T. Wigand (Eds.), Social Interactions in Virtual 

Worlds: An Interdisciplinary Perspective. (pp. 103-129). Cambridge University Press. 

https://dx.doi.org/10.1017/9781316422823.006 

Shuffler, M. L., Pavlas, D., & Salas, E. (2012). Teams in the Military. In J. H. Laurence & 

M. D. Matthews (Eds.), The Oxford Handbook of Military Psychology. New York: 

Oxford University Press. 

SimCentric Technologies. (2020). SimCentric awarded contract to conduct Platoon level 

Virtual Reality collective training trials in the UK.Retrieved, from 

https://www.simct.com/simcentric-awarded-contract-to-conduct-platoon-level-

virtual-reality-collective-training-trials-in-the-uk/ 

Slater, M. (2004). How Colorful Was Your Day? Why Questionnaires Cannot Assess 

Presence in Virtual Environments. Presence: Teleoper. Virtual Environ., 13(4), 484–

493. https://dx.doi.org/10.1162/1054746041944849 

Slater, M., Lotto, B., Arnold, M. M., & Sanchez-Vives, M. V. (2009). How we experience 

immersive virtual environments: The concept of presence and its measurement. 

Anuario de Psicología, 40(2), 193-210. Retrieved from 

https://www.redalyc.org/pdf/970/97017660004.pdf 

Slater, M., & Sanchez-Vives, M. V. (2016). Enhancing Our Lives with Immersive Virtual 

Reality. Frontiers in Robotics and AI, 3(74). 

https://dx.doi.org/10.3389/frobt.2016.00074 

Slater, M., & Usoh, M. (1994). Body centred interaction in immersive virtual environments. 

In N. M. Thalmann & D. Thalmann (Eds.), Artificial Life and Virtual Reality (pp. 

125-148). New York: John Wiley. 

Slater, M., & Wilbur, S. (1997). A Framework for Immersive Virtual Environments (FIVE): 

Speculations on the Role of Presence in Virtual Environments. Presence: 



References 233 

 

Teleoperators and Virtual Environments, 6(6), 603-616. 

https://dx.doi.org/10.1162/pres.1997.6.6.603 

Smallman, H. S., & John, M. S. (2005). Naive Realism: Misplaced Faith in Realistic 

Displays. Ergonomics in Design, 13(3), 6-13. 

https://dx.doi.org/10.1177/106480460501300303 

Smith-Jentsch, K. A., Kraiger, K., Cannon-Bowers, J. A., & Salas, E. (2009). Do Familiar 

Teammates Request and Accept More Backup? Transactive Memory in Air Traffic 

Control. Human Factors, 51(2), 181-192. 

https://dx.doi.org/10.1177/0018720809335367 

Snijders, T. A. B., & Bosker, R. J. (2012). Multilevel Analysis: An Introduction to Basic and 

Advanced Multilevel Modeling (2nd ed.). London, UK: Sage Publishers. 

Srivastava, P., Rimzhim, A., Vijay, P., Singh, S., & Chandra, S. (2019). Desktop VR Is Better 

Than Non-ambulatory HMD VR for Spatial Learning. Frontiers in Robotics and AI, 

6(50). https://dx.doi.org/10.3389/frobt.2019.00050 

Starbreeze Studios. (2013). PAYDAY 2 [Video Game]. 505 Games. 

Steamcharts. (n.d.). PAYDAY 2.Retrieved June 22, 2021, from 

https://steamcharts.com/app/218620 

Steuer, J. (1992). Defining Virtual Reality: Dimensions Determining Telepresence. Journal 

of Communication, 42(4), 73-93. https://dx.doi.org/https://doi.org/10.1111/j.1460-

2466.1992.tb00812.x 

Stevens, J., Kincaid, P., & Sottilare, R. (2015). Visual modality research in virtual and mixed 

reality simulation. The Journal of Defense Modeling and Simulation, 12(4), 519-537. 

https://dx.doi.org/10.1177/1548512915569742 

Stevens, J. A., & Kincaid, P. J. (2015). The Relationship between Presence and Performance 

in Virtual Simulation Training. Open Journal of Modelling and Simulation, 3(2), 41-

48. https://dx.doi.org/10.4236/ojmsi.2015.32005 

Stone, R. J. (2011). The (human) science of medical virtual learning environments. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 366(1562), 

276-285. https://dx.doi.org/10.1098/rstb.2010.0209 

Stone, R. T., Watts, K., & Zhong, P. (2011). Virtual Reality Integrated Welder Training. 

Welding Journal, 90(7), 136.s-141.s. Retrieved from 

http://search.ebscohost.com/login.aspx?direct=true&db=iih&AN=67235350&site=

ehost-live 

Strategic Defence Intelligence. (2014). The Global Military Simulation and Virtual Training 

Market 2014-2024- Competitive Landscape and Strategic Insights: Market Profile. 

