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Abstract 

Simulations are frequently used techniques for training, performance assessment, and prediction of 

future outcomes. In this thesis, the term “human-centered simulation” is used to refer to any simulation 

in which humans and human cognition are integral to the simulation’s function and purpose (e.g., 

simulation-based training). A general problem for human-centered simulations is to capture the 

cognitive processes and activities of the target situation (i.e., the real world task) and recreate them 

accurately in the simulation. The prevalent view within the simulation research community is that 

cognition is internal, decontextualized computational processes of individuals. However, contemporary 

theories of cognition emphasize the importance of the external environment, use of tools, as well as 

social and cultural factors in cognitive practice. Consequently, there is a need for research on how such 

contemporary perspectives can be used to describe human-centered simulations, re-interpret 

theoretical constructs of such simulations, and direct how simulations should be modeled, designed, 

and evaluated. 

This thesis adopts distributed cognition as a framework for studying human-centered simulations. 

Training and assessment of emergency medical management in a Swedish context using the Emergo 

Train System (ETS) simulator was adopted as a case study. ETS simulations were studied and analyzed 

using the distributed cognition for teamwork (DiCoT) methodology with the goal of understanding, 

evaluating, and testing the validity of the ETS simulator. Moreover, to explore distributed cognition as 

a basis for simulator design, a digital re-design of ETS (DIGEMERGO) was developed based on the 

DiCoT analysis. The aim of the DIGEMERGO system was to retain core distributed cognitive features of 

ETS, to increase validity, outcome reliability, and to provide a digital platform for emergency medical 

studies. DIGEMERGO was evaluated in three separate studies; first, a usefulness, usability, and face-

validation study that involved subject-matter-experts; second, a comparative validation study using an 

expert-novice group comparison; and finally, a transfer of training study based on self-efficacy and 

management performance. Overall, the results showed that DIGEMERGO was perceived as a useful, 

immersive, and promising simulator – with mixed evidence for validity – that demonstrated increased 

general self-efficacy and management performance following simulation exercises. 

This thesis demonstrates that distributed cognition, using DiCoT, is a useful framework for 

understanding, designing and evaluating simulated environments. In addition, the thesis conceptualizes 

and re-interprets central constructs of human-centered simulation in terms of distributed cognition. In 

doing so, the thesis shows how distributed cognitive processes relate to validity, fidelity, functionality, 

and usefulness of human-centered simulations. This thesis thus provides a new understanding of 

human-centered simulations that is grounded in distributed cognition theory. 

The research has been supported by the Swedish Civil Contingencies Agency (MSB) within the Centre for 

Advanced Research in Emergency Response (CARER) at Linköping University. 
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Preface 

When I started this adventure into academia I thought that I knew what was ahead of me. It turned 

out that I did not. In particular, I did not anticipate that simulations would become such a large part of 

my life. As a fresh undergraduate student of cognitive science (Linköping University-style), I did not 

think much of simulations. In my world, they were mostly lab experiments that could not tell us much 

about real life or cognition. At their best, they could be impressive pieces of technology or entertaining 

games. Little did I know. Five years later and now you, dear reader, are holding a full thesis text 

dedicated to them. What makes simulations so fascinating is that they are parallel realities, or another 

form of reality, that we seem to attach ourselves to. I have seen, and experienced, how even simple 

simulations can create such a dramatic sense of immersion and emotional response for those who 

engage with them. This is where I got hooked.   

During the entirety of my graduate studies I have struggled, more or less consciously, with philosophy 

of science questions: what is science, what is engineering, and where do the two meet? Perhaps such 

questions are natural to any member of the Department of Computer and Information Science, but I 

believe that these questions have haunted me more than most. This thesis is my way of answering such 

questions for myself, to the degree that I can, and I think that my ponderings are evident throughout 

the text.  

There are, of course, many people to be grateful to and to thank for making this thesis a reality. First, 

I want to thank my supervisors. Without them there simply would have been no thesis. I want to thank 

my co-supervisor Erik Prytz for our many interesting discussions, his ideas, and constant support. And 

for always letting me pick his brain when my own had an itch. Without Erik’s help, this thesis would 

have been both a conceptual and a grammatical mess. You have taught me many things – dos and 

don’ts that are necessary in order to write a clear and compelling academic text. It has been a true pleasure 

to work with you, and I hope that our paths will cross again in the future.  

Next, thank you to my supervisor Magnus Bång for always listening and looking out for the person 

behind the graduate student. The road to this thesis was not a straight one, and I want to thank you for 

keeping me on track. You are a visionary, and even though many of our ideas have not yet come to 

fruition, it has always been inspiring to talk to you and discuss future projects and ideas with you.  

I also want to thank my co-supervisors Henrik Eriksson and Sofie Pilemalm for helping me along the 

way. A special thanks to Henrik, whose keen eye and experience helped me attend to what needed to 

be done to complete the thesis when many threads were hanging loose. Speaking of loose threads, 

thank you to Anne Moe for guiding me - and my tired mind - through the jungle of important dates, 

appointments, formats, and forms that come with the thesis and dissertation process.  

The research in this thesis could not have been done without the enthusiastic aid from everybody over 

at the Centre for Teaching & Research in Disaster Medicine and Traumatology (KMC). Special thanks 

go out to Carl-Oscar Jonson, Heléne Nilsson, Johan Hornwall, Jenny Petterson, and Eva Bengtsson 
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for your vigorous participation in this research, and in the development of DIGEMERGO in particular. 

This system would not exist without you, or without our excellent programmers Mattias Lantz 

Cronqvist and Carl Einarson.  

I would also like to thank the CARER research group and especially my fellow graduate-students in 

the group. Discussing with you was a big help and a much needed safety-net during the start of this 

adventure.  

A big thanks goes out to all of you graduate-fellows at IDA. There have been so many of you over the 

years that I will not list all of you here for fear of leaving someone out. Our daily fika-breaks and our 

PhD-pubs were all important departures from reality – or perhaps they were much-needed visits to 

reality – that really helped me get through it all. Special thanks to Mattias Forsblad and Lisa Malmberg, 

who wandered PhD-paths parallel to mine. We shared many trips to the fruit room, inspiring chats 

about everything and nothing, and volleyball games. Special thanks also go out to my friends Christian 

Smith and Robin Keskisärkkä for the countless, often nerdy, discussions and our yearly fishing trips.  

At the end of a long academic day, the best medicine was often to mindlessly run and run some more 

after a ball. For that I want to thank the football-gang BK69, and especially Sture Hägglund who 

introduced me to this wonderful gang of players. Speaking of players, I would like to thank the Heroes 

of Golarion-group for our many imaginary adventures into the unknown and our subsequent 

encounters with danger. Special shout out to GM Johan Jäger for the many hours of preparation and 

work you have put in to steer us through the story.  

I would like to take the opportunity to thank my family for providing me with the chance and 

continuous support to take this academic expedition. Perhaps someday it will become clear what I have 

been doing during all of these years. Finally, I would like, with all my heart, to thank my love Emma, 

who has endured with me and my extensive thesis work. Without your love and support, I would not 

have made it across the finish line.  

 

Thank you all big big!  

 

Jonas Rybing 

A snowy day at Strånganäs, March 2, 2018 
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CHAPTER 1  

INTRODUCTION 

The topic of this thesis is the understanding of simulations where human interaction and cognition are 

central to the functionality and intended results of the simulation. I will refer to such simulations as 

human-centered simulations. Setting formal definitions aside for later, a simulation is simply an activity that 

is intended to recreate some real-world phenomena (e.g., activities, environments, behaviors, or 

processes) using simplification, selection, and abstraction of the phenomena. This inclusive description 

illustrates that human-centered simulations, and simulators (the ‘machines’ used for creating or 

supporting simulations), can be many different things. In fact, one could argue that we all engage in 

human-centered simulation on a daily basis. For instance, a chess player simulates abstract military 

strategy, a video gamer playing a racing game simulates driving, medical students using laparoscopic 

tools to cut open the skin of an orange are simulating a surgical procedure, and football practice is a 

form of match-day simulation.  

The case used in this thesis to study human-centered simulation is simulation-based training (SBT) 

environments for training medical personnel in emergency medicine management. There are many 

different types of SBT systems within the medical domain, from technologically basic to advanced 

(Maran & Glavin, 2003). These systems range from tabletop role-play simulations that focus on 

communication (Chi et al., 2001), to training exercises that use actors or advanced medical mannequins 

(see e.g. Gillett et al., 2008), to fully virtual or augmented environments that recreate detailed accident 

or hospital scenarios (Cicero et al., 2015; Knight et al., 2010). Considering the wide range of simulation 

types that are available, an obvious question comes to mind: which simulation is the best one to use? 

This is not easy to answer as it raises a set of scientific questions concerning which simplifications, 

selections, and abstractions would best serve the intended purpose of the simulation. These questions 

need further theoretical characterization. For example, a simulation should capture the correct things from 

reality in a correct manner. The degree of success in doing so is broadly referred to as the validity of a 

simulator (Feinstein & Cannon, 2001; Pace, 2004; Sokolowski & Banks, 2010; Winsberg, 2015). 

However, how do we know what these correct things are and which manner is correct? It is easy to 

imagine that an exact, or near exact, replica of the real situation would be the best choice and the most 

valid simulation. The following quotation from Rosenblueth and Wiener (1945) express this idea in an 

elegant way:  

“The best material model of a cat is another, or preferably the same, cat.” (p. 320) 

However, such hyper-real simulations would be expensive, complicated, time-consuming, impractical, 

and in many cases, too dangerous or ethically impossible – thereby sacrificing many of the benefits of 

simulations. Furthermore, it has been shown that the absence of realism can make training simulations 

more efficient, for instance through task simplification and highlighting of key skills (Alessi, 1988; 
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Drews & Bakdash, 2013). Consequently, SBT researchers argue that the things of importance are not 

those that make the simulation appear real; rather, it is things that capture the underlying psychological 

processes of the target tasks (Kozlowski & DeShon, 2004). A human-centered simulation that is 

suitable for training could, therefore, be seen as one that engages relevant cognitive processes to generate 

positive transfer of targeted skills and knowledge to the real situation.  

An appropriate theoretical framework for cognition is needed to understand the cognitive processes at 

work in both reality and in simulation. Typically, simulation research, tends to treat cognition in a 

traditional manner that views cognition as internal computational processes solely confined within the 

head. However, such traditional views on cognition have been challenged within contemporary 

cognitive science and human factors (Hollan, Hutchins, & Kirsh, 2000; Hutchins, 1995a, 1995b; 

Norman, 1994; Perry, 2003). Alternative contemporary theories of cognition claim that the outside 

world both shapes and is part of our cognition, for example through physical tools, spatial layout, social 

structures, and cultural practices. Such external aspects create a cognitive environment that enables and 

mediates cognitive activities and capabilities. Distributed cognition is one such framework of, or 

perspective on, cognition that emphasizes the importance of the cognitive environment and cognition 

in context. From this perspective, cognitive processes are seen as being distributed across individuals, 

artifacts, and time within a social and cultural setting (Hutchins, 1995a).  

In this thesis, I suggest that the traditional view of cognition is insufficient for explaining central 

phenomena and theoretical constructs in simulation theory and practice. This is because the traditional 

view does not account for how the cognitive environment contributes to and shapes cognitive 

processes during simulations and training exercises. A new approach is needed to further our 

understanding of how simulators shape the cognitive environment and mediate cognition within 

simulation. Adopting a contemporary perspective on cognition can affect simulator development and 

evaluation concerning what simplifications, selections, and abstractions to make. In this thesis, I adopt 

the distributed cognition framework to re-interpret central concepts in simulation theory and explore 

how simulated training environments and simulators can be studied, evaluated, and designed. An 

underlying hypothesis of this work is that distributed cognition can provide a deeper and more 

comprehensive understanding of human-centered simulations and core simulation concepts than 

traditional cognitive perspectives. 

1.1. Research Aim and Questions 

The overall aim of this thesis is to adopt and explore the usefulness of distributed cognition as a 

framework for studying and understanding human-centered simulations and to discuss its implications 

for simulation theory. A second overall aim is to use the distributed cognition framework to design 

human-centered simulators. These aims were investigated through the distributed cognition in teamwork 

(DiCoT) methodology (Furniss & Blandford, 2006) using SBT of emergency medical management as 

a case study. In particular, simulations using the Emergo Train System (ETS; Nilsson, Vikström, & Rüter, 

2010) simulator were studied. The case is suitable because emergency medical management consists of 

several cognitive tasks – such as critical decisions regarding patient prioritization (triage), treatment, 

and transportation – that involve coordination between individuals, tools, and technology. 

Furthermore, to investigate the use of distributed cognition for design of human-centered simulations, 
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a digital training-simulator prototype (DIGEMERGO) was developed based on the DiCoT analysis of 

ETS. This thesis addresses the following research questions:  

R.Q.1. How can distributed cognition be used for evaluation and (re)design of human-centered 

simulations? 

R.Q.2. Is the DiCoT methodology a useful approach for studying and designing simulator 

environments? 

R.Q.3. How does distributed cognition further our understanding of human-centered simulation? 

R.Q.4. How can central theoretical simulation constructs be interpreted and explained through the 

distributed cognition perspective? 

R.Q.5. What simulation components contribute to effective emergency medical management training 

according to the distributed cognition perspective? 

1.2. List of Publications 

To explore the aims and answer the research question, the following peer-reviewed publications are 

included in the thesis.  

Paper I: Real World Management Study 

Prytz, E., Rybing, J., Carlström, E., Khorram-Manesh, A., & Jonson, C.-O. (2015). 
Exploring prehospital C2-work during a mass gathering event. International Journal 
of Emergency Services, 4(2), 227–241. 

This paper presents an explorative study of inter-organizational management work, focused on medical 

management during a planned real-life major incident event. Ethnographical methods and 

questionnaires were used to explore cognitive processes and workload demands during emergency 

medical management activities, providing essential background knowledge for studies of cognitive 

processes in simulation. 

My contribution: study design, fieldwork, data analysis, and writing. 

Paper II: Applying Distributed Cognition to Study Simulation 

Rybing, J., Nilsson, H., Jonson, C.-O., & Bang, M. (2016). Studying distributed cognition 
of simulation-based team training with DiCoT. Ergonomics, 59(3), 423–434.  

This paper presents a DiCoT analysis of the ETS training and assessment simulator for emergency 

medical management, demonstrating the use of distributed cognition for analyzing simulation 

environments. The analysis focuses on ETS from a distributed cognition perspective and how it creates 

a simulation environment in which cognitive aspects of emergency medicine management can be taught 

and assessed. In doing so, the paper makes connections between distributed cognition concepts and 

simulation validity. The paper also suggests benefits and drawbacks, using claims analysis, of a digital 

version of the ETS simulator based on the analysis. 

My contribution: study design, fieldwork, data analysis, and writing.  

Paper III: The Design of the DIGEMERGO Simulator 
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Rybing, J., Prytz, E., Hornwall, J., Nilsson, H., Jonson, C.-O., & Bang, M. (2017). 
Designing a Digital Medical Management Training Simulator Using Distributed 
Cognition Theory. Simulation & Gaming, 48(1), 131–152.  

This paper further connects distributed cognition theory to concepts of simulation validity by 

identifying core features and validity issues of ETS based on the DiCoT-analysis from Paper II. 

Describing validity using the language of distributed cognition demonstrates a “new discourse” for 

evaluating simulators. The paper further presents the digital simulator prototype (DIGEMERGO) based 

on the DiCoT analysis and an initial usefulness and usability study with subject-matter-expert users. 

My contribution: prototype design, study design, system evaluation, data analysis, and writing. 

Paper IV: Preliminary Validation Results of the DIGEMERGO Simulator  

Rybing, J., Larsson, J., Jonson, C.-O., & Prytz, E. (2016). Preliminary Validation Results 
of DigEmergo for Surge Capacity Management. In A. Tapia, P. Antunes, V. A. 
Bañuls, K. Moore, & J. Porto (Eds.), Proceedings of the International ISCRAM Conference 
2016. Rio de Janeiro, Brazil. 

This paper presents initial results from a quantitative validation study of the DIGEMERGO prototype 

based on user performance measures during a simulated emergency department surge capacity event. 

This study provides a direct test of simulation validity for the DIGEMERGO prototype, and an indirect 

test of using DiCoT and distributed cognition for designing simulators.  

My contribution: study design, data analysis, and writing. 

Paper V: Training with the DIGEMERGO Simulator 

Jonson, C.-O., Pettersson, J., Rybing, J., Nilsson, H., & Prytz, E. (2017). Short simulation 
exercises to improve emergency department nurses’ self-efficacy for initial disaster 
management: Controlled before and after study. Nurse Education Today, 55(August), 
20–25.  

In this paper, the DIGEMERGO system is applied to train nurses’ self-efficacy and management skills in 

managing a surge capacity event at a simulated emergency department. As in the previous paper, this 

paper is a test of validity, but rather than targeting internal validity the study targets educational validity 

in terms of training outcome and transfer of training. 

My contribution: study design, prototype and scenario design, data analysis, and writing. 

Paper VI: Additional Validation of DIGEMERGO 

Rybing, J., Larsson, J., Jonson, C.-O., & Prytz, E. (2018). Validation of a simulator for 
emergency medicine management skills. Journal paper manuscript.  

The final paper presents addition results from the validation study of DIGEMERGO presented in Paper 

IV. This paper expands the analysis to include workload measurements, additional performance 

measures, and discusses the appropriateness of the validation approach and the selected measures. In 

addition, the paper discuss how the validation approach relates to Feinstein and Cannon’s (2002) 

dimensions of validity and introduces the cognitive fidelity concept.  

My contribution: study design, data analysis, and writing. 

Supporting Publications 
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Prytz, E , Rybing, J , Jonson, C -O , Petterson, A , Berggren, P , & Johansson, B  (2015)  An 
exploratory study of a low-level shared awareness measure using mission-critical locations 
during an emergency exercise  Proceedings of the Human Factors and Ergonomics Society Annual 
Meeting, 59(1), 1152–1156   

Prytz, E , & Rybing, J  (2015)  Evaluation of a novel method to study inter-organizational 
coordination in medical command and control centers  In S  J  Stratton (Ed ), 19th World 
Congress on Disaster and Emergency Medicine (WCDEM 2015). Capetown, South Africa, 21-24 
April  

Rybing, J , Prytz, E , Hornwall, J , Jonson, C -O , Nilsson, H , & Bang, M  (2015)  Preliminary 
evaluation results of DigEmergo - a digital simulator prototype for disaster and emergency 
management training  In S  J  Stratton (Ed ), 19th World Congress on Disaster and Emergency 
Medicine (WCDEM 2015)  Capetown, South Africa, 21-24 April  

Prytz, PhD, E  G , Rybing, MSc, J , & Jonson, PhD, C -O  (2016)  Workload differences across 
command levels and emergency response organizations during a major joint training 
exercise  Journal of Emergency Management, 14(4), 289–297   

1.3. Research Contributions 

This thesis includes both theoretical and technological contributions that pertain to both the simulation 

field and cognitive science - distributed cognition in particular. The thesis contributes new knowledge 

and adapts a new analytical framework for the simulation field. In doing so, the thesis extends 

distributed cognition to a new domain and a different purpose, thereby contributing to distributed 

cognition’s usefulness and coverage. Below the contributions are divided into four sub-contributions. 

C.1. An overview of terms used in simulation theory, especially those that relate to cognitive 

dimensions of simulators, is provided.  

C.2. Exploration of the distributed cognition perspective for studying, evaluating, and designing 

human-centered simulators. 

2.1. Application and demonstration of DiCoT as a methodological approach for evaluating and 

designing simulators. 

2.2. A case study analysis of the Emergo Train System® simulator demonstrating that distributed 

cognition using DiCoT can be useful for evaluating simulators. 

2.3. Design and implementation case study of DIGEMERGO simulator demonstrating that 

distributed cognition using DiCoT can be useful for designing simulators.  

C.3. Interpretation of human-centered simulations as distributed cognitive systems.  

3.1. Demonstration of the use of distributed cognition principles as discourse for interpreting and 

analyzing how cognitive processes relate to core simulation constructs, such as validity and 

fidelity.  

3.2. Cognitive fidelity is suggested as a term that refers to the similarity between the cognitive system 

that is being simulated and the corresponding cognitive system in reality.  

C.4. New knowledge and tools to enhance the domain of emergency medical management, especially 

for training and assessment.  

4.1. Study and evaluation of the established ETS simulator. 
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4.2. Design, implementation, and initial usability, usefulness, and validation studies of a new digital 

simulator prototype, which can be used for training and assessment of emergency medicine 

management as well as a research tool for studies in emergency medicine. 

1.4. Assumptions 

This thesis makes a practical assumption: that the training simulator system that is being studied (i.e., 

ETS) is valid, functional, and useful. This assumption is based on the widespread international 

application and use of ETS. This is an important assumption from a technological research point of view. 

Developing and using simulation techniques to solve real world problems are forms of technological 

research, where the goal is for the technique in question (simulations in this case) to be functional and 

useful. Knowing whether the studied simulator actually is functional and useful is therefore critical. On 

the other hand, from a scientific point of view, this assumption is arbitrary, as it is the application of 

distributed cognition theory to describe and evaluate central properties of simulations that is of interest 

- not the studied simulators’ inherent usefulness or functionality in and of itself.  

1.5. Reader’s Guide 

Following this introduction, Chapter 2 provides the theoretical background upon which the results and 

conclusions of the thesis are built. The case domain background, emergency medical management and 

ETS, is presented in Chapter 3. Chapter 4 presents the research approach used in the thesis. In this 

chapter, the DiCoT methodology is described in detail. In the following two chapters, the collective 

results of the papers are presented and further built upon. Chapter 5 describes, in short, how distributed 

cognition was applied to study and evaluate ETS, and how this analysis led to the design of the 

DIGEMERGO simulator. Chapter 6 analyzes and re-interprets central constructs of human-centered 

simulation from a distributed cognition point of view. The final part of the thesis, Chapter 7, is a 

discussion of the findings and contributions of the thesis. Here, the research approach and results are 

discussed and future work is suggested. Finally, the chapter concludes with the contributions of the 

thesis. After the final chapter follows the bibliography of references used in the thesis and the 

constituent papers are appended in Appendix A. 
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CHAPTER 2  

THEORETICAL BACKGROUND 

This chapter will provide a theoretical backdrop for the contributions and the research presented in 

the thesis. On this canvas, two disciplines of science are portrayed: the science of simulation and cognitive 

science1. Both fields are interdisciplinary in nature with overlapping related disciplines, among which we 

find computer science, human factors, artificial intelligence, philosophy, and psychology. Interestingly, 

the cognitive science and simulation disciplines have a shared history in that they both grew out of, or 

were radically transformed by, the explosive rise of computers and computer science in the second half 

of the 20th century2 (C. M. Banks, 2009; Hutchins, 1995a; Klein, 2005; Sokolowski & Banks, 2010; 

Wolfe & Crookall, 1998). In the next sections, I will give a short overview of the two fields, starting 

with a description of simulation theory, with emphasis on human-centered simulations, and then 

moving on to cognitive science, especially the distributed cognition perspective. 

2.1. Simulations 

The word simulation comes from the Latin verb “simulare”, meaning “to imitate” or “to behave as if”. 

In WordNet, among the synonyms of the verb “simulate” we find words such as mimic, reproduce, 

and replicate (2017a). These words all point to the core idea of simulations: to copy something using 

something else. We also find words with negative connotations, such as to assume, fake, deceive, and 

misrepresent. Ironically, these words illuminate another important idea of simulations: that they are 

abstracted concepts that we assume resemble some real phenomenon, but the simulations themselves 

are in a sense fake or not real. It is important to recognize the twin nature of simulations, the simulation 

technology and the simulation science3. The first refers to using simulations as a tool to solve real-world 

problems and the latter to the study of the simulations themselves. Both endeavors are important for 

the purpose of the thesis, which is partly about contributing to the science of simulations using 

distributed cognition theory and partly about applying simulation techniques to emergency medical 

management training. 

2.1.1. A Brief History of Simulation 

The military were, and still are, probably the earliest and most influential users of simulation techniques. 

One of the earliest examples of (deliberate) simulation activities is wargames, a form of live battle role-

play in which the troops are divided into different teams that are to challenge and outwit each other on 

the battlefield (C. M. Banks, 2009). The Roman Empire (circa 500 B.C.E. – 1500 C.E.) is known to 

                                                      
1 To avoid possible confusion, it should be noted that this thesis has nothing to do with the so called “simulation 
theory” that exists within cognitive science, which is a theory about understanding mental states of others   
2 The official birthday of cognitive science has even been set in 1956, however both cognitive science and 
simulations can be traced further back in history than this   
3 To make things even more confusing, computer-simulations have also been called “the third branch of science”, 
see (Pool, 1992)  
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have conducted wargame training exercises that reflected the anticipated environment their troops 

would encounter when later facing the real enemy. Preparing the troops via simulation is believed to 

be one of the keys to the success of the Roman military (ibid). Other examples of early military 

simulations are abstract games. The chess family of games is believed to stem from the game 

Chaturanga, developed in the Gupta Empire (India) around the 6th or 7th century CE (C. M. Banks, 

2009; Wolfe & Crookall, 1998). The goal of the game that today is called chess is to checkmate the 

opponent’s King by placing troops in such a way that the opponent cannot move their King. The 

chessboard is simulating a battlefield where two armies of equal strength meet with no environmental 

advantage on either side. The players are the military commanders and it is their tactical skill and 

cunning that will determine the outcome of the conflict. 

Moving into the 20th century, we come to one of the most iconic uses of simulation: aviation. Following 

the birth of the motor-powered airplane (the Wright Flyer I, 1903), the first recorded flight simulation 

appeared in 1921 (C. M. Banks, 2009). The Link flight simulator (or Link Pilot Maker) was a pilot trainer 

made to resemble an airplane, with wings and a fuselage mounted on a universal joint, which could 

make the simulated plane pitch and roll in response to the pilot using the controls (L3-Technologies, 

2017). The US military used the simulator as a cost-effective way to train navy and army pilots. 

Amusement parks also bought the simulator, but for entertainment rather than training purposes. In 

the field of medicine, the first simulations were physical models of anatomy and verbal role-playing of 

patients. With the 1950s came the doll Resusci Annie, which marked a significant event in medical 

simulation history as the first training mannequin. Annie was the product of a collaboration between 

toy manufacturer Asmund Laerdal, Dr. Peter Safar, and Dr. Bjorn Lind. They originally developed the 

Resusci Annie for practicing mouth-to-mouth breathing, and following its successful application, Annie 

was later also used for cardiopulmonary resuscitation training (CPR; Cooper & Taqueti, 2008; Drews 

& Bakdash, 2013; K. R. Rosen, 2008). Interestingly, Annie’s face came from the smiling death mask of 

L'Inconnue: The Unknown Woman of the Siene, who was an unidentified young woman found drowned in 

the River Seine (Leardal Medical, n.d.). 

The introduction of the digital computer in the mid-20th century led to what Wolfe and Crookall (1998) 

have called the modern era of simulation. Computer-based simulation spread rapidly within scientific and 

engineering applications as many new types of simulations became possible (Klein, 2005). The 

simulation technique’s growing importance was noted by Conway in the 1960s:  

“The use of a digital computer to perform simulated experimentation on a numerical 

model of a complex system is an increasingly important technique in many disciplines 

today” (1963, p. 47) 

For instance, in meteorology and nuclear physics, computer-based simulations were used as scientific 

tools to calculate and predict outcomes (Winsberg, 2015). The military used digital computers for 

simulated combat assessments (C. M. Banks, 2010). With the advancement of artificial intelligence (AI) 

research, more complex phenomena, such as human personality and behavior, could be simulated and 

the subfield of behavioral modeling emerged (C. M. Banks, 2009). The explosive growth of computer 

games for entertainment also had a significant impact on the use and development of simulations, as 

many computer games profited from certain elements of simulation. In healthcare, computer-

controlled simulators began to appear in the late 1960s (Bewley & O’Neil, 2013; Drews & Bakdash, 
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2013; K. R. Rosen, 2008). Most notable is the computerized patient mannequin Sim One that could 

breathe, had a heartbeat and blood pressure, was able to blink, could open and close its mouth, and 

could respond to administered drugs. Further advancement of computers has led to more complex and 

detailed simulators in medicine, and today highly advanced patient mannequins (see e.g., CEA HPS4) 

and full virtual environments (see e.g. Cohen et al., 2013) are used in medical training (Decker, 

Sportsman, Puetz, & Billings, 2008; Grenvik & Schaefer, 2004; K. R. Rosen, 2008; Seropian, 2003).  

2.1.2. The Simulation Discipline 

Simulations are used extensively to study the world. Since the late 20th century, simulations have evolved 

beyond their role as a technique employed in other fields, and have become a full scientific discipline 

(Sokolowski & Banks, 2010). Today, simulations are critical instruments of modern science used to 

generate knowledge by exploring models of the world (Klein, 2005; Padilla, Diallo, & Tolk, 2011). Beyond 

scientific applications, simulations are found in many fields, such as engineering, military, management, 

medicine, education, gaming, and even in judicial court (Epstein, 2004; Ören, 2005). Simulation 

techniques are useful, as they enable research where real-world investigations would be difficult (or 

impossible) to conduct (Hollnagel, 2011; Sokolowski & Banks, 2010). For example, the phenomena of 

interest could be inaccessible (black holes), too dangerous (nuclear meltdowns), too expensive (flight 

tests), or morally unacceptable (experimental treatment) to study empirically (C. M. Banks, 2009, 2010; 

Humphreys, 2004). Even though study of the real phenomena is often desirable, simulations provide a 

set of advantages in comparison to studying the real world, as they, for instance, allow for repeated 

observations, strict control of conditional parameters, and scalability.  

The modern simulation discipline is also known as modelling & simulation (M&S). In an article analyzing 

M&S, Padilla and colleagues (2011) categorize the discipline into three sub-disciplines: M&S science, 

M&S engineering, and M&S applications. M&S science contributes to the theory of simulations, which 

defines the academic foundation of the discipline. M&S engineering applies theories of M&S science 

to find solution patterns for domain problems that can lead to generalized methods and approaches. 

M&S applications develop specific simulation solutions to domain-specific problems, and these 

applications are often derived from problem domain expertise – not from M&S science or engineering. 

In categorizing this way, Padilla and colleagues (2011) indirectly make a distinction between technological 

research and basic science within the simulation discipline. In the next sections, we will look more closely 

at these two branches of simulation to better understand simulation research, frame theoretical 

concepts, and help evaluate the contributions of the thesis.  

2.1.2.1. Simulation as Technology 

Science and technology are highly interdependent activities, but distinct from each other (Brooks, 

1994). A key difference between the technological and scientific sides of the simulation field lies in the 

resulting products of these activities. Science is about acquiring knowledge and truths about the world, 

whereas the goal of technology (technological research) is to build techniques that are functional and useful 

for real-world application (Nordin, 2017; Shapere, 1998). A technique is a broader concept than a 

physical object, it could also be a method or maneuver intended to help in solving practical problems. 

Also, science is (or should be) autonomous and independent in its pursuit of knowledge, whereas 

                                                      
4 Commercially available Human Patient Simulator: https://caehealthcare com/patient-simulation/hps 
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technological research is dependent on the needs and wants of external parties – the users who 

ultimately judge whether the techniques are successful or not. The application and development of 

simulations to generate domain knowledge and solve real-world problems is, therefore, a form of 

technological research. To understand what functional and useful techniques mean, let us examine the 

definitions of these concepts as suggested by Nordin (ibid). 

“A technique T(E) functions (with respect to an intended result E) to a degree r in 

situations of type S if, and only if, (a) T(E) produces E with at least the frequency 

(efficiency) r in S, and (b) r is greater than zero or what nature/chance is doing by 

itself.” (Nordin, 2017, p. 29) 

This definition claims that a technique is functional if it produces the intended results often enough in 

a given situation. Nordin argues that we can never prove or disprove that a technique will function – 

regardless of the amount of testing. This is similar to the problem of induction: that no matter how 

many observations are made to support a theory or hypothesis, it cannot conclusively be proven true. 

No matter how many white swans are observed, it cannot be concluded and generalized that all swans 

are white; the next swan that swims by might well be black. What a successful test of a technique’s 

functionality does prove, however, is that a technique can function; thus disproving the ultra-skeptical 

assumption that it never can function. Similarly to how the next swan might be black, the next test of 

a technique’s functionality might prove successful despite any number of previously failed attempts. 

For a technique to be useful, on the other hand, it must do more than simply function. For instance, a 

functioning technique that produces something irrelevant or unnecessary (without use) or that is 

impossible to operate (unusable) would not be useful. The context of use, the user group, and the 

technique’s purpose are all essential for a technique’s usefulness. Nordin (2017) provides a definition:  

 “T(E) is useful (with respect to an intended result E) if, and only if, there is at least 

one actual or potential user x and (a) T(E) works sufficiently well and (b) x views 

T(E) as useful to him or her with respect to E.” (Nordin, 2017, p. 62) 

Hence, according to Nordin, a technique can be considered useful if it can function and if there is an 

individual that can and wants to use it (perceives it as useful). Usefulness clearly relates to the concept 

of usability (Sharp, Rogers, & Preece, 2007), as a technique that has such poor usability (or user-

friendliness) that no user can or wants to use it cannot be considered useful. Whether a functioning 

technique is to be considered usable and useful is ultimately up to the users. To develop useful 

simulation techniques, it is therefore essential to understand the user and the context of use.  

2.1.2.2. Simulation as Science 

Science seeks truths about the world, which take the form of theories, hypotheses, and explanations – 

outcomes that do not need usable applications (Okasha, 2002). Philosophically, theories, unlike 

techniques, are either true or false and only one true theory can exist that covers a certain phenomenon5. 

The science of simulation is about finding truths about simulations, which is not to be confused with using 

simulations as a technique to discover truths within other fields of science. According to Padilla and 

                                                      
5 However, there might be multiple theories that are useful without being strictly true, for instance Newtonian 
physics   
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colleagues (2011), the focus of study for M&S science is “truth in models and simulations of a simuland6 

(phenomenon/system we want to study)”; and the main research question follows as “what is true 

within models and simulations?” According to those authors, M&S science is interested in theories that 

describe fundamental properties, mechanisms, and scope of simulations.  

The scientific field of simulation is still young and not as stable and rigid as one would expect given the 

widespread use of simulations (Grune-Yanoff & Weirich, 2010; Klein, 2005; Wolfe & Crookall, 1998). 