Retrieved from https://store.strategicdefenceintelligence.com/report/df1460mp--the-

global-military-simulation-and-virtual-training-market-2014-2024-competitive-

landscape-and-strategic-insights-market-profile/ 

Tannenbaum, S. I., Beard, R. L., & Salas, E. (1992). Team Building and its Influence on 

Team Effectiveness: an Examination of Conceptual and Empirical Developments. In 

K. Kelley (Ed.), Issues, theory, and research in industrial/organizational psychology 

(pp. 117-153). Amsterdam: Elsevier. 

Thorndike, E. L., & Woodworth, R. S. (1901). The influence of improvement in one mental 

function upon the efficiency of other functions (I). Psychological Review, 8(3), 247-

261. https://dx.doi.org/10.1037/h0074898 

https://dx.doi.org/10.1037/h0074898


234 References 

 

Tichon, J. G., & Wallis, G. M. (2010). Stress training and simulator complexity: why 

sometimes more is less. Behaviour & Information Technology, 29(5), 459-466. 

https://dx.doi.org/10.1080/01449290903420184 

Trahan, M. H., Smith, K. S., & Talbot, T. B. (2019). Past, Present, and Future: Editorial on 

Virtual Reality Applications to Human Services. Journal of Technology in Human 

Services, 37(1), 1-12. https://dx.doi.org/10.1080/15228835.2019.1587334 

Tschan, F., & Semmer, N. K. (2012). Group Research Using High-fidelity Experimental 

Simulations. In A. B. Hollingshead & M. S. Poole (Eds.), Research Methods for 

Studying Groups and Teams: A Guide to Approaches, Tools, and Technologies (pp. 

58-78). Abingdon: Routledge. 

Turner, P., & Turner, S. (2002). An Affordance-based Framework for CVE Evaluation. In X. 

Faulkner, J. Finlay, & F. Détienne (Eds.), People and Computers XVI - Memorable 

Yet Invisible. (pp. 89-103). Springer London. https://dx.doi.org/10.1007/978-1-4471-

0105-5_6 

U.S. Department of Defense. (2017). TRAIN TO WIN - Military Field Manual: Principles of 

Training, The Role of Leaders, Developing the Unit Training Plan, The Army 

Operations Process, Training for Battle, Training Environment, Realistic Training, 

Command Training Guidance…: Madison & Adams Press. 

United States Government Accountability Office. (2012). Navy Training: Observations on 

the Navy's Use of Live and Simulated Training (GAO-12-725R). Retrieved from the 

US Government Accountability Office website: 

http://www.gao.gov/assets/600/592056.pdf 

UQO Cyberpsychology Lab. (2004). Presence Questionnaire. Retrieved from 

https://marketinginvolvement.files.wordpress.com/2013/12/pq-presence-

questionnaire.pdf 

Usoh, M., Catena, E., Arman, S., & Slater, M. (2000). Using Presence Questionnaires in 

Reality. Presence: Teleoperators and Virtual Environments, 9(5), 497-503. 

https://dx.doi.org/10.1162/105474600566989 

van der Land, S., Schouten, A. P., Feldberg, F., van den Hooff, B., & Huysman, M. (2013). 

Lost in space? Cognitive fit and cognitive load in 3D virtual environments. 

Computers in Human Behavior, 29(3), 1054-1064. 

https://dx.doi.org/https://doi.org/10.1016/j.chb.2012.09.006 

van der Pal, J., Keuning, M., & Lemmers, A. (2011). A Comprehensive Perspective on 

Training: Live, Virtual and Constructive. Paper presented at the NATO Modeling 

and Simulation Group (NMSG) Symposium ‘Enhance of Replace: Finding the Right 

Live vs. Synthetic Balance’, Bern. Retrieved from 

https://www.researchgate.net/publication/264924595_A_Comprehensive_Perspecti

ve_on_Training_Live_Virtual_and_Constructive 

Wagner, H., Hibbits, N., Rosenbaltt, R., & Schulz, R. (1976). Team Training and Evaluation 

Strategies: A State-of-Art Review (HumPRO-SR-ED-76-11). Retrieved from the U.S. 

Defense Technical Information Center website: 

http://www.dtic.mil/docs/citations/ADA027507 

Walker, A. D., Carpenter, T. L., Moss, J. D., Switzer, F. S., Hoover, A. W., & Muth, E. R. 

(2009). The evaluation of virtual environment training for a building clearing task. 