The rapid growth of the field has resulted in incoherence with regard to what simulations are, how they 

should be used, studied, classified, evaluated, and designed, as well as which central concepts apply and 

how they should be defined (Cooper & Taqueti, 2008; Feinstein & Cannon, 2001; Feinstein, Mann, & 

Corsun, 2002; Humphreys, 2004; Klein, 2005; Ören, 2011c; Ören & Zeigler, 2012; Wolfe & Crookall, 

1998). The widespread use of simulations has focused on the problem domains of simulations, rather 

than the overarching theory of simulation (Padilla et al., 2011). This has resulted in many subfields of 

simulation, often with their own sets of terminology, methodologies, scientific perspectives, concepts, 

classifications, and validation paradigms, with little cross-referencing in-between (Cooper & Taqueti, 

2008). Klein phrases this problem as follows:  

 “[…] there is a striking contrast between the technological sophistication that drives 

and is driven by computer simulation and the rudimentary, underdeveloped state of 

theory underpinning the simulation endeavor.” (2005, p. 304) 

Several researchers have raised the question of what theoretical scientific framework – philosophy of 

science – (computer) simulation should adhere to (Feinstein & Cannon, 2001; Klein, 2005; Kleindorfer, 

O’Neill, & Ganeshan, 1998). For simulation researchers, showing (or proving) that a simulation actually 

replicates the real world is known as the problem of validation7 (Feinstein & Cannon, 2003; Kleindorfer 

et al., 1998), which is similar to the problem of induction and the problem of functionality described 

previously. In response to this problem, Klein (2005) argues that simulation validation should adhere 

to the Popperian falsification framework of science. From this point of view, theories cannot be proven 

true (the next swan might be black), only corroborated. However, they can be falsified and rejected when 

contradictory evidence is found (i.e., observation of a black swan). This essentially means that 

simulations can never be proven valid (or true if we treat a simulation like a theory), successful 

validation can only corroborate the validity of the simulation. Validation can, on the other hand, 

definitively falsify a simulation.  

Following Klein and a Popperian line of simulation validation leads to an interesting possible conflict 

between simulation as science and simulation as technological research. Testing the functionality of a 

technique can never conclusively disprove functionality according to Nordin (2017), but can 

demonstrate functionality. However, according to the Popperian framework, a simulation cannot be 

proven valid - but can be proven invalid. Does this mean that simulations are stuck in the middle, 

without the possibility of being either provable or disprovable? I think not. I believe this illustrates the 

twin nature the simulation discipline: as technological research and as science. To give an example. A 

simulation that is used to predict the outcome of a medical emergency response event can be falsified 

                                                      
6 Padilla and colleagues use the term referent rather than simuland   

7 Methods for validation of simulations will be discussed in section 4 3 4   
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if its predictions are found to be completely inaccurate – this would consequently be an invalid 

simulation. In other words, the theory of emergency management – which the simulation embodied – 

proved faulty. However, if the predictions are accurate, it is still possible that the simulation (and its 

embodied theory) is invalid and simply happened to generate accurate results. This is the argument that 

a simulation cannot be concluded valid. However, the same simulation can still be considered 

functioning8 as a technique if it produces its intended outcomes (correct predictions). It can even be 

considered useful if its results can be used to solve the problem it was intended for. This also highlights 

that truth and functionality are different concepts, and simulations seem to position themselves 

somewhere in between the two.  

2.1.2.3. Central Concepts and Definitions  

Defining the concept simulation is difficult and there are numerous suggested definitions in the 

published literature. Before presenting the definition that will be used in this thesis, this section will 

first decompose the activity of simulation into four central theoretical concepts: simulands, referents, 

models, and simulators. These will be introduced and defined one by one, after which a definition of 

simulation will be given. Figure 1 illustrates how these concepts relate to each other. The relationships 

between the concepts will be further explained as the concepts are presented.  

 

Figure 1: Central concepts of simulation. 

Simulands and Referents 

The first two concepts represent what is to be simulated and our understanding of such phenomena. 

The simuland refers to the real-world items that we wish to simulate (Sokolowski & Banks, 2010). These 

can be physical objects, such as airplanes or medical patients; processes, such as patient flow through 

a hospital; or a phenomenon, such as the weather or the movement of planetary objects in space. The 

simuland usually encompasses additional factors that significantly affect the primary items of interest; 

for instance, the simuland of a flight simulation would probably include weather phenomena and not 

just the airplane. The referent is the knowledge about the simuland that is available to the simulation 

                                                      
8 The simulation would still be considered functional even though is underlying theory of management is faulty, 
as long as the simulation – for some reason – predicts accurate outcomes  
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researcher or modeler – the person(s) who is to model the simuland and design and construct the 

simulation. The referent can include both quantitative formal knowledge, such as physics equations, 

statistics, or empirical data; and qualitative knowledge, such as scientific theories, empirical 

observations, or personal experience of the simuland.  

Models 

Central to simulation theory is the notion of a model of reality that underlies the simulation. In simulation 

theory, a model is a simplified, selective, and abstracted physical, mathematical, or logical (conceptual) 

representation of the simuland9 (Crookall, Oxford, & Saunders, 1987; Sokolowski & Banks, 2010). Every 

scientific field uses models more or less formally and knowingly. For instance, in computer science, 

structured models (e.g., using the modeling language UML10 or mathematical equations) are frequently 

used to communicate and analyze software. In the field of anthropology, the textual and descriptive 

interpretations that are used to characterize the unit of analysis (cultural phenomenon) are also types 

of models. For computer-based simulation, a broad distinction is often made between conceptual models 

and executable models (Sargent, 2012; Sokolowski & Banks, 2010). Conceptual models can be seen as all 

forms of descriptive documentation of the simuland (e.g., UML diagrams, interface designs, 

requirements lists, flow charts, or mathematical formulas), whereas an executable model is the 

implemented software code that can be executed (run) by a computer.  

Models are separate from scientific theories (Humphreys, 2004). A fundamental distinction between 

the two is that theories aim to be true and models do not. This is captured by George E.P. Box’s 

aphorism: "all models are wrong, but some are useful" (first used in Box, 1976). For instance, the atom model 

proposed by Bohr (1913) is a simplification and abstraction of a real atom, and thus not true – but it’s 

still a concept that has proven to be useful. In contrast, the theory of heliocentrism, as suggested by 

Copernicus, states that the Earth revolves around the sun. This is not a simplification nor an 

abstraction, but rather a truth about the world as we understand it. All models embody some theory 

about the system they describe (Crookall et al., 1987). Often, models are said to be located somewhere 

between reality and theory as a mediator (Grune-Yanoff & Weirich, 2010). In a sense, a model is itself 

a type of technique we can employ to simplify the world so that we can understand it. From this line 

of thought, it follows that simulations are not true either, but rather more or less useful techniques for 

making sense of the world around us. Thus, simulations should not to be treated as scientific theories 

in any strict sense.  

Simulators  

A simulator is the device that somehow executes the model to produce the simulation process. Here we 

can use the definition from Hancock and colleagues (2010), where they characterize a simulator as “a 

setting, device, computer program or system that performs simulation”. In most cases, the distinction 

between simulation and simulator is clear. For instance, in a computer-based simulation with no human 

interaction as part of the simulation, the simulator consists of the hardware and the software (the 

executable model). The simulation takes place when the simulator executes its model – in other words, 

when someone pushes the start button. In this example, the simulator was easy to identify. However, 

                                                      
9 To be precise, a model is really a representation of a referent, rather than the real word, as we model based on 
our understanding of the world  
10 Unified Modeling Language, see http://www uml org/   
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“[…] any system that is believed, or hoped, to have dynamical behavior that is similar 

enough to some other system such that the former can be studied to learn about the 

latter.” (Winsberg, 2015, p. 3 emphasis added) 

This is the definition of a simulation that will be used throughout this thesis11. Figure 2 provides an 

illustration of this definition combined with the core simulation concepts. According to the definition, 

a simulation consists of the following components: the any system (the simulator), the other system (the 

simuland), and the dynamic behavior produced by the any system (the simulation processes produced by 

the simulator). Furthermore, the generated behavior must fulfill the condition of being similar enough to 

that of the simuland for a simulation to take place. This similar enough condition is problematic as it is 

relative. The behavior of a vacuum cleaner robot is probably not similar enough to that of a wild tiger 

for it to be considered a simulation of one; however, what if we program the robot to stalk and pounce 

on unsuspecting house pets? Does this change in behavior make it similar enough? A solution to this 

problem is provided by the definition, as it states that the behavior is similar enough if we can learn 

about the targeted other system through studying the any system. This is a question of validating the 

simulation and its output (see section 4.3.4.1). Thus, if we can learn about tigers by studying the vacuum 

cleaner it can indeed be considered a simulation of tigers. A consequence of this definition is that a 

system is really a simulation of another system once it has been demonstrated that we can learn from 

it, in other words after it has been validated.  

 

Figure 2: Simulation concepts enriched with Winsberg's (2015) definition of a simulation. 

There is something further to note in the definition: that the any system is believed, or hoped, to behave 

similarly enough to the other system. This is an interesting choice of words, as many definitions would 

rather claim that the simulator is modeled or intended to mimic the simuland. Winsberg’s definition leaves 

intent out of the picture. Returning to the example with the tiger, this phrasing allows an ordinary house 

cat to be considered as a simulation of a tiger, even though no one has designed the cat with the intent 

                                                      
11 This definition is not without its problems  For one, it is argued, for instance by Grune-Yanoff and Weirich 
(2010), that simulations do not necessarily have to be dynamic  Also, Monte Carlo simulations are an example of 
simulations that do not have a mimetic purpose or approach, but they are still considered simulations  However, 
these issues are of no concern for the simulations that are addressed in this thesis   
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of simulating a tiger; and surely, a cat would be a more fitting simulation of a tiger than the modified 

vacuum cleaner robot. Crookall shares this notion:  

“[...] anything can simulate anything else; simulation is all in the mind, not in some 

intrinsic quality of the objects that we employ in the simulator.”  

(Crookall, 2010, p. 904) 

In summary, the simuland refers to what things in real-life is to be simulated and the referent is the 

knowledge about those things. Based on the referent, abstractions, simplifications, and selections of 

the simuland are made to form a model. This model is executed by some unit– the simulator (e.g., a 

computer) – and this process of execution generates the simulation behavior, which can be studied to 

learn about the simuland.  

2.1.2.4. Simulation Classification 

There are multiple simulation classifications in the published literature. Often classifications are bound 

to specific application domains, see for instance Gaba (2004). There are also classifications bound to 

application purposes, such as classifications of simulations specifically used for training. A combination 

of the two is found in Beaubien and Baker (2004), who classify training simulators in healthcare into 

three categories: role-play and case studies, part-task trainers, and full mission simulations. In this thesis, 

a coarse classification of simulations in general will be used, which categorizes simulations as live, virtual, 

or constructive (Andrews, Brown, Byrnes, Chang, & Hartman, 1998; Sokolowski & Banks, 2010). Live 

simulations involve real people that operate real equipment to replicate some real situation. Military 

war-games and full-scale emergency medicine simulations using actors are examples of live simulation. 

In virtual simulations, real people interact with simulated tools and environments – this is perhaps the 

most common type of simulation. Virtual simulations include a variety of simulators, such as vehicle 

cockpit simulators (e.g., the Link simulator), virtual and augmented reality (VR and AR), microworlds 

(e.g. C3-Fire; Granlund, 2017), and various types of role-playing simulations (see e.g. Chang et al., 

2015). They also include part-task simulators, which are simulators that simulate parts of the targeted 

system for training purposes, such as medical mannequins. Part-task simulators are numerous but all 

follow the same basic principle: that they are designed to segment a complex task into its main 

components (Beaubien & Baker, 2004). 

Constructive simulations are autonomous, and they simulate all involved systems, equipment, and 

interacting people. Contrary to the other two categories, real people do not affect the outcome of the 

simulation, except for providing input by setting up initial parameters and configurations. Constructive 

simulations come in many forms; two of the most common are discrete event simulations and Monte 

Carlo simulations (C. M. Banks, 2010; Sokolowski, 2010). Constructive simulations can be used, for 

instance, to simulate planetary movements of the galaxy or patient flows at hospital wards to predict 

medical strain (see e.g. Hirshberg, Frykberg, Mattox, & Stein, 2010). Moreover, Andrews et. al. (1998) 

argue for a fourth class, hybrid simulation, in which two or more of the above three types of simulations 

are combined.  

Human-centered simulations are either live or virtual simulations in which humans play a central role, 

either by being part of the simulator (e.g., role-playing) or through interaction with the simulator (e.g., 

using a medical mannequin). Traditionally in simulation research, human interaction has been viewed 
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as a mere source of system input (Rothrock & Narayanan, 2011), which is different from human-

centered simulations where humans are central parts of the simulation. Human-in-the-loop simulations and 

interactive simulations (Narayanan & Kidambi, 2011) are two related concepts found in the simulation 

literature. These refer to simulations where one or more human operators are in direct control of 

simulation functions. A difference between the human-centered simulation and the human-in-the-loop 

concept is that the latter emphasize computer-based-simulation, whereas the former does not.  

2.1.3. Simulation Constructs 

With an understanding of simulation components and a broad classification in place, it is time to dissect 

the core constructs of simulations used in the simulation discourse.  

2.1.3.1. Descriptive Attributes of a Simulation 

According to Banks (2010), simulations in general can be described primarily by three attributes: fidelity, 

resolution, and scale. In this section, we will focus on fidelity, as it is the one most relevant for the thesis. 

However, I will start by briefly describing the other two. Resolution describes the degree of detail 

included in the simulation. A greater amount of detail, in terms of the amount of referent information 

included in the conceptual model, means higher resolution (C. M. Banks, 2010). The scale property 

describes the size of the simulation. Scale has to do with where the boundaries of a simulation should 

be drawn, in terms of which objects or phenomena are to be conceptually modeled, to reach its aims 

(C. M. Banks, 2010). For example, a large-scale medical simulation could include the entire ward or the 

entire hospital, not just single patients. Large scale usually implies low resolution, and vice versa, due 

to the required computational power and effort it takes to model and execute large-scale high-resolution 

simulations.  

Fidelity is, in essence, a description or measure of how closely the simulation matches reality. In other 

words, it is the perceived realism of the simulation (C. M. Banks, 2010). A simulation that is a complex 

and lifelike replica of the simuland would be considered a high-fidelity simulation – something that 

looks or feels like the real thing. A simulation with “perfect fidelity” would be identical to the simuland 

(Drews & Bakdash, 2013), and a low-complexity version, such as a pilot cockpit made out of cardboard, 

would be considered low-fidelity. We can use Hays and Singer’s definition of fidelity for training 

simulators as a general definition, which states that fidelity is:  

 “[…] the degree of similarity between the [training] situation and the operational 

situation which is simulated”. (Singer & Hayes, 1989, p. 50) 

Fidelity is not to be confused with resolution. A simulation can have high resolution and low fidelity 

(C. M. Banks, 2010). For instance, consider a medical simulation of a patient that includes detailed 

referent information: all medical history, personal information, and all body and health information. 

This would be considered a high-resolution simulation. At the same time, the patient and all her details 

can be simulated using a low-fidelity approach, for instance through sketches on paper or using a simple 

physical doll supplemented with detailed patient charts. No one would confuse this patient simulation 

with a real human being even though it has a high resolution.  

When the term fidelity is used alone in the literature (i.e., when referring to a simulation as having high 

or low fidelity) it refers to physical fidelity, which is the degree to which the simulation replicates sensory 
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Winsen, & Nyce, 2009; Dieckmann, Gaba, & Rall, 2007; Drews & Bakdash, 2013; Salas, Bowers, & 

Rhodenizer, 1998; Scerbo & Dawson, 2007; Singer & Hayes, 1989; Smallman & John, 2005). Smallman 

and St. John (2005) referred to the preference for high physical fidelity as naïve realism, by which they 

mean that high fidelity (in their case realistic visual graphics) is preferred over low fidelity (less realistic 

graphics) even when the less realistic display leads to a better understanding of the information. The 

following quote describes the driving force behind the pursuit of high-fidelity simulations:  

“[…] by brute engineering force all physical and cognitive aspects of a task can be 

captured” (Caird, 1996, p. 127).  

That is, by making physical realism high enough, all aspects of reality will be captured and thus the 

“similar enough” criteria from the simulation definition would be fulfilled.  

Several researchers emphasize the importance of psychological fidelity in training simulations (Drews 

& Bakdash, 2013; Kozlowski & DeShon, 2004), and it has been shown that high psychological fidelity 

does not necessarily require high physical fidelity (Drews & Bakdash, 2013; Hamstra et al., 2014; Maran 

& Glavin, 2003). Rather, recreating aspects like social and team work structures seem to contribute to 

psychological fidelity (Bratzke, Downs, & Smith, 1998; Ker, Mole, & Bradley, 2003; Maran & Glavin, 

2003). In contrast, Hontvedt (2015) demonstrated how expert simulation participants' perception of 

their physical work environments12 came into conflict with a (too) low-fidelity simulated environment. 

In this case, high physical fidelity was required to mediate the experts’ psychological processes. This is 

in line with Alessi (1988), who recognized that expert users might require higher levels of fidelity to be 

challenged in simulation. Fidelity of training simulations will be discussed further in section 2.1.4.3. 

2.1.3.2. Validity Concepts 

According to Banks (2010), fidelity is occasionally used incorrectly in the literature to express the 

accuracy or correctness of the representations used in a simulation. This is instead an aspect of validity, 

which is another key concept in simulation theory (Bewley & O’Neil, 2013; Feinstein & Cannon, 2001, 

2002; Pace, 2004; Peters, Vissers, & Heijne, 1998; Sargent, 1996). In general, validity deals with how 

well the simulation fits the simuland in the context of the simulation purpose. What this means 

specifically is difficult to define, as validity is a multifaceted concept. According to Banks (2010), it 

refers to quality of modeling; and according to Padilla et al. (2011), it is established by comparing 

simulation results to data acquired in reality. It seems that validity can be viewed both as an aspect of a 

simulation’s construction and of its output, allowing for a means of demonstrating that the simulation 

can be used as intended (Bewley & O’Neil, 2013; Pace, 2004; Sargent, 2012). Validity is always related to 

purpose and intended use (Pace, 2004). To address the multitude of validity concepts, Feinstein and 

Cannon (2002) composed a list of 19 concepts that relate to simulation validity. This list has been 

adopted and further extended with additional validity characteristics in Table 3.  

  

                                                      
12 This is known as “professional vision” (Goodwin, 1994)   
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Figure 3: Map of the validity concepts and their relations. Each concept is enrighed with key aspects identified by Feinstein and 
Cannon (2002) 

Representational and Educational Validity 

Representational validity asks the question: does the simulation provide a valid representation of the 

simuland? This form of validity is of utmost concern in the design and development phases of a 

simulator as it assesses whether the representations used in a simulation manage to capture the 

simuland’s “essence”. This is not the same as (physical) fidelity, which describes perceived realism of 

the simulation; a representationally valid simulation does not have to appear real or homomorphic 

(Dahlstrom et al., 2009). The concept entails capturing the theoretical essence of the phenomena being 

modeled, as opposed to the literal one. Feinstein and Cannon (2002) use the analogy of how art can 

capture the essence of reality more accurately than a photograph. They argue that the painter both 

captures and emphasizes key aspects of reality, whereas a photograph replicates the scene with little or 

no conscious interpretation. Surely, many photographers would frown at this analogy, but I believe it 

demonstrates the main point of representational validity. For simulations, the artistic interpretation 

involves conceptualizing and designing correct and insightful abstractions that “ring true” to the simuland. 

Educational validity concerns the application value of the simulation as a training technique – whether 

it serves its purpose as a simulator for training. The concept embodies whether the simulation 

stimulates learning, provides a valid learning experience, and generates positive transfer of training – 

which will be covered in section 2.1.4. This form of validity can be separated from the other three 

variants as it evaluates the effect the simulation has on the participating users, rather than the structure 

and function of the simulation itself.  
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Internal and External Validity 

Internal validity basically addresses the extent to which a simulation functions as intended (Feinstein & 

Cannon, 2001, 2002). Internal validity can be divided into two parts, where the first part refers to 

whether the correct things are simulated in a correct manner. This includes whether accurate abstractions 

and simplifications have been made; whether the simuland is accurately represented; and if elements 

and variables in the simulations interact and relate to each other so that coherent results (e.g., patterns 

of output) are generated. This first part of internal validity overlaps with aspects of representational 

validity. The second part of internal validity reflects how participants and users understand, interact 

with, and gain insight from the simulation – which relates to external and educational validity. However, 

the focus is on the participant’s perception and understanding of the simulation (e.g., ability to select 

appropriate strategies to solve simulated task), not whether any learning occurs. According to Feinstein 

and Cannon, having internal validity does not guarantee educational validity.  

External validity reflects the connection between the simulation and the real-world phenomena 

(Feinstein & Cannon, 2001, 2002). The main question when assessing external validity is which key 

components of the simuland should be selected for simulation and whether those components are 

actually simulated. According to Feinstein and Cannon, the concept of external validity is an area of 

disagreement among simulation researchers, which is not surprising given the domain-specificity of 

external validity and the breadth of simulation research. For training simulations, external validity 

relates to educational validity, as skills taught in the simulation should be transferable to the real world. 

Similarly, external validity is also the degree to which skills and knowledge used in real-life tasks are 

necessary for high performance in the corresponding simulated tasks. However, external validity differs 

from educational validity, as the latter does not imply replication of what would happen in real-life, 

only that the simulator teaches skills needed for the real-life task. Furthermore, an externally valid 

training simulator activates the desired skills, but it does not necessarily provide any training effects.  

Below, Figure 4 places Feinstein and Cannon’s (2002) four validity concepts, together with the 

descriptive attributes of simulation, in context of the main simulation components that were presented 

in section 2.1.2.3.  
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Figure 4: Simulation concepts combined with validity concepts and descriptive attributes. 

2.1.3.3. Related Constructs 

Beyond the constructs discussed in the sections above, there are three other constructs of importance 

for this thesis. These are reliability, tractability, and engagement. Reliability refers to the simulation 

consistency of multiple simulation executions (Bewley & O’Neil, 2013; McDougall, 2007). According 

to Bewley and O’Neill, to be reliable, a simulation must produce consistent results (outputs) at different 

times, between different raters, and between different but equal tasks (e.g., different scenarios in the 

same domain). For any human-centered simulation, perfect consistency is not feasible because people 

are not perfectly consistent performers (Bewley & O’Neil, 2013). Related to reliability is tractability, 

which is used by Gray (2002) to refer to the difficulty of controlling and managing a simulation. A 

tractable simulation is – in the context of its purpose – easy to set up, execute, and analyze. In the case 

of training simulations, it also refers to the amount of training a participant needs to partake in the 

simulation. Engagement is used by Gray (2002) to describe the degree to which a participant takes the 

simulation seriously, or in other words, the degree to which a participant can suspend their disbelief. 

Engagement relates to other terms used in the simulation literature, such as motivation and immersion 

(Witmer & Singer, 1998). For a training simulation, engagement is crucial and relates to many aspects 

of validity.  

2.1.4. Simulation for Training 

As this thesis uses a training simulation case to analyze human-centered simulation constructs, we must 

look a bit more closely at what training simulations are and how they are used. Simulation for training 

is one of the five general purposes16 for using simulations highlighted by Banks (2010). Studies have 

shown that simulations are popular and effective techniques for training and assessment of individuals 

and teams (Daniels & Auguste, 2013; Maran & Glavin, 2003; Weaver, Dy, & Rosen, 2014; Wolfe & 

Crookall, 1998). This is because they offer controlled, safe, affordable, and available environments in 

                                                      
16 The other four purposes are analysis, experimentation, engineering, and acquisition  
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which task-oriented, social, and cognitive skills can be repeatedly engaged, practiced, assessed, and 

explored (C. M. Banks, 2010; Ören, 2011a; Salas, Cooke, & Rosen, 2008). Computer-based simulation 

also has the advantage that the data from the simulations is available directly after the exercise for 

debriefing and after-action-review (Okuda & Bryson, 2009; Sawyer & Deering, 2013). Simulation-

based-training (SBT) and simulation-based-team-training (SBTT) (Eppich, Howard, Vozenilek, & 

Curran, 2011) follow the experiential learning paradigm, which claims that knowledge and skill are 

constructed through experience (Kolb, 1984). Simulation enables a form of on-demand “learning by 

doing” in which skills can be practiced in a situation similar to reality (Fanning & Gaba, 2007; Maran 

& Glavin, 2003; Wolfe & Crookall, 1998). Most important for SBT simulators is that they actually 

manage to engage the desired skills and knowledge that are to be trained or assessed (Bewley & O’Neil, 

2013; Feinstein & Cannon, 2002; Maran & Glavin, 2003; Van de Walle, Turoff, & Hiltz, 2010). 

Incorrect training can have negative consequences – by, for instance, teaching skills that do not apply 

in real-life (Drews & Bakdash, 2013; Maran & Glavin, 2003). 

2.1.4.1. Types of Users in Training Simulation 

In many constructive and virtual simulations the only user to consider is the one interacting with or 

interpreting the results of the simulation (e.g., drivers in driving simulations). However, in SBT there 

are different types of users of the simulator that is important to distinguish. The most obvious user type is 

the end-user: the participants (or learners), which are those participating in the simulation to learn or 

have their performance assessed (Lopreiato et al., 2016; Meakim et al., 2013). Another central user is 

the teacher (or instructor). The teachers are those who use or direct the simulation and determine actions 

and activities to induce learning for the participants (Candela, 2012). A third type of user, confederates (or 

embedded participants), are domain professionals (e.g., physicians or nurses) who partake in the 

simulation in a role that enables and guides the scenario (Meakim et al., 2013). Their role may be to 

influence the participants in a positive, negative, neutral, or a distracting manner depending on the 

scenario objectives. Confederates in this sense provide professional realism and challenge to the 

trainees, which has been recognized to contribute to the psychological fidelity of the simulation (Chang 

et al., 2015). A common category of confederates used in medical simulations are simulated or standardized 

patients, which are individuals who have been trained to portray real patients or actual patients trained 

to present their medical condition in a standardized way (Barrows, 1993). 

2.1.4.2. Types of Skills Trained 

Skills that can be acquired or enhanced in simulation are often divided into procedural and non-procedural 

skills17 (often referred to as cognitive skills). Procedural skills are task-oriented and related to knowledge 

on how (and when) to perform the procedures needed to accomplish a given task (Hardy & 

Parasuraman, 1997; Hochmitz & Yuviler-Gavish, 2011; Salas, Cooke, et al., 2008; Salas, Rosen, Held, 

& Weissmuller, 2008). Annett phrased procedural knowledge simply as “knowing how to do things” 

(Annett, 1996). In the medical domain, procedural skills include skills like performing anesthesia, 

surgery (e.g., suturing), treatment (e.g., intubation), patient triage, and countless others. These skills are 

generally developed as a result of practice (Hochmitz & Yuviler-Gavish, 2011). Surgeons, for instance, 

acquire procedural skills primarily through “training by doing” (Kneebone, 2003); hence, it is 

straightforward to see the value of SBT for developing procedural skills (Maran & Glavin, 2003; Nestel, 

                                                      
17 Drews and Bakdash (2013) use the terms technical and non-technical skill  
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Groom, Eikeland-Husebø, & O’Donnell, 2011). However, simulation training is often too focused on 

these skills, downplaying the importance of non-procedural skills and the training environment 

(Kneebone & Baillie, 2008). Non-procedural skills are not directly associated with the specific tasks 

and are often cognitive in nature, such as self-management, decision making, communication, 

teamwork, leadership and management, situational awareness, and so on. Siu and colleagues (2016) 

demonstrated that a significant number of avoidable incidents occur in surgery that can be linked to 

failures in non-procedural skills.  

2.1.4.3. Transfer of Training and Fidelity 

The intended result of training simulations and training is positive transfer of training. Transfer refers to 

the application of skills and abilities learned in one setting (training) to another (real world) with the 

goal of improving performance in the other setting (Salas et al., 1998). Transfer is frequently divided 

into three categories; positive transfer, in which improved performance is observed in the real world; 

zero transfer, where no performance change is observed after training; and negative transfer, in which 

performance is actually decreased after training (Drews & Bakdash, 2013). Different theories have been 

proposed on how transfer can be understood. General transfer and specific transfer are two distinct 

theories that stand at odds with each other (Drews & Bakdash, 2013). General transfer claims that the 

cognitive transfer function is broad and that it generalizes from one task to another – even cognitively 

unrelated ones. Proponents of the specific transfer theory claim that transfer is narrow and will occur 

if the training task is almost identical to the target scenario and task. Both of these approaches are 

problematic, as general transfer is difficult to establish where there is no common cognitive basis 

between tasks, whereas the requirements for specific transfer are practically impossible to achieve. 

Morris and colleagues suggest a theory of transfer that falls in between; the appropriate processing 

transfer theory (1977). This thesis will not focus further on theories of transfer, besides noting that, as 

pointed out by Drews and Bakdash (2013), for transfer to occur, the training task must support the 

underlying psychological and cognitive operations employed in performing the target task.  

Regarding physical fidelity, Hayes and Singer claimed that it is important to “depart from realism in 

order to provide the most effective training” (1989, p. 15), as this allows for replaying sequences, 

highlighting key tasks, planning and controlling complicating factors, etc. (Alessi, 1988; Hancock et al., 

2010). In selecting the level of physical fidelity, Salas et al. (1998) claim that only the level of fidelity 

required to successfully train individuals should be used. High physical fidelity is not only costly, it has 

also been demonstrated that in some cases the absence of physical realism is more effective for training 

purposes (Alessi, 1988; Dahlstrom et al., 2009). One reason for this may be that high physical fidelity 

can hinder learning due to overstimulation and less focus on the core task – especially for novice 

learners (Alessi, 1988; Feinstein & Cannon, 2002). In line with this, Smallman and St. John (2005) 

advise that visual displays for training should be created from a minimalist perspective and should 

present only the essential material needed. Further, training aids can be used to compensate for 

perceptual deficiencies, by, for instance, including a “declutter” mode to reduce nonessential 

information. They also suggest that users may need to be given direct, corrective feedback to aid their 

learning. 
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2.1.5. The Human in Simulation 

Insofar, the theoretical background has presented technical aspects, classifications, definitions, and core 

concepts of simulations in general. However, to investigate whether a human-centered simulation is 

similar enough to the real world (the simuland), to design new simulations, or to discuss attributes and 

core concepts such simulations requires understanding of the human part of human-centered 

simulations. This means understanding of human problem solving and cognition. A large part of research 

and development related to human-centered simulation relies on traditional and deep-rooted 

assumptions about what human cognition is and how it should be studied – traditions and assumptions 

that have been criticized in contemporary cognitive science (Hutchins, 1995a; Perry, 2003). The 

following sections of the chapter will present one such contemporary view of cognition needed to 

understand human-centered simulations. 

2.2. Theories of Cognition 

This part of the theoretical background will describe distributed cognition, a contemporary perspective on 

cognition, and why this perspective is suitable for understanding and studying human-centered 

simulation. Before introducing distributed cognition, I will give a brief description of what I will refer 

to as the classical view on cognition and its critique. 

2.2.1. What is Cognition? 

A human, or any other autonomous thinker, can be referred to as a cognitive agent. The thinking activities 

of such agents can generally be referred to as cognition. Neisser (1967 cited in Perry 2009) provided a 

definition of what cognition is: 

“[…] all of the processes by which the sensory input is transformed, reduced, stored, 

recovered, and used” (Neisser, 1967 cited in Perry 2009).  

Cognitive science is a interdisciplinary research field devoted to studying and understanding what 

cognition is, how it works, and how cognitive agents achieve intelligent behavior through cognitive 

processes. Typical examples of such cognitive processes include learning, remembering, sensing, 

perceiving, planning, and thinking (Frederick Adams & Aizawa, 2010). The scientific disciplines that 

are usually considered parts of cognitive science include psychology, linguistics, neuroscience, 

computer science, anthropology and philosophy (Bechtel, Abrahamsen, & Graham, 1999; G. Miller, 

2003). Cognitive science is a rather recent field, dating back to the 1950s and 1960s, that evolved as an 

alternative to experimental psychology, which uses laboratory methods for studying mental operations 

(Perry, 1997). At the time, experimental psychology was dominated by behaviorism, a view that 

promoted scientific study of the behavior of individuals, which virtually denied the existence of a mind 

(Bechtel et al., 1999; Graham, 2017; G. Miller, 2003). Through interdisciplinary communication, 

behaviorism was gradually dismissed, through the so-called cognitive revolution, by researchers who 

saw that there is more to human behavior than reinforced responses to environmental stimuli: that is, 

mental (cognitive, representational, or interpretative) activity. What came out of this revolution was the 

classical view of cognition.  
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2.2.1.1. Classical View of Cognition 

According to the classical view of cognition, the mental activities – the cognitive processes – of a 

cognitive agent are realized through internal symbol-manipulation in the brain, which is the main 

computational device of the agent (Bechtel et al., 1999; Hollnagel, 2011). In the 1960s and 1970s, the 

idea that the brain is a symbol-manipulating machine gained popularity, and with this came the Physical 

Symbol System hypothesis (Newell, Simon, Newel, & Simon, 1976). The PSS-hypothesis states that 

physical symbol systems are the core architecture of cognition, and that symbol transformations are 

both necessary and sufficient for intelligence. Combined with the computational theory of mind 

(CTM), which roughly states that representations account for the nature of intentional states and that 

cognitive processes are computational in nature (Horst, 1999; Rescorla, 2017), the computer18 became 

the model for the human mind. Thus, the mind became a computational system and core cognitive 

processes (e.g., reasoning, decision-making, and problem solving) were seen as computations executed 

by the mind-computer. On this basis, Alan Newell and Herbert Simon used computers to simulate 

cognitive processes (G. Miller, 2003). 

There were two sides of the mind-computer relationship. One side was to build the computer in the 

image of the human to create artificial computational devices (agents) that were truly intelligent (AI 

research). The other – fueled by the rapid advancement and promises of technology and optimistic AI 

research – was to adopt the computer as the working model for human cognitive processes and 

cognitive architecture. In this way, designing, building, and experimenting with computational models 

within AI went hand in hand with psychological experimentation (Thagard, 2014). What could be 

learned from the model, i.e., results from AI and computer science, could then be used to further 

describe the thing being modeled, i.e., cognition and the brain. Most research in cognitive science at 

the time was adopted from experimental psychology, which focused on individuals solving abstract 

problems19 in laboratory settings that were stripped of the context of real-life situations. As symbol 

manipulations were located solely inside the head, this de-contextualization of cognition was considered 

unproblematic (Bechtel et al., 1999). Overall, the computer-brain relationship was a powerful idea that 

promised to create artificially intelligent systems and solve the mysteries of human cognition and the 

brain in one successful compilation.  

2.2.1.2. Critique of the Classical View 

A growing movement within cognitive science has criticized the classical view (see e.g. Clark, 1998; 

Hollan et al., 2000; Hollnagel & Woods, 2005; Hutchins, 1995a; Kirsh, 2010; Perry, 2003; Suchman, 

1997), and many now believe that the classical view of cognition is exhausted20. One general criticism 

states that the cognitive activities of individuals cannot be isolated in a de-contextualized brain; it is so 

embodied and bound to the physical and social environment that it must be understood in context. 