Proceedings of the Human Factors and Ergonomics Society Annual Meeting, 53(18), 

1206-1209. https://dx.doi.org/10.1177/154193120905301809 



References 235 

 

Walther, J. B. (1992). Interpersonal Effects in Computer-Mediated Interaction: A Relational 

Perspective. Communication Research, 19(1), 52-90. 

https://dx.doi.org/10.1177/009365092019001003 

Werth, E. P., & Werth, L. (2011). Effective Training for Millennial Students. Adult Learning, 

22(3), 12-19. https://dx.doi.org/10.1177/104515951102200302 

White, B. A. A., Eklund, A., McNeal, T., Hochhalter, A., & Arroliga, A. C. (2018). 

Facilitators and barriers to ad hoc team performance. Proceedings (Baylor University. 

Medical Center), 31(3), 380-384. 

https://dx.doi.org/10.1080/08998280.2018.1457879 

Wirth, W., Hartmann, T., Böcking, S., Vorderer, P., Klimmt, C., Schramm, H., . . . Jäncke, P. 

(2007). A Process Model of the Formation of Spatial Presence Experiences. Media 

Psychology, 9(3), 493-525. https://dx.doi.org/10.1080/15213260701283079 

Witmer, B. G., & Singer, M. J. (1998). Measuring Presence in Virtual Environments: A 

Presence Questionnaire. Presence: Teleoperators and Virtual Environments, 7(3), 

225-240. https://dx.doi.org/10.1162/105474698565686 

Yurdugül, H. (2008). Minimum sample size for Cronbach’s coefficient alpha: A Monte-Carlo 

study. Hacettepe University Journal of Education, 35, 397-405.  

Zaccaro, S. J., Caracraft, M., & Marks, M. (2005). Collecting Data in Groups. In F. T. L. 

Leong & J. T. Austin (Eds.), The Psychology Research Handbook: A Guide for 

Graduate Students and Research Assistants (2nd ed., pp. 227-237). Thousand Oaks, 

CA: SAGE Publications,. 



236 Appendix A  

 

Appendix A.  
 

Research Ethics Review Checklist 

The following pages contain the ethical review documentation: 

• Ethical approval letter (CCI-FEthC 2019-016) 

• Ethical approval letter (CCI-FEthC 2020-011) 

• UPR16 – Research Ethics Review Checklist 
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Appendix B.  
 

Exploratory Study Data Collection 

Instruments 

1. Teamwork Questionnaire 

Team Leadership 

Item 

# 

Item 

1 Whilst playing through the mission, was there a team leader in your group? (If your 

answer is no, you can skip the rest of this section) 

2 Before playing the mission, my team leader clearly explained what we should achieve as 

a team. 

3 Before playing the mission, my team leader clearly explained how our team will go 

about completing it. 

4 Before playing the mission, my team leader clearly explained what means our team can 

use. 

5 Before playing the mission, my team leader clearly explained how we should work 

together. 

6 Before playing the mission, my team leader clearly explained what the tasks of each 

team member are. 

7 Before playing the mission, my team leader clearly explained how we should behave as 

a group. 

8 During the mission, my team leader clearly indicated when I have to execute other tasks 

than those agreed in advance. 

9 During the mission, my team leader corrected me if necessary. 

10 During the mission, my team leader contributed to a pleasant atmosphere in our team. 

11 During the mission, my team leader motivated me to execute my tasks well. 

12 My team leader used every opportunity to enhance the knowledge and skills of the team. 

Team Orientation 

Item 

# 

Item 

1 During the mission, we tried to learn from each other. 

2 During the mission, we took each other's opinions into account. 

3 During the mission, we took each other's activities into account. 

4 During the mission, the team goals were more important than individual goals. 

5 During the mission, we solved any mission-related problems together. 

6 During the mission, we knew we needed each other to complete it. 
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Mutual Performance Monitoring 

Item 

# 

Item 

1 During the mission, we checked everyone was doing their tasks well. 

2 During the mission, we asked for explanation when tasks were not performed well or on 

time. 

3 During the mission, we monitored the progress of each other's tasks. 

4 During the mission, we gave each other directions so the execution of the task could be 

improved or adjusted. 

Backup Behaviour 

Item 

# 

Item 

1 During the mission, we helped each other when we noticed someone having problems 

executing their tasks. 

2 During the mission, we helped each other when we noticed someone having too much to 

do when executing their tasks. 

3 During the mission, we did each other's tasks when necessary. 

4 During the mission, we gave each other directions to help someone else when necessary. 

5 During the mission, we took over each other's tasks when necessary. 

Adaptability 

Item 

# 

Item 

1 During the mission, we checked whether the progress and the way we executed our tasks 

was as planned. 

2 During the mission, we as a team flexibly adjusted to unexpected situations. 

3 During the mission, we as a team solved unexpected problems well. 

4 During the mission, we used available team members and means depending on the 

circumstances. 

5 During the mission, we were on alert for everything that might influence reaching our 

team goals. 

Mutual Trust 

Item 

# 

Item 

1 During the mission, we could depend on every team member to execute their tasks with 

full effort. 