Hutchins (1995a) provides an analysis of what he calls “the mistake” made by classical cognition. Here, 

I will highlight what I think is the crucial point of his analysis: that the classical view was built on a faulty 

model. According to Hutchins, the computer was never built in the image of the human, nor the brain 

                                                      
18 Or more precisely, a Universal Turing Machine (Barker-Plummer, 2016), originally described by Alan Turing 
(1937)  
19 Often called toy-problems; for instance, solving puzzles and performing mental arithmetic  
20 The research field is not by any means abandoned, however   
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for that matter; rather it was modeled on the symbol-manipulating processes of a socio-cultural cognitive 

system. What this means is that the original model computer (the model cognitive agent), as described 

by computer scientist and mathematician Alan Turing (cited in Hutchins, 1995a), was not an isolated 

human mind. Rather, it was a human operator working with her hands, eyes, and tools (such as pen 

and paper) within a cultural and social setting to perform cognitive problem solving. Properties such 

as the body and tools in the environment affect cognition in such a way that they cannot be excluded 

when analyzing and modeling cognition. The mistake was to attribute all cognitive properties solely to 

the internal processes of the individual and her brain. 

The error can be illustrated using Searle’s Chinese Room thought experiment (Searle, 1980). Briefly, 

the experiment proposes that a computer’s ability to understand is similar to that of a non-Chinese-

speaking person who sits in a room and receives inputted questions written in Chinese. The person can 

successfully answer the questions using a set of written rules for how to manipulate the Chinese 

symbols to output answers. The person clearly does not understand or speak Chinese, but it can be 

argued that the room speaks Chinese21. The mistake of the classical view of cognition was to model the 

activities of the entire room as activities happening inside the head of the theoretical individual running 

around in the room (Hutchins, 1995a). In other words, the entire room had been assumed to exist 

inside the skull of the human. To summarize, the physical and social environment, the body, and tools 

were lost in translation as the classical view had the (unfortunate) consequence of excluding the world 

from cognition and cognition from the world. 

2.2.1.3. Contemporary Views of Cognition 

Looking back at Neisser’s definition of cognition, there is nothing restricting these cognitive processes 

solely within the brain of an individual. According to Perry (2003), any unit that performs intelligent, 

or thinking, activities can be described as a cognitive entity. Broadening the view, any system that exhibits 

cognitive properties – a collection of parts that together can be said to think or express intelligence – 

can be described as a cognitive system (often referred to as the systems perspective; Norman, 1994). It is 

important to clarify what is meant by the system part of this concept. According to the International 

Council of Systems Engineering (INCOSE), a system is a:  

“[…] construct or collection of different elements that together produces results not 

obtainable by the elements alone. The elements can include people, hardware, software, 

facilities, policies, documents — all things required to produce system-level qualities, 

properties, characteristics, functions, behavior, and performance.” (cited in C. M. 

Banks, 2010, p. 3)  

The term “system” is both broad and flexible; a human is a system, a simulator is a system, team(s) of 

ambulance medics and the equipment they use make up emergency medical systems, which in turn are 

parts of a larger emergency response system of society. This is a core idea in many theories of 

contemporary cognitive science: that the cognitive system can include the body, other agents, and social 

as well as physical parts of the world. Let us consider the “computer” described by Turing, who was a 

                                                      
21 The question of whether the room actually understands Chinese or not, which was the original point of the 
argument, is debatable  For the purpose of this thesis, it is sufficient that the room can successfully complete the 
cognitive task of answering Chinese questions, but the lonely operator cannot   
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human operator equipped with pen and paper (if we want to bring her up to date we can give her a 

smartphone instead) that performed cognitive tasks within a work environment. The human operator 

is a cognitive agent, and as we have seen, the classical view of cognition draws the line of cognition 

around the agent’s brain. The cognitive systems perspective expands these cognitive boundaries, the 

cognitive unit of analysis, from agent (brain) to a larger system that also includes the pen, paper, 

smartphone, the social work setting (Perry, 2003).  

The boundary extension is made more or less strong in different theories and views on cognition, not 

only with respect to how far the boundaries are pushed, but also in regard to what the extension entails. 

Some perspectives on cognition are content with concluding that tools, the body, the environment, and 

other external factors support, augment or situate the cognitive agent in such a way that they are necessary 

to include in the study of cognition (see e.g., Kirsh, 2013; Suchman, 1997; Woolgar & Suchman, 1989). 

Other perspectives venture further to claim that components of the cognitive system are so coupled to 

the agent that cognition is externalized, or distributed, over the system (see e.g., Clark, 2007; Hutchins, 

1995a). It can be difficult to grasp the distinction between supporting and extending cognition. 

Returning to Turing’s human computer who is now equipped with a smartphone, the phone can be 

seen as a cognitive aid or support that helps the agent to solve cognitive tasks – whether it be finding 

information, communicating, scheduling appointments, or performing arithmetic. From a support 

perspective, the phone can help the agent to remember a scheduled meeting. From an extension 

perspective, the cognitive tasks are performed by the entire system – not by the agent using tools. The 

phone transforms the cognitive task of the agent from the memory task of remembering a meeting into 

a perceptual task of looking at the calendar and reading that a meeting is scheduled. The contextual 

coupling thus transforms both the problem and the solution spaces for the agent. It is the cognitive 

system as a whole that solves the task of remembering to attend the meeting; thus this system can be 

ascribed a memory function (Hollnagel, 2011). It is important to point out that the system views do 

not deny the cognitive abilities of the “naked” individual. A working brain without a body or context 

would still be able to think – to execute cognitive processes – but this would be a different form of 

thinking.  

2.2.2. Distributed Cognition Perspective 

Distributed cognition is a perspective22 on all cognition that was developed by Hutchins and colleagues 

in the mid to late 80s. Distributed cognition sees cognition as information processing distributed over 

a unit of analysis that is larger than the individual cognitive agent (Hutchins, 1995a; Norman, 1994; 

Perry, 2003; Rogers, 1997). Cognition involves one or multiple agents acting in a physical, social, and 

cultural environment; cognition in the world as opposed to cognition in the head. The goal of distributed 

cognition is to understand cognition at the system level rather than at the agent level. For example, in 

the smartphone example from the previous section the cognitive activity of remembering to attend a 

meeting was solved by the agent-plus-phone system. Distributed cognition has its roots in Edwin 

Hutchins’ seminal text Cognition in the Wild, in which he claims that cognition is:  

                                                      
22 Also referred to as a theoretical framework  In this thesis, distributed cognition is used as an analytical 
framework for studying cognitive activities in human-centered simulation   
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“[…] computationally realized through the creation, transformation, and propagation 

of representational states.” (1995a, p. 49) 

This characterization is similar to Neiser’s definition and the classical view of cognition, as described 

in section 2.2.1.1. Indeed, Hutchins adheres to a view of cognition that is based in the information 

processing paradigm (Newell & Simon, 1972 cited in Perry 2003; Perry, 2003) including symbol-

manipulation, with the important distinction that cognition as information manipulation-processes 

does not take place solely within the brain. These larger units of analysis – the cognitive systems – are 

viewed as information processing. From this perspective, cognitive activities involve information-

processing concepts such as how information flows and is coordinated across the system, and how 

information representations are transformed as it propagates through the system (Hutchins, 1995a; 

Perry, 2003). The notion of representations is central in distributed cognition. A representation is, from 

this perspective, a structure that stores knowledge about a domain. This knowledge can be manifested 

in different ways in the cognitive system, for instance within the individual (in neural pathways) or in 

the environment (e.g., in artifacts, social structures, and cultural practices). All elements in the cognitive 

system are considered equally important for problem solving, which is viewed as traversing problem 

states within a problem space until a desired goal state is reached (Perry, 2003). Problem states are 

representational states, and moving from one representational state to another can be done by 

transforming representations and propagating information across different elements in the cognitive 

system. 

Distributed cognition follows the functionalistic doctrine, as a cognitive system is characterized by its 

functions: what it does rather than what it is (Perry, 2003). This is not to say that the physical 

implementation of the system’s elements is unimportant, but the functions that the elements mediate 

are multiply realizable – meaning that equal functionality can be achieved using different physical 

structures and representations. For instance, many different handheld devices, calendar applications, 

or physical calendars can achieve the “remember-meeting-function” in the phone-calendar example 

above.  

2.2.2.1. Core Principles of Distribution 

Hollan and colleagues (2000) formulated two governing principles of distributed cognitive systems. 

The first principle follows the functionalistic doctrine, claiming that relations between elements of the 

cognitive system are functional rather than physical, which makes the boundary of the system relative 

rather than absolute. What is not included within the system boundaries becomes the system’s 

environment, which provides the system with inputs and reacts to outputs from the system (Hollnagel & 

Woods, 2005). Often there is no clear answer as to where to set the boundary; the question is empirical 

and relative in regard to where information flows and is transformed (Forsblad, 2016). 

The second principle states that information processing occurs not only in the head, but is also 

distributed in the world. There are three general types of distribution of cognition: across internal and 

external structures, across social structures, and across time (Hollan et al., 2000), each of which will be 

presented below. In addition, Furniss and Blandford (2006) have compiled a comprehensive list of 

distributed cognition principles based on a review of the distributed cognition literature, see Table 4. 
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Distribution over Internal and External Structures  

Perhaps the clearest case of distribution is distribution over internal and external structures. Artifacts, 

or tools, involved in completing the cognitive activity are parts of the cognitive system, rather than 

sources of external stimuli. These tools do more than aid cognition (e.g., by serving as external 

memory), rather they transform the cognitive task itself for the agent (Hutchins, 1995b; Kirsh, 1995; 

Norman, 1994; Perry, 2003; Zhang & Norman, 1994). To give another example than the phone 

calendar in section 2.2.1.3; when one is to find outliers in a numerical data set, a graph visualization 

transforms the task from a mathematical and arithmetical task (thinking) to a perceptual task (seeing). 

Hollan and colleagues (2000) relate this internal-external coupling to the way in which a blind person’s 

cane or a cell biologist’s microscope are central parts of how they perceive, interact with, and think 

about the world.  

A foundational question is why individuals pair with their environments – in other words, how can 

computational costs be lower when exploiting external structures? Distributed cognition answers this 

question by describing how people use their environments, from a cost-perspective, in efficient ways. 

Kirsh (2010), for example, describes the basics of internal-external coupling in terms of computational 

costs. In problem solving, humans can use internal processing or use external structures for external 

processing, and will normally use the structure where the total cost is the lowest. For example, Kirsh 

(1995) demonstrated how individuals arrange the space in their environments to simplify cognitive 

activity. Spatial arrangements can both highlight (or cue) and constrain key parts of the task at hand to, 

for instance, reduce perceived actions and decision-points. Ingredients of a dinner can be spatially 

arranged on the kitchen counter in the order they are to be cut and prepared for the dish. In doing so, 

spatial arrangements will shape and reduce the internal computational complexity of the cooking 

activity – thus reducing the cognitive cost. Another example is the way in which Tetris players can 

offload mental rotation tasks using physical structure – by rotating the Tetris blocks in the screen rather 

than mentally (Kirsh & Maglio, 1994). Furthermore, spatial arrangement can simplify perception by 

clustering and categorization of objects. This is a common strategy when solving a jigsaw puzzle; 

categorizing pieces according to color or shape reduces visual clutter that is otherwise too complex to 

process. These are all examples of how the physical environment transforms internal computation 

through externalization of parts of the computation. 

Distribution across Social Structures 

The second type of distributed cognition is across social structures. This means that the social organization 

itself forms a cognitive architecture, which determines information trajectories and transformations 

(Hollan et al., 2000). Perhaps the clearest example of this is the way in which cognitive processes can 

be socially distributed across members of a group, or team, who solve a shared problem (Hutchins, 

1995a). In shared problem solving, the task must be decomposed and organized so that each agent can 

apply their individual expertise and take a specific role in the pursuit of their team’s objective (Perry, 

2003). According to Perry, this division of labor determines the cognitive architecture of the problem-

solving system. To complete the objective, members need to have a communication structure, which 

will propagate information across the system. In addition, informal communication will propagate 

information, even if the communication is not explicitly related to the task at hand (Furniss & 
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Blandford, 2006). Beyond communication, information and action can also be coordinated among 

group members through cues and behavioral triggers. 

Distribution over Time 

The third type, distribution of cognition across time, refers to the way that past events or ongoing processes 

can shape future cognitive states and processes (Hollan et al., 2000). This can be seen in both shorter 

and longer time frames. In shorter time frames, arrangement of artifacts and space can serve as a 

function (a cue) for the system to perform a particular task at a later time (Bang & Timpka, 2003); a 

classical example is to tie a piece of string around a finger. The artifacts themselves can also provide 

cues over time about how they are to be used, for instance via wear and tear. Furthermore, Rajkomar 

and colleagues (2013) showed that time (like external structures) can be used to reduce complexity in 

cognitive work during short-term activity, for instance by reducing peak complexity and cognitive load 

by distributing tasks over time. The concept of internalization is an example of distribution across time. 

Internalization is the process where individuals internalize parts of cognitive processes that were 

originally distributed in the environment.  

In longer time-frames, cultural practices are developed that structure many of our cognitive activities. 

The history of artifacts and social practices form norms, rules, and knowledge that shape distributed 

cognitive processes (Hollan et al., 2000). Hutchins (1995a) refers to how ants change their environment 

using chemical trails that will guide the paths of other ants. Similarly, cultural heritage guides and shapes 

activities of people as they adopt tools, strategies, and lessons developed by previous generations. For 

instance, the fact that the color red can indicate alarm or critical information is culturally induced.  

2.2.2.2. The Study of Distributed Cognition 

Applying the distributed cognition perspective means that many cognitive functions, processes, and 

representations can be studied directly in the world. As many of the representations are physically 

manifested in artifacts in the distributed system, a researcher can “enter” a cognitive system to study it 

(Perry, 2003). This possibility is highlighted by Hutchins in the following quote: 

“With systems of socially distributed cognition we can step inside the cognitive system, 

and while some underlying processes (inside people’s heads) remain obscured, a great 

deal of the internal organization and operation of the system is directly observable” 

(Hutchins, 1995a, p. 129). 

Internal mental representations of individuals are treated as “black boxes”, as the distributed cognition 

level of granularity is only concerned with these internal representations’ inputs and outputs. In other 

words, the actions (e.g., manipulation of external representations) of the individuals in the system. 

Distributed cognition has mostly been employed to study work-settings (non-simulated), such as 

airplane cockpits (Hutchins, 1995b), air-traffic control (Halverson, 1994), control rooms (Garbis, 2002), 

infusion administration (Rajkomar & Blandford, 2012), patient records (Bang & Timpka, 2003), 

collaboration in healthcare (T. Cohen, Blatter, Almeida, Shortliffe, & Patel, 2006), etc. It has also been 

used to study other settings, for instance cognitive activities in everyday life (Forsblad, 2016). 

Distributed cognition is not a methodology in itself, and several different approaches to studying 

distributed cognition have been used. The most common approach to gathering data is through 
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ethnography (see section 4.1). A distributed cognition analysis of a cognitive system can be made at 

different levels of granularity, and often a coarse analysis is first needed to provide context to later 

analyze detailed interactions and cognitive processes. However, few “off-the-shelf” methods 

operationalize theoretical concepts from distributed cognition and guide the researcher (T. Cohen et 

al., 2006; Furniss & Blandford, 2006; Halverson, 2002; Rogers, 1997; Sellberg & Lindblom, 2014). 

Hutchins (1995a) suggests a framework based on Marr’s (Marr, 1982) three-layered description of how 

perception is computed. In this “three-level analytical framework”23 the first level describes the goal 

and history of the system, the second level describes how representations are propagated and 

transformed across the system, and the third level describes how the representations are realized by the 

system elements. However, this framework provides little guidance and structure to realizing such an 

analysis.  

One methodological framework that provides support for distributed cognition analysis is distributed 

cognition for teamwork (Blandford & Furniss, 2006; Furniss, 2008; Furniss & Blandford, 2006, 2010) In 

short, DiCoT is an attempt to structure and guide distributed cognition studies using a step-by-step 

procedure and a set of analytical principles (see Table 4). Mostly, DiCoT has been used to study 

cognitive processes in health care settings (see e.g., Blandford et al., 2015; Furniss, Masci, Curzon, 

Mayer, & Blandford, 2015; Rajkomar & Blandford, 2012; Werth & Furniss, 2012). Despite its name, 

DiCoT can be used to analyze individual work as well, as most of its principles adhere to distributed 

cognition in general. Furthermore, the DiCoT approach is not only intended for analysis. Inspired by 

contextual design (Beyer & Holtzblatt, 1998), DiCoT can also be used for (re)design of cognitive systems. 

Section 4.2 will further describe the DiCoT methodology and how it was used in this thesis to analyze 

distributed cognition in simulation and to guide design of a simulator.  

2.2.2.3. Distributed Cognition and Simulations 

In computer science and human-computer-interaction (HCI) research, early information processing-

based theories of classical cognition and psychology (for instance the GOMS model) were employed 

(and are still used) as the cognitive model of how individuals interact with computers (Carroll, 2013; 

Jacko, 2012). Based on the literature, such classical views of cognition and interaction seem to be the 

de-facto framework of human-centered simulations in the simulation field, and to the best of my 

knowledge there are no studies that challenge the classical view in the simulation literature.  

However, there are studies within the cognitive science field that use simulated environments to 

evaluate and discuss distributed cognition processes (see e.g., Chandrasekharan & Nersessian, 2015; 

Gillen, Ferguson, Peachey, & Twining, 2012; Jones, McNeese, Connors, Jefferson, & Hall, 2004; Smart 

& Sycara, 2015). However, as with the majority of research using simulation, the results do not generally 

contribute to theories and practices of simulation, but rather to what is studied using simulation (i.e., 

theories of cognition, the general case domain, or the specific case). For instance, Campbell et al. (2008) 

developed a computerized simulation environment to facilitate emergency response planning and 

training where they used distributed cognition to study emergency response processes. Another 

example is Woods and Roth (1995) who discuss simulating distributed cognitive systems using 

constructive computer simulations. Such simulations of cognition were a central part of the traditional 

                                                      
23 First named so in (Garbis, 2002)  
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view of cognition, as simulations of cognition were seen as formal theories of human cognition (see 

e.g., Newell et al., 1976). 

There are examples of studies that utilize distributed cognition theory for simulator design. Toups and 

colleagues (Toups & Kerne, 2007; Toups, Kerne, Hamilton, & Blevins, 2009; Toups, Kerne, Hamilton, 

& Shahzad, 2011) applied distributed cognition and ethnographic fieldwork to guide design of a digital 

training simulator for team coordination in fire emergency response. They focused low-level fidelity, 

what they refer to as the zero-fidelity approach, to highlight human-centered aspects of the work practice 

in a simulated environment. In short, zero-fidelity simulation design intends to understand and re-

situate team coordination activities (such as information flow) in an alternative context. Toups and 

colleagues discuss the fact that real fire emergency response involves quick decisions under stress, 

which they argue is therefore an important factor to recreate in simulation. However, they derive no 

implications from using distributed cognition for the field of simulation.  
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CHAPTER 3  

EMERGENCY MEDICAL 

MANAGEMENT DOMAIN 

This chapter describes the application domain of the thesis, which is management of medical 

emergency response and especially training in this skillset. Medical response and management of 

medical response is geographically distributed: it takes place at the site of an accident, en route to 

accident sites or care locations, at care locations (e.g., a hospital’s emergency department), and at back-

ends (e.g., command centers). Together these activities make up an emergency medical service (EMS) 

system. An EMS system is defined as a system that: 

“[…] provides for the arrangement of personnel, facilities, and equipment for the 

effective and coordinated delivery of health care services under emergency conditions.” 

(Moore, 1999) 

Appropriate and effective management is crucial for the delivery of health care services (Lennquist, 

2009). Essential components of efficient management involve cognitive abilities such as understanding 

the situation, planning actions, decision-making, and coordinating resources (Blackwell & Kaufman, 

2002; Hick, Barbera, & Kelen, 2000). Effective management during so-called major incidents (MIs), which 

are adverse events (or combinations of multiple events) where the everyday response is insufficient, is 

of critical importance to minimize adverse patient outcomes (Lennquist, 2009). MIs are rare and real-

life experience is difficult to accumulate, thus proper training and preparation are critical. The following 

sections will describe emergency medical management in response to major incidents in a Swedish 

context, the use of simulation for emergency medical training in general, and the Emergo Train System 

(ETS) in particular.  

3.1. Major Incidents and Surge Capacity 

In Sweden, management and medical response are structured on local, regional, and national levels 

(Nilsson, 2013). Local management coordinates resources at the scene of the incident and the individual 

hospital’s response, whereas regional management coordinates resources and distributes patients on a 

regional level across multiple hospitals over a larger, county wide, geographical area (Lennquist, 2009). 

National management is concerned with coordinating responses to large cross-county threats (e.g., the 

forest fire in Västmanland in 2014). The resources and routines of local response are sufficient to 

administer appropriate care in everyday accidents and incidents that involve a small number of injured 

people. During MIs, however, these local everyday response resources are inadequate and regional 

coordination is needed (D. Cohen et al., 2013; Lennquist, 2009; Nilsson, 2013). In such situations, 

effective management is essential to minimize negative patient outcomes (Blackwell & Kaufman, 2002).  
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At the regional level of management, decisions are made regarding distribution of patients and 

resources (Lennquist, 2009; Nilsson, 2013). In an MI with multiple severely injured patients, regional 

management must determine to which care facility each patient is to be sent. This is referred to as 

distribution keys (patient referrals). In Sweden, this task is initially performed by the designated duty 

officer (DDO), who has the mandate to declare MIs and initiate regional disaster management. The 

DDO is thus an important link between everyday health care and preparedness for disasters. The DDO 

is also the one that confirms a suspected MI based on information from the emergency dispatch center 

(EDC), on-site reports from the ambulance crew, and information from other agencies. When the 

DDO confirms that an MI has occurred, the MI is declared and regional hospitals are notified. When 

an MI has been declared, there is an immediate need for the health care system to increase the medical 

capacity24 to coordinate, treat, and logistically manage a potentially high influx of victims in need of 

care. This increase in capacity to manage resources and patient flow is generally referred to as surge 

capacity (Barbisch & Koenig, 2006). In other words, surge capacity refers to the maximum number of 

individuals in need of care that the health care system can take care of on sudden demand (Stratton & 

Tyler, 2006). 

3.2. Pre-Hospital and In-Hospital Management 

Effective prehospital medical response to major incidents is necessary to adequately care for the injured 

(Nilsson, 2013). The prehospital response serves many important functions during MIs and is mainly 

a task for the ambulance service, which often arrives as the first medical resource on-site (Rüter, 

Nilsson, & Wikström, 2004). Paramedics arrive in teams of two, and the paramedics in the first 

ambulance to arrive are tasked with establishing the on-site medical management. In doing so, they 

take the roles of ambulance incident commander (AIC), who is formally in charge of the medical 

response at the scene, and medical incident commander (MIC), who has the medical responsibility. The 

goal of the AIC role is to create the best possible conditions for the medical staff to work on site, which 

involves communication with regional management, safety-assessment, reporting on the medical need, 

reporting a possible MI, requesting additional medical resources, and serving as a liaison with the rescue 

services and the police. The MIC role manages the medical response on site and is responsible for 

everything that relates to the injured patient or patients. This involves making decisions regarding 

strategy for triage, treatment and stabilization, and transport of the injured to a care location - as well 

as ensuring that these tasks are carried out. Sometimes staff roles can be assigned to support the AIC 

or MIC. All additional medical staff on site take the role of caregivers25 that administer triage and 

treatments and report the medical situation to the MIC.  

An important task for prehospital medicine and medical management is triage, which is a process of 

prioritizing patients according to their need for urgent care (Lennquist, 2009; Nilsson, 2013). The 

purpose of triage is to establish treatment and transportation priorities. Primary triage is done at the 

incident site based on examination of patients physiological parameters, such as motor response, 

respiratory (e.g., breathing rate), and circulatory parameters (e.g., pulse, blood pressure). The priority 

level is set according to the severity of injury, treatment priority, and transportation ability. There is no 

                                                      
24 Medical capacity is the term used to describe the number of patients that can be attended to within the health 
care system at any given time  
25 At minor accidents, the MIC and AIC also function as caregivers   
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single best method for identifying the critically injured, which has resulted in multiple systems for triage 

(e.g., START and Sieve), which often employ mnemonics for which parameters to assess and in which 

order. In Sweden, there is no national triage system but many counties adopt a physiological triage 

protocol. The identified priority level is marked using priority tags, usually bracelets or neckbands, 

colored red (immediate), yellow (can wait), and green (should wait)26. These priority tags are included 

in the medical team’s standard equipment. A secondary triage process is usually performed at a 

rendezvous location in the vicinity of the accident site.  

Treatment and stabilization of injuries is obviously a central aspect of prehospital medicine. An 

important decision for medical management is to set the level of medical ambition: the extent to which 

injuries are to be treated at the accident site (Lennquist, 2009). Instead of treating patients at the 

accident site, one option would be to only administer life-saving care and start organized transport to a 

care facility as soon as possible. Transporting patients to care facilities is, however, problematic, as time 

is of the essence and there is a limited capacity for each hospital to receive trauma patients before 

becoming overwhelmed. Overcrowded emergency departments (EDs) are common in many hospitals, 

which reduces the surge capacity (Abir, Davis, Sankar, Wong, & Wang, 2013). Additionally, some 

patient may require specialized care that is only available at certain hospitals. Therefore, rapid triage 

must be performed and communicated to regional management so that distribution keys (patient 

referrals) can be established (Nilsson, 2013). 

At the hospitals, nurses at the ED often assume responsibility for the management of emergency 

response by coordinating the health care activities and caregivers during an MI (Gebbie & Qureshi, 

2002). In the Swedish healthcare system, the head emergency nurse receives the initial MI alert at the 

ED and initiates the hospital response according to a disaster response plan (Lennquist, 2009). When 

patients arrive at the hospital, an additional triage process is used to establish the order in which the 

patients are to receive care (Lennquist, 2012). According to (Kaji, Koenig, & Lewis, 2007), effective 

triage of incoming patients is key to a successful hospital response to MIs.  

Management of emergency medicine involves many cognitive tasks that quickly become complicated 

during major incidents with a high number of patients in need of medical care. Triage is a key cognitive 

task that is made up of several component tasks (Lennquist, 2009; Nilsson, 2013). Triage consists of 

multiple related tasks in addition to the task of deciding upon the level of triage for each patient. These 

include keeping track of the number of patients in need of care and transport, which patients have 

received triage, which priorities has been assigned, interpreting patient states, what type of care is 

required, location of the patients, and more. Many of these activities are related to information 

gathering to construct awareness of the emergency state, which must be propagated in the system and 

to the environment (e.g., to emergency dispatch or other agencies). As time is a factor and the stakes 

are high, these tasks must be performed as quickly and efficiently as possible without sacrificing 

thoroughness.  

                                                      
26 The colors blue and orange are also used depending on the triage system   
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3.3. Medical Training and Assessment 

The ability of the EMS system to handle MIs effectively depends on appropriate planning and training. 

Several management problems have been identified in response to MIs, such as late, insufficient or 

uncontrolled distribution of casualties, flow of information and communication, and inadequate 

methods for triage (Nilsson, 2013). Many of the management problems have been related to 

inappropriate training and education for situations where routine knowledge and everyday experience 

are insufficient (Bolling et al., 2007; Juffermans & Bierens, 2010). Furthermore, evidence shows that 

training is essential for effective disaster response management, where a rapid and correct decision-

making process in the stress and chaos of the moment is of the essence (Auf der Heide, 2006; Brannan, 

White, & Bezanson, 2008; Pattillo, 2006).  

3.3.1. Use of Simulations 

Simulation-based training has been growing in popularity for emergency and disaster management to 

help responders obtain the required knowledge, skills, and experience. Studies have found positive 

effects from training using simulation methods on various aspects of EMS work, such as team 

processes, management, patient safety, mass casualty triage, clinical performance, self-efficacy, and 

more (Brannan et al., 2008; Daniels & Auguste, 2013; Okuda & Bryson, 2009; Pattillo, 2006; Salas, 

Gregory, & King, 2011; Weaver et al., 2014). Full-scale exercises with a high degree of fidelity are often 

considered the best approach to teaching medical management (D. Cohen et al., 2013; Gryth et al., 

2010). However, there has been criticism of high fidelity training – such as the naïve realism claims – 

and much of medical management training is performed using low-fidelity simulations (Bewley & 

O’Neil, 2013; Legemaate, Burkle Jr., & Bierens, 2012; Lennquist, 2005; Sundnes & Birnbaum, 2003). 

Estimating the impact of training is problematic. A literature review on the efficiency of hospital staff 

MI training found that there is insufficient evidence to support firm conclusions on the efficiency of 

any one specific training method (Hsu et al., 2004), and that more evaluation of the efficiency of MI 

training is needed. This is difficult, as any actual results of MI training can first be seen during a real 

MI, which are rare, hectic events in which evaluation is difficult. Because of this, simulations are also 

used for assessment purposes. Increased performance in a simulation setting is commonly used as a 

measure of training efficiency, based on the assumption that improved performance in the simulated 

scenario will also translate to the real situation (Grossman & Salas, 2011).  

3.3.2. The Emergo Train System 

The Emergo Train System® is an analogue, virtual, and low fidelity simulation tool used for teaching 

emergency medicine and disaster management. ETS is used internationally to train medical 

professionals in major civil incident doctrines27, preparedness, triage, patient management, surge 

capacity, coordination, and liaison with other agencies (Nilsson, 2013; Nilsson et al., 2013; Rådestad et 

al., 2012). ETS can be used to simulate an emergency medical scenario, such as an MI, with emphasis 

on logistics and decision situations, which includes the patients’ journeys from the accident site to 

                                                      
27 It is used in the Swedish national concept for prehospital medical command and control at major 

incidents; visit www.psconcept.se for more information. 
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hospital admission and subsequently to any specialist departments. Participants in a simulation can 

include paramedics, hospital staff, regional management, and other agencies. Paramedics can be tasked 

to identify victims and administer triage, emergency treatments, and transport patients to receiving 

hospitals. The goal for participants in a simulation session is, as in real-life, to save lives by reducing 

preventable patient deaths and medical complications. The scale of ETS simulations are adaptable 

depending on the type of scenario and the purpose of the simulation, as the simulator can be used for 

anything from small scale training of individual paramedics to large scale surge capacity assessment at 

a regional (or national) level – which involves multiple organizations and actors. Depending on the 

scale of the simulated scenario, several instructors may be needed to manage the simulation, which can 

involve simulation setup, assisting participants, monitoring simulation timers, playing confederate roles 

(e.g., other actors such as police or fire department), and taking notes for evaluation and performing 

after-action review.  

 

Figure 5: ETS simulation participant engaged in work at an accident site.  

As seen in Figure 5, a scenario in ETS is represented on whiteboards using an elaborate set of victim 

and resource magnet symbols. Typically, one or more whiteboards represent the accident site where 

the prehospital teams make lifesaving decisions in terms of triage, treatment, and transport of patients 

- which they do by moving, tagging, and marking the ETS patient and resource figures. A participant 

in a ETS simulation generally control multiple resource figures. Additional whiteboards can be used to 

represent the emergency departments, intensive care units, or abstract locations (for instance, 

ambulances currently in transit). The heart of ETS is its patient bank that contains over 500 patient 

figures, see Figure 6, all of which have projected outcome measures in terms of preventable death and 

preventable complications. Triage markers and treatments administered to the patients are indicated by 

attaching adhesive labels to the figures. The resulting output of an ETS simulation is primarily the 
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patient outcome, which is measured in whether avoidable complications or deaths have occurred. This 

is calculated by comparing the time at which a patient reached a care destination or received a treatment 

with a pre-determined estimate of how much time can pass before appropriate action must be taken 

for that particular patient.  

 

Figure 6: Two ETS magnetic patient figures. Both patients are triaged with a red triage tag and have received IV and fluids 
treatment, which is represented by adhesive labels.  
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CHAPTER 4  

RESEARCH APPROACH 

The thesis employs ethnographical methods, design and development methods, and evaluation 

methods to assess its research questions. Both qualitative and quantitative data collection and analysis 

approaches were used in the research. To give an overview, Figure 7 shows the studies that have been 

performed, their relationships, and how they relate to the research papers.  

 

Figure 7: Published papers and studies. Gray dashed boxes represent studies and black boxes represent published research papers. 

Paper I and Paper II adopted a qualitative ethnographical approach to study, respectively, live 

emergency management and multiple simulation exercises with the ETS simulator. In Paper II, the 

DiCoT framework was used for data gathering and analysis procedures. In the following paper, Paper 

III, the goal was to design a digital variant and re-design of ETS jointly with users of ETS. Following 

a development structure similar to the M&S development cycle, the DiCoT analysis was combined with 

participatory design sessions (Sanders, 2002) and a subsequent iterative prototyping process 

(Beaudouin-Lafon & Mackay, 2012). In total, three evaluation studies of the DIGEMERGO simulator 

were performed. The first evaluation was a user study, presented in Paper III. The study combined 

qualitative and quantitative methods to assess the DIGEMERGO prototype’s usability and usefulness, as 

well as users’ impressions of the prototype. The goals of Paper IV and Paper V were to assess validity 

and transfer of training aspects of the DIGEMERGO simulator based on controlled experiments, where 

the resulting data was analyzed using comparative statistics. Paper VI presets additional results from 

the DIGEMERGO validation study. The following sections in this chapter will describe the methods and 

research perspectives that were used, starting with the methods used to study and evaluate the ETS 

simulator. After that, methods involved in the development and evaluation of the DIGEMERGO 

simulator are described.  
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4.1. Ethnographical Methods 

Studying any cognitive system requires an approach to gathering data that can be analyzed. This thesis 

adopted ethnographic methods to study central information processing activities (e.g., artifact-use, 

social interaction, use of the environment) during a real MI and in ETS simulations. Ethnography is a 

qualitative research method, with roots in anthropology and sociology, which is used for studying social 

phenomena such as people, cultures, activities, etc. via field studies (Agar, 2008). This stands in contrast 

to the positivistic laboratory-based methods used in classical cognitive science (Perry, 2003). Agar 

describes ethnography as “a human figuring out what other humans are up to” (Agar, 2008). Further, 

according to Agar, the goal of ethnography is to give an account of the unit of interest, mainly through 

observation, participation, and interviews. In the distributed cognition case, this would mean accounting for 

the cognitive system at work in a particular setting or situation. Agar uses a funnel metaphor to describe 

the ethnographic research process. Typically, it begins openly with a broad focus, then later narrows 

and focuses on specific aspects of interest. At the end of the funnel, application of other research 

methodologies (e.g., controlled experiments or questionnaires) is encouraged to study the phenomenon 

of interest in detail.  

Ethnographic methods are advocated by several design frameworks (Blandford & Furniss, 2006; 

Bloomberg & Burrell, 2012; Perry, 2003), as they can provide understanding of, for instance, system 

boundaries, the context and environment, tasks, cognitive structures, the user group and the users’ 

needs, and the use of tools. Ethnography has often been adopted for data collection within distributed 

cognition (Perry, 2003). Hutchins (1995a) describes this version as cognitive ethnography, which focuses 

on identifying information processing aspects of a cognitive system. Generally, these studies start by 

identifying (and delimiting) system boundaries, the system’s constituent elements, and the goal of the 

system. In the next stage, data is gathered on system inputs and outputs, information propagation, 

representation-transformation activities and processes, and transformations leading to the desired goal 

state. The main method of data gathering in cognitive ethnography is observation, which can be 

supported by photographs, video capture, interviews, diaries, and questionnaires.  