2 During the mission, we could trust each other's skills and knowledge. 

3 During the mission, we accepted each other's remarks about our performance. 

4 During the mission, we admitted mistakes we made. 

5 During the mission, we accepted mistakes that other team members made. 

6 During the mission, we appreciated and respected each other. 

7 During the mission, we were open with each other and shared information. 

8 During the mission, we could depend on team members not to take unnecessary risks. 

9 During the mission, we were loyal toward each other. 
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Shared Mental Models 

Item 

# 

Item 

1 During the mission I knew exactly how our team would perform its tasks. 

2 During the mission I knew exactly why we performed our team tasks. 

3 During the mission I knew exactly what tasks I had to perform when and how. 

4 During the mission I knew exactly when I had to adjust my tasks to the tasks of my team 

members. 

5 During the mission I knew exactly when I had to help my team members with their 

tasks. 

6 During the mission I knew exactly when I may expect help from my team members 

while performing my tasks. 

7 During the mission I knew exactly how my team members would react in certain 

situations. 

8 During the mission I knew exactly what other team members were doing 

Closed-Loop Communication 

Item 

# 

Item 

1 If I received information during the mission, I acknowledged it with the person I 

received it from. 

2 If I received information during the mission, I checked with the person I received it from 

whether I understood it correctly. 

3 If I received information during the mission, I asked for explanation when the 

information was unclear. 

Team Resilience 

Item 

# 

Item 

1 I would play again as part of this team in the future 
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2. Short Stress State Questionnaire (pre-task) 
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3. Short Stress State Questionnaire (post-task) 
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4. Presence Questionnaire 
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Please note: the virtual environment does not include haptic feedback; therefore, the last 

two questions will be omitted. 
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5. Demographic Questionnaire (desktop) 
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6. Demographic Questionnaire (VR) 
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7. NASA-TLX  
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8. System Usability Scale 
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Appendix C.  
 

Confirmatory Study Data Collection 

Instruments 

Pre-Task Survey 
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Post-Task Survey 
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Appendix D.  
 

Confirmatory Study Codebook 

Name References 

(-)Different HMDs 1 

(-)Difficulty of the mission 3 

(-)Experiment specific rules 4 

(-)General PD2 limitations 3 

(-)RNG 3 

(-)No answer 19 

(+)Adaptability 7 

(+)Available tools in PD2 1 

(+)Backup behaviour 5 

(+)Communication 1 

(+)Importance of Communication 34 

(+)Minimal communication 1 

(+)Empathy 2 

(+)Leadership 1 

(+)Emergent leader 5 

(+)Not relying on a leader 1 

(+)presence 1 

(+)Shared mental model 10 

(+)Situational Awareness 3 

(+)Technology features 2 

(+)VR benefits 2 

(+)Ability to face teammates 2 

(+)Ability to point 2 

Communication Affordances 24 

(-)Bad microphone quality 5 

(+)good sound quality 1 



Appendix D 287 

 

(+)Nonverbal cues 2 

(+)Voice chat 16 

Experience Level 43 

(-)Lack of experience with PD2 VR 3 

(-)Lack of experience with the game 5 

(-)Lack of mission experience 3 

(+)Experienced with the game 26 

(+)Experienced with the interface 1 

(+)mission specific experience 5 

Team Climate 63 

(-)Doing your own thing 2 

(-)Lack of critical feedback 1 

(-)Lack of pre-mission strategising 3 

(-)Lack of updates 1 

(-)Miscommunication 1 

(-)relying on each other 1 

(-)taking unnecessary risks 3 

(-)Talking over each other 1 

(+)Being a team player 8 

(+)Bouncing back 4 

(+)Learn from mistakes 1 

(+)Not blaming people 1 

(+)pre-mission strategising 9 

(+)Respect 3 

(+)Team cohesion 5 

(+)There to have a good time 8 

(+)Trust 5 

(+)Updating each other on developments 6 

Team Type 32 

(-)Dispersion 1 

(-)Lack of trust 1 

(-)Language Barrier 7 

(-)Network issues 12 

(-)Not being familiar with teammates 10 



288 Appendix D 

 

(-)Smaller team 1 

Teammate Traits 30 

(-)Having dominant teammates 3 

(-)Quiet teammate 2 

(-)Stress and getting triggered 1 

(+)Being friendly 10 

(+)being open 5 

(+)Being understanding 3 

(+)Not stressing 6 

Usability Issues 11 

(-)usability issues 11 

(-)Bad control scheme in VR 5 

(-)Bad port of game to VR 4 

(-)Lack of consistency across VR interface mapping 1 
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Appendix E.  
 

Multiple Regression Diagnostics 

The following pages contain the diagnostics for the multiple regression conducted as part 

of the confirmatory study: 

• Correlation matrix 

• Full table of regression coefficients with collinearity statistics 

• Partial regression plots 
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