In this thesis, management during a live MI and four typical ETS simulations for teaching and assessing 

disaster medicine were studied using ethnographic methods, following the funnel metaphor guided by 

the DiCoT framework. Paper I reports on a full day study of the management activities during the 

planned response to Göteborgsvarvet, a marathon event with over 60 000 participants that was 

classified in advance as a MI. Data were collected using on-site observations and interviews, as well as 

NASA task load index (TLX) questionnaires that were handed out hourly to the management 

personnel. The ETS simulation sessions that were studied, reported on in Paper II, ranged in size and 

scale from full-day regional surge capacity assessment exercises that engaged multiple organizations, 

over 20 participants and several instructors, to hour-long local management training sessions with five 

participating paramedics and a single instructor. Data were collected through participatory and passive 

observation techniques in combination with interviews. The resulting data from the simulations took 

the form of personal notes, interview transcripts, and photographs. 
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4.2. Distributed Cognition for Teamwork: DiCoT 

The DiCoT framework codifies ethnographical data using a set of distributed cognition principles (see 

Table 4) in an attempt to make studies less of a craft and more of an established practice (Blandford & 

Furniss, 2006; Furniss & Blandford, 2006). DiCoT guides the analysis using five themes of distributed 

cognition as models28. Each model contains a sub-set of the DiCoT principles (Furniss, 2008). The first 

model, the physical layout model, describes physical factors that shape the cognitive system. This includes 

that which can be physically seen, heard, and accessed in the cognitive space of an agent and, thus, 

affect (both empower and limit) the computational capabilities of the overall cognitive system. The 

information flow model describes how information moves and propagates within the cognitive system. This 

involves identifying what tasks agents are performing, what information they communicate to each 

other, what their roles are, sequences of actions and events, and so forth. The artifacts and environment 

model describes how artifacts and tools are used to coordinate and mediate cognitive work. This model 

focuses on artifacts, representations, and environmental affordances in the analysis by considering their 

design and their cognitive function in the system. The system evolution model analyzes how a system 

evolves over time, for instance through reorganization, introduction of new technologies and tools, or 

by changes in the coordinating abilities of agents (e.g., training). Finally, the social structures model 

considers how social organization affects coordination of the distributed cognitive system, which can 

include power relationships between people, political agendas, rapport between individuals, etc. 

  

                                                      
28 The last two themes of DiCoT are underdeveloped and difficult to encapsulate within models (Furniss, 2008)  
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information flow model (principles 8-14), and the artifacts and environment model (principles 15-18) 

- as themes of analysis. Each set of principles was used as a coding scheme in the analysis of each 

theme, and table-form descriptions and diagrammatic representations of how information propagates 

through the system were compiled. DiCoT encourages the use of condensed table-form descriptions 

of the system together with diagrammatic representations of how artifacts and information move 

around the systems. According to Blandford and Furniss (2006), providing such representations helps 

to identify strengths and limitations of the current system by highlighting features of the system in 

relation to the relevant principles. These representations are to be developed iteratively in a process 

similar to the funnel principle of ethnography. Paper II reports on the ethnographical studies and 

DiCoT analysis of ETS in detail.  

4.3. M&S Design and Development Cycle 

Design and development of DIGEMERGO can be described using the M&S cycle (C. M. Banks, 2010). 

The M&S cycle consists of four major iterative activities: modeling, construction29, execution, and analysis. 

This process emphasizes the cyclical and overlapping aspects of a design and development process (see 

Figure 8). For instance, findings in the analysis phase can trigger an iteration of remodeling or redesign 

(construction)30. The following sections will describe the M&S process in relation to development and 

assessment of the simulator DIGEMERGO. 

 

Figure 8: Major phases of the simulation development cycle. 

4.3.1. Modeling 

When developing a simulator, the first steps are (1) to study the simuland, (2) build the referent, (3) 

construct the conceptual model, and (4) clarify the purpose of the simulation. These actions constitute 

the modeling phase. The core of the modeling is about simplification, abstraction, and selection of 

phenomena in the simuland based on the referent. It is in doing this that the conceptual model of the 

simulation is created. For human-centered simulations, understanding the cognitive (or psychological) 

factors involved - in context of the simulation purpose - is important for modeling (Drews & Bakdash, 

2013). This includes studying the users, the tasks they are performing, the work contexts, tools used, 

etc. In this thesis, the ethnographical studies and the DiCoT-analysis of ETS were used to formulate a 

                                                      
29 Construction is referred to as coding in Sokolowski and Banks (Sokolowski & Banks, 2010)  Here, we use the 
term construction to emphasize that simulations need not be computer based    
30 Evaluation processes should be conducted early and repeatedly throughout design – not only after – so that 
they can guide development and design (Beaudouin-Lafon & Mackay, 2012; Jacko, 2012)  
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claims analysis to identify hypothesized benefits and restrictions of redesigning ETS as a digital simulation 

system, and to guide the conceptual modeling of DIGEMERGO.  

In general, distributed cognition theory is considered valuable to the design and evaluation of any HCI-

system (including simulators) as it enables detailed studies of cognitive processes and demonstrates 

how contextualized human-thinking activities are (pre)arranged (Perry, 2003). Furniss and Blandford 

(2010) argue that DiCoT contributes to design (modeling in this case) in multiple ways. First, it provides 

an understanding of the basic mechanics of the system and how it actually works – not just how it 

should work. This includes understanding a system’s strengths and weaknesses, thus seeing what can 

be improved and what should not be lost in a redesign. Beyond basic mechanics, DiCoT provides a 

deeper conceptual insight into important elements of the cognitive system in terms of distributed 

cognition concepts, such as information flow and representation transformations. However, for 

performing abstractions, simplifications, and selections of simuland phenomena, DiCoT offers no 

explicit guidance for designing simulations, as it was not specifically intended to be a methodology for 

simulation design. 

As a means of supporting system (re)design, the DiCoT models serve as tools for reflection in 

considering alternative designs or arrangements of the system (Furniss & Blandford, 2010). This allows 

the designer to evaluate the potential strengths and weaknesses of a design. Blandford and Furniss 

(2006) suggest using claims analysis, a form of “cognitive design rationale” described by Carroll and 

Rosson (1992), as the vehicle for such considerations. A claims analysis identifies features that strongly 

influence the system and records the benefits and restrictions (pros and cons) of each feature. Figure 

9, which is an excerpt from Furniss and Blandford (2006), shows an example of pros and cons of 

communication re-designs. In the context of the DiCoT analysis, each identified feature is grounded in 

distributed cognition theory. Features of a non-cognitive nature, such as costs of set-up or maintenance, 

are not considered in the claims analysis in DiCoT.  

 

Figure 9: Example outtake from a claims analysis in Furniss and Blandford (2006). 

4.3.2. Construction 

When the conceptual model and purpose of the simulation are clear, the simulation technology and the 

level of required physical fidelity can be explored (Drews & Bakdash, 2013). In doing so, the creative 

design process and implementation starts, which will result in a simulator prototype (C. M. Banks, 
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2010). There are many frameworks and perspectives for structuring and informing design of techniques 

in the literature that can be used for human-centered simulation design processes, for example, different 

types of task analysis (Crandall, Klein, & Hoffman, 2006; Naikar, Hopcroft, & Moylan, 2005) from 

human factors and the many forms of user-centered design from human-computer interaction (Jacko, 

2012). This thesis adopts a prototype-based design approach guided by DiCoT. Prototypes are used to 

inform the design process by generating and articulating design ideas, as well as by collecting feedback 

and critique from users (Beaudouin-Lafon & Mackay, 2012). In HCI, a prototype is a physical 

representation of an interactive system, which can be used to envision and reflect upon the design. 

Beaudouin-Lafon and Mackay characterize prototypes along four dimensions; representation describes 

the form (e.g., paper or digital prototype); precision is the prototype’s level of detail; interactivity describes 

the degree to which users can interact with the prototype; and evolution describes the expected lifecycle 

of the prototype – throwaway or iterative. Successful software prototypes often transform - in a set of 

iterations - into the final product. Selecting the simulation technology and the level of physical fidelity 

is a question of objectives, purpose, and costs (Scerbo & Dawson, 2007), which can be explored using 

prototypes.  

4.3.3. Execution 

Having constructed a simulator prototype, whether it is paper-based or a precise digital implementation, 

the next step is to execute the simulation. According to Banks (2010), execution involves setting up the 

physical system (hardware, networks, etc.) required to run the simulation code. The process of verification 

can be perceived as part of execution31, as verification is concerned with analyzing whether the 

simulator prototype (the executable model) has been correctly implemented according to its 

specification and confirming that the hardware is functional. In other words, verification consists of 

asserting whether the simulation is correctly built according to specification (Feinstein & Cannon, 2002; 

Pegden et al., 1995; Sargent, 1996). This can be done using code debugging or technical inspection in 

which organized teams of developers and testers use their expertise to inspect relevant design 

documents, algorithms, and programming code (Petty, 2010). The execution step, including 

verification, is not emphasized in this thesis, as it is of more interest for complex and technologically 

advanced simulations that require vast computational performance to generate exact numerical outputs.  

4.3.4. Analysis 

Evaluation is a central part of prototyping. The simulation field also has a strong tradition of evaluation, 

known as the VV&A process (Verification, Validation, and Accreditation). The latter, Accreditation, is 

about certifying the simulation for a specific use, which is done by an official authority responsible for 

that specific domain. I will not consider this issue further in this thesis. Evaluation and analysis activities 

in the simulation community, and in this thesis, are focused on validation, which is about comparing the 

simulation with the simuland to determine whether or not the simulation reflects reality32 (Rohrer, 

2000). Feinstein and Cannon formulated validation as follows:  

                                                      
31 Banks (2010) place verification as part of analysis, which I do not deny, but in my view and for the purpose of 
the thesis verification is included as part of execution   
32 Validation in part overlaps verification  Winsberg (2015) argues that the two should not be regarded as two 
distinct activities   
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“[…] the process of assessing that the conclusions reached from a simulation are similar 

to those reached in the real-world system being modeled” (Feinstein & Cannon, 2002, 

p. 427). 

For this thesis, validation is concerned both with comparing output of the simulation, in terms of 

human performance, and with what happens during simulation, viewed as functions and activities of 

the cognitive system. Just as the concept of validity is diverse and multifaceted, so are the different 

methods used for validation, and more than one validation method should be used (Petty, 2010). Below, 

I will describe common validation approaches and the studies performed in this thesis to validate 

DIGEMERGO.  

4.3.4.1. Types of Validation 

Petty (2010) categorized over 90 suggested methods of validation and verification as formal, static, 

informal, and dynamic approaches. The formal methods rely on detailed quantitative mathematical analysis, 

such as inductive assertions or predicate calculus (Petty, 2010). Static methods involve technical experts 

(e.g., simulation researchers, designers, programmers, etc.) assessing validity without executing the 

simulation (using e.g., analysis of programming code, interface analysis, or cause-effect-graphing). 

Informal methods are generally qualitative and based on subjective human evaluation. The final 

category, dynamic methods, assess validity by executing the simulation and evaluating the simulation’s 

outputs, results, or processes. Two of these categories of validation, formal and static, fall outside the 

scope of this thesis.  

One of the most common forms of informal methods is face-validation, which involves qualitatively 

comparing the simulation results and behavior to the simulands. Potential users or subject-matter-

experts (SMEs) observe or participate in the simulation to judge the validity of the simulation based on 

their knowledge of the simuland. If the simulation differs from the experts’ expectations, experience, 

and knowledge, there might be issues with the conceptual model or simulator design. According to 

Petty, this approach to validation is arguably the most appropriate for simulations in which “the 

experience of a user interacting with the simulation is an important part of its application” (2010, p. 

342).  

Dynamic validation methods are perhaps the most commonly used category of methods in the literature 

on human-centered simulation. Such validation studies generally include numerical comparisons of 

simulation data to simuland data (Petty, 2010). Predictive validation is one such dynamic method, in which 

outcomes of simuland behavior are compared to corresponding outcomes of the simulation. For 

instance, results of a simulated flight can be compared to logs of a real flight with a plane of the same 

model. Comparison testing is a form of predictive validation (ibid.), but rather than comparing simulation 

data to simuland data (for instance, practical reasons might make simuland comparisons impossible), 

the comparison is made with results from another simulation. The idea is that even if none of the 

simulations can be assumed to be valid, discrepancies found between the two simulations can reveal 

validity issues in a shared conceptual model. Another form of predictive validation is to compare human 

performance of different user groups (often experts and novices) using the same simulation. If one 

group is assumed to outperform the other in the simuland task, the group should also do so in 

simulation - which would indicate validity (e.g., if experts outperforms novices). This approach has 
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frequently been used to validate surgical training simulations, where the method is referred to as construct 

validation (see e.g. Gallagher & Satava, 2002; Mathis & Wiegmann, 2007).  

It is not always the case that an ideal validation method can be selected, for instance due to availability 

of simuland data, cost, or practicality. When evaluating training simulations, methods for measuring 

real-life performance before and after training (and over time) are desired to reveal positive transfer 

and determine educational validity (Carter et al., 2006). However, such longitudinal studies are often 

impractical and costly in terms of time and resources; thus, alternative approaches such as comparison 

testing are a common practice for evaluation of SBT and SBTT in healthcare (Weaver et al., 2014).  

4.3.4.2. Validation Based on Human Performance 

The choice of validation method and which variables to investigate should be bound to the purpose of 

a simulation. For instance, for training simulations the units of interest are those related to learning and 

positive transfer of training (see section 2.1.4), which is often measured as changes in human 

performance. Validating a simulation based on human performance usually requires some 

measurement of performance, which most often considers the results of an action or set of actions 

(task-outcomes). However, knowing what to measure is no simple task, as there is no “one size fits all” 

approach. Furthermore, is not always clear what the important components of the performance are 

(M. A. Rosen & Weaver, 2010; Salas, Rosen, et al., 2008). Often performance is viewed as the outcome 

of an action, but performance can also be defined as the action itself (J. P. Campbell, 1990). From this 

view, cognitive processes during SBT are a critical aspect of performance. Thus, understanding and 

analyzing cognition processes, for instance using DiCoT, is a vital aspect of understanding 

performance. 

Whether viewed as a result, presence, or quality of some action, a performance measure is a quantification 

to rate performance (Bewley & O’Neil, 2013). There are both qualitative and quantitative methods for 

measuring performance (Franc, Ingrassia, Verde, Colombo, & Della Corte, 2014; M. A. Rosen & 

Weaver, 2010; Salas, Rosen, et al., 2008). Performance measures can take an objective (e.g., number of 

tasks completed, accuracy, task completion time) or subjective (e.g., self-reports, quality of work) form. 

Common methods for measuring performance in simulation include human raters that score 

performance, self-assessment reports and questionnaires filled in by the participants, and automated 

scoring conducted by the simulator itself. The latter has the advantage of being non-invasive, precise, 

and containing few measuring biases. Another way to look at the effect and effectiveness of SBT is to 

assess performance indirectly by measuring variables related to performance. 

Self-Efficacy  

An affective aspect related to performance is self-efficacy, which is the extent to which an individual 

believes that he or she is capable of performing a specific behavior in a specific situation (Bandura, 

1997). This measure has been used previously in healthcare to understand the potential impact of an 

educational intervention, such as SBT, on clinical practice (Artino et al., 2012; Hsu et al., 2004; M. A. 

Rosen et al., 2008). Self-efficacy can be divided into specific and general efficacy, where the former is the 

degree to which the individual believes themselves to be capable of performing a specific task, and the 

latter is the belief that they can cope successfully with and adapt to difficult situations. Self-efficacy can 

be increased in training via experience from one’s own (or observing others’) successful performance 
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in a situation similar to reality (Bandura, 1997), or through reducing stress and anxiety, which affects 

self-efficacy negatively. It has been found that individuals with high self-efficacy find more effective 

ways to solve problems, and self-efficacy can thus be used as an indicator of performance (Cant & 

Cooper, 2010). Moreover, in educational situations, individuals with high self-efficacy tend to learn 

more and achieve higher performance ratings compared to those with low self-efficacy (Bandura, 1997). 

The general self-efficacy (GSE) questionnaire is common for measuring self-efficacy. It was developed 

by Schwarzer and Jerusalem (1995) to “assesses the strength of an individual’s belief in his/her own 

ability to respond to novel or difficult situations and to deal with any associated obstacles or setbacks” 

(p. 35). In GSE, participants rate ten statements related to self-efficacy on a four point Likert scale.  

Workload 

Another indirect measure of performance is workload, which measures how straining or effortful a 

person considered a work-task or activity to be (Hart & Staveland, 1988). Hart and Staveland (1988) 

defined workload as “a hypothetical construct that represents the cost incurred by a human operator 

to achieve a particular level of performance”. Workload is often seen as something that affects 

performance, as a workload that is too high can lead to decreased performance (Yurko, Scerbo, Prabhu, 

Acker, & Stefanidis, 2010). However, high workload does not necessarily imply lower performance. It 

has been shown that individuals can, through adaptation strategies, maintain a high workload with little 

or no loss in performance (Sheridan, Wickens, Parasuraman, Sheridan, & Wickens, 2008). Workload is 

linked to the level of challenge (the required cost) posed to participants in a simulation, in which low 

workload is associated with easy tasks and difficult tasks produce higher workload (Prytz et al., 2016; 

Yurko et al., 2010). Andersson and colleagues (2014) argue that a lack of challenge can be a problem 

during training, as low challenge does not provide incentive for participants to explore alternative 

solutions. Relatedly, workload has been used as a measure, or indicator, of transfer of training (see for 

instance Britt et al., 2015; Scerbo et al., 2013).  

The most common method for measuring workload is probably the NASA TLX questionnaire (Hart 

& Staveland, 1988), which has been repeatedly validated (Grier, 2015). This questionnaire rates 

workload on six subscales: mental demands, physical demands, temporal demands, estimated 

performance, effort, and frustration. Ratings are commonly marked on a line ranging from low to high, 

where low ratings indicate low workload and high ratings indicate high workload for all subscales except 

performance, where the scales are reversed.  

4.3.4.3. DigEmergo Validation Studies 

Evaluation and validation studies of DIGEMERGO are reported in Paper III, Paper IV, Paper V, and 

Paper VI. Paper III describes an initial formative user study of the DIGEMERGO prototype. This study 

employed expert users of ETS (certified senior instructors) as participants in prototype simulations, 

with the intention of investigating and measuring usefulness and ease of use of the prototype. A 

secondary goal of the study was to guide further development of DIGEMERGO by taking advantage of 

the expert group’s rich experience of core ETS features. In this sense, the study was a face-validation 

study, as the experts judged validity aspects of the simulation based on their knowledge of ETS and the 

emergency medicine simuland. Usefulness and ease of use of DIGEMERGO was measured using the 

technology acceptance model (TAM) questionnaire (Davis, 1989), contextualized by qualitative results 

from the simulation sessions (observations and post-simulation interviews) supplemented with a free-
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text questionnaire. The TAM questionnaire consists of twelve statements that are scored on seven-

graded Likert scales. As the results were indicative and formative in purpose, no statistical analysis or 

comparisons were made.  

In the second evaluation study of DIGEMERGO (reported in Paper IV), a comparative construct 

validation approach (between group expert-novice performance) was adopted to compare surge 

capacity management performance and workload differences between experts and novices. The expert 

group consisted of registered nurses, physicians, or medical residents recruited at a local hospital ED. 

The novice group was made up of university students with no reported medical management 

experience. In Paper IV, three measures of medical triage were analyzed and presented: time to triage, 

number of patients triaged, and triage accuracy. In addition, measurements of performance regarding patient 

treatment and patient disposal (transport) are presented in Paper VI. Furthermore, Paper VI presents 

results from the NASA TLX questionnaire, which were analyzed in the same manner to explore 

differences in perceived workload between the two groups. For all performance measures, two-tailed 

independent sample t-tests were used to compare the two groups, with p < 0.05 as the threshold.  

A third evaluation study, described in Paper V, investigated aspects of transfer of training through 

perceived changes in ED nurses’ self-efficacy that related to managing a surge capacity event at an ED. 

Both the second and the third evaluation study considered two categories of patients: in-hospital 

patients who were already at the ED and trauma patients who arrived from the accident site. 

Participants took part in three simulation scenarios, where increased self-efficacy post-simulation was 

considered as positive transfer. For these evaluations, a Swedish translation of the GSE questionnaire 

(S-GSE; Löve, Moore, & Hensing, 2012) was used together with a custom questionnaire for measuring 

task-specific self-efficacy. Moreover, performance related to management skills was measured using 

simulator-recorded data on the number of patients that received care and the time to treatment. One-

way t-tests with p < 0.05 were used to compare the pre- and post-test scores of self-efficacy and to 

compare management skill differences between the first and the third scenario. The predicted effects 

were that self-efficacy would be increased in post-test and that management skill would improve from 

the first to the third scenario. 
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CHAPTER 5  

APPLYING DISTRIBUTED 

COGNITION 

This chapter will discuss the results of the research papers. First, the applications of distributed 

cognition using the DiCoT methodology to study and evaluate cognitive properties of human-centered 

simulations based on the studies of the ETS training simulator will be discussed. Second, the design 

and development process of the DIGEMERGO simulator and its evaluation will be described.  

5.1. Evaluating ETS Simulations with DiCoT 

The DiCoT analysis of the ETS system, presented in Paper II, revealed that the structure of ETS was 

flexible and adaptable, both with regard to the purpose of simulation and also during the simulation, 

through its use of low-fidelity representations and physical artifacts. This flexibility makes it possible 

to use ETS to simulate different types of scenarios, such as accident sites, hospital settings, or command 

centers – such as the off-site local medical management of Göteborgsvarvet, studied in Paper I. The 

patient representations, which are composed of lines of text on magnetic figure cards, facilitate medical 

decision-making but not medical practice. The open physical layout of artifacts and environment, 

flexible interaction, and customizable representations allow participants to structure their workspace to 

generate cues and cognitive scaffolds to manage tasks and coordinate teamwork. Participants frequently 

use whiteboards as information hubs on which patients are grouped, highlighted, and annotated so that 

tasks can be coordinated. In doing so, the whiteboards transform the representations of information 

to make it open and public, which propagates information throughout the cognitive system. In addition, 

instructors use these properties of the simulator to their advantage by, for instance, using spatial cues 

to support their situational awareness and as triggers for upcoming simulation events. Core attributes 

and properties of the ETS simulator that are related to distributed cognition are presented in Table 1 

in Paper III.  

The established cognitive system and its functions in simulation were also connected to aspects of 

validity (see Table 3 in Paper II and Table 2 in Paper III). For instance, the open layout and flexible 

interaction style of ETS were considered to be important and valuable traits for the simulation’s 

representational and educational validity. The ETS artifacts mediated cognition and collaboration in 

ways that enabled core medical management tasks and contributed to making the simulator 

understandable, immersive, and easy to use. However, high flexibility of the physical artifacts made it 

problematic for both participants and instructors to keep track of and control the many variables and 

processes during simulation, such as patient transports, treatment times, upcoming events, and 

improvised resources that were not included in the scenario. Managing time-bound processes was a 

particular cause for concern. For example, participants often “cut corners” to, for instance, start 
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treatment of patients without having the correct resources available or to initiate transport of patients 

before ongoing treatments were finished. Corner cutting here does not refer to intentional “cheating”, 

rather it refers to uncontrolled interaction and non-adherence to waiting times. Such interaction could 

skew simulation outcome measurements, which are based on the time at which a patient reached a care 

destination or received a treatment. Nevertheless, these analog simulation mechanics enable a high 

degree of flexibility and off-the-cuff improvisation.  

Another issue identified in the DiCoT analysis was that the openness of the simulation artifacts in 

combination with participant idle time (due to the abstraction of medical practice) allowed for 

unintended information propagation within the cognitive system. During such idle time, participants 

could acquire an unrealistic awareness of the situation, as they were able to explore their horizons of 

observation. In training simulations, this can serve the purpose of the simulation and its educational 

validity, as idle time presents additional opportunities for learning and reflection. However, unrealistic 

situational awareness is problematic when using the simulator as a means of assessing real-life 

performance capability. Relatedly, since patients in ETS have static medical states that never change 

there is no need to re-assess medical states during simulation, which could affect external, internal, and 

possibly educational validity negatively, depending on the purpose of the simulation. However, static 

representations can benefit the training of novice participants, as it simplifies management tasks. The 

validity-related issues of ETS that were revealed by the DiCoT analysis are summarized in Table 2 in 

Paper III. Regarding this, the internal and external validity of the simulation, as well as its applicational 

validity when used as an assessment technique, were threatened due to unrealistic situational awareness 

and inconsistencies caused be corner cutting. 

The results show that distributed cognition, using the DiCoT methodology, is a promising tool for 

analyzing and evaluating human-centered simulations. DiCoT can be used to identify distributed 

computational mechanisms of cognitive systems in simulated environments, which can explain how 

elements of the simulator enable and mediate cognitive functions and behavior during simulation. This 

approach allows for understanding of the role of the simulator in cognitive tasks, thereby providing a 

way to analyze and identify what is important to capture in human-centered simulation when building 

new simulators. Furthermore, these results demonstrate the applicability of distributed cognition and 

DiCoT in a novel context and for a novel purpose.  

Beyond identification of cognitive processes in simulation, the results show that distributed cognition 

can be a valuable theory for understanding dimensions of simulation validity. Demonstrating how 

cognitive processes are bound to the simulation environment and simulator components facilitates 

assessment of the validity of the simulation. Moreover, by comparing cognitive processes in simulations 

to their counterparts in reality, simulation validity can be assessed both theoretically and empirically. 

Such comparisons could be done by analyzing both the simuland and the simulation with DiCoT. In 

addition, a stand-alone DiCoT-analysis of a simulation can identify cognitive processes that occur as 

unintended byproducts of the simulator design – processes that do not take place in the simuland.  

5.2. Simulator Development using DiCoT: DigEmergo 

In the previous section, I demonstrated how distributed cognition can be used to study and evaluate 

human-centered simulations. This section will describe how DiCoT can be used to motivate (re)design 
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and guide the development process of human-centered simulators. In doing so, the section will briefly 

present the DIGEMERGO system, how DiCoT contributed to its development, and the results of the 

evaluation studies.  

5.2.1. Modeling 

The study reported in Paper I provided referent knowledge of medical management and the DiCoT-

analysis in Paper II provided conceptual insights into how distributed cognitive systems are manifested 

in ETS simulations. This understanding illustrated the strengths and weaknesses of ETS as a simulator 

– in other words, what can be improved and what should not be lost in a redesign. The claims analysis 

(Table 4 in Paper II) found that the arguments for creating a digital redesign were, first and foremost, 

to increase simulation control to enable accurate simulation outcomes and lower instructor workload. 

This would make the simulator more tractable (Gray, 2002) for instructors to manage. Furthermore, a 

digital redesign could also provide a platform that would enable dynamic content (e.g., dynamic patient 

states, environments, events, integrated media, etc.) to create new opportunities for immersion, use of 

expert experience, and new types of training and assessment applications. However, the analysis 

revealed that a digital redesign would run the risk of losing ETS’ improvisational opportunities as well 

as its intuitive interaction mechanisms, which are based on tangible objects (magnetic figures, adhesive 

notes, pens and paper, etc.) that are easy to use and understand. Moreover, a digital redesign could also 

make the simulator less tractable, as participants might need additional training to operate it.  

The modeling phase of DIGEMERGO was guided by DiCoT, as it had identified core features and central 

distributed cognition mechanics of ETS that were important to retain in the digital simulator. Such 

referent knowledge informs the conceptual modeling and the level of fidelity required to enable the 

mechanics that are essential for the cognitive system’s functionality. Important aspects of ETS to retain 

were, among others, its style of interaction, which enables face-to-face interaction between participants; 

its flexibility, which allows for different types of scenarios and improvisation; and the use of confederate 

and teaching roles for the instructors.  

The DiCoT analysis further highlighted how the digital simulator could increase aspects of validity. For 

instance, the issue concerning corner cutting could be inherently controlled by the digital simulator 

using a set of implemented rules (i.e., constraints), which could be selected by instructors to best serve 

the purpose of a specific simulation scenario. Based on the rules, the digital simulator could prevent 

certain actions for which prerequisite conditions were not fulfilled, such as treating a patient without 

having the required resources available. In this way, internal, external and educational validity, as well 

as reliability of the simulation could be increased. Table 4 in Paper III further presents how the 

DIGEMERGO simulator design mitigates validity issues that were identified in ETS. 

5.2.2. Construction 

The design process of DIGEMERGO was guided by phrasing ETS core features and validity in terms of 

distributed cognition, described in Paper III, and a prototyping approach based on participatory design. 

Using the prototype description of Beaudouin-Lafon and Mackay (2012), DIGEMERGO was iteratively 

developed to become a digital prototype with high precision (level of detail) and full interactivity. The 

intention, which is beyond the scope of this thesis, is that the DIGEMERGO prototype can be further 

developed into a fully functional and usable final product.  
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A key design decision for the DIGEMERGO system was to replicate the graphical representations and 

interaction style of ETS, with the intention of retaining familiarity with the ETS system. For instance, 

triage markers were designed to look like a digital adhesive label (i.e., rectangular shapes attached to 

digital patient figures) to retain the underlying distributed cognitive principles captured by ETS and 

enable a degree of familiarity between the digital and analog simulators. Multi-touch screens were used 

in DIGEMERGO to allow for direct manipulations of the patient figures in an effort to adopt the ETS 

interaction style in a digital medium. Furthermore, the screens allow multiple users to interact with 

DIGEMERGO at the same time, which preserves the collaborative work-style of ETS. Direct interaction 

with the touchscreen also allows for simulated work practice and cognitive scaffolds, such as creating 

patient groups and informal queues. In this sense, the DiCoT analysis provided mechanisms for 

determining the physical fidelity required to establish cognitive functionality. These mechanisms can 

be useful for both analysis and design of simulators with respect to the physical characteristics that are 

required to enable the use of cost-effective yet efficient simulations with low physical fidelity. Table 3 

in Paper III summarizes how key features of ETS were retained and implemented in DIGEMERGO.  

The DIGEMERGO system runs on standard Windows computers using large multi-touch wall screens 

(i.e., digital whiteboards), see Figure 10. The system is network-based, which makes it possible to 

connect clients (i.e., user interfaces) from different locations to a shared simulation. Clients can either 

participate in the simulation (e.g., as different locations such as the accident site or emergency 

department) or monitor the simulation as observers. A central database on the host computer stores 

all built-in knowledge and rules of the simulation regarding, for instance, how treatments are allowed 

to be administered. Such digital features can increase the tractability of the simulator, since it can 

decrease the difficulty for instructors to control and manage the simulation. Both ETS and DIGEMERGO 

should be considered as virtual simulators since both use simulated patients and confederate roles. 

However, ETS should be considered a local simulation that is constrained to the physical location, 

whereas DIGEMERGO simulations have no such physical constraints, making it geographically 

distributable. 

 

Figure 10: Evaluation of DIGEMERGO. On the left, one instructor (leftmost person) and three participants assess the initial state of 
the accident site. On the right, two participants interact with the DIGEMERGO touch interface. 

5.2.3. Analysis 

The formative usefulness and usability study, reported in Paper III, indicates that the DIGEMERGO 

prototype is a useful, immersive, and promising simulator. The results from the TAM questionnaires 

showed that the perceived usefulness of DIGEMERGO was rated between “somewhat useful” and “quite 

useful”, and the perceived ease of use scores correspond to “somewhat easy to use”. In the free-text answers 
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and in post-test interviews, participants often highlighted increased control, reduced instructor 

workload, and possible future developments – and the educational practices they enable – as the most 

beneficial DIGEMERGO features in comparison to ETS. Interpreted as a face-validation study, it 

demonstrates a level of validity for the DIGEMERGO simulator, as most participants perceived the digital 

system to function similarly to the analog system (i.e., participants claimed that they could complete 

the same tasks) and the participants were observed to engage in a similar level of immersion to what 

was observed with ETS (reported in Paper II).  

The second evaluation study, the construct validation study, found mixed evidence of simulator validity 

in emergency management performance between experts and novices. These results and the statistical 

analyses were reported in full in Paper IV and in Paper VI. In short, the performance measures that 

pertain to time to action and number of patients processed favored novices and measures of accuracy 

of correct decisions favored the experts. Novices treated significantly more in-hospital patients, were 

significantly faster at time to disposal of trauma patients, and cleared a larger number of trauma patients 

from the ED. However, experts significantly outperformed novices for triage accuracy and disposal 

accuracy (appropriate destination chosen) of in-hospital patients. Experts also requested additional 

resources to a greater extent and tended to preserve a higher number of available resources compared 

to novices. Novices also reported a higher overall experienced workload compared to the experts, 

especially in terms of experienced demands (both temporal and mental). These results can be 

interpreted as a successful application of expert knowledge, which would indicate internal and external 

validity of DIGEMERGO. Further implications of these mixed results are discussed in section 7.4.2 

The third study, reported in Paper V, indicated that using DIGEMERGO significantly increased head 

nurses´ general self-efficacy and management skills. In this case, management skill was operationalized 

as time to treatment for both trauma and in-hospital patients, which was compared between the first 

and third simulation scenarios. These findings imply that small-scale simulation exercises using 

DIGEMERGO could be a potential way to enhance the confidence that the nurses have concerning their 

task performance, their perseverance when obstacles are met, and their resilience in facing adverse 

situations. Together, the results of all three studies indicate DIGEMERGO’s usefulness and validity, which 

further indicates that distributed cognition theory and the DiCoT methodology can be used for 

(re)design of human-centered simulations.   

  



Chapter 5 

60 

 

 



Re-Interpreting Simulation 

61 

CHAPTER 6  

RE-INTERPRETING 

SIMULATION CONCEPTS  

The previous chapter illustrated that distributed cognition theory can be used for studying how a 

simulator shapes the cognitive system that is being simulated and its abilities to solve cognitive tasks, 

which can in turn be used when evaluating and designing human-centered simulations. This chapter 

will explore the distributed cognition perspective as a framework for understanding human-centered 

simulations from a theoretical perspective. Specifically, core constructs of simulation theory are 

interpreted in terms of distributed cognition.  

6.1. Human-Centered Simulations as Cognitive Systems 

As a framework for human-centered simulations, the application of distributed cognition dictates that 

simulation should capture those phenomena of the simuland that form the distributed cognitive system. 

A simulation should enable cognitive processes in a manner that is similar enough to the way they occur 

in the simuland, and the distributed cognition perspective views cognition as a computational process 

that is distributed over physical, social, cultural, and environmental factors. In this view, human-

centered simulations are re-creations of cognitive systems. To consider the consequences of this shift 

in focus, Winsberg’s (2015) definition of a simulation from section 2.1.2.3 can be rephrased from a 

distributed cognition perspective:  

Any distributed cognitive system that is believed, or hoped, to have dynamical behavior 

that is similar enough to some other distributed cognitive system such that the former can 

be studied to learn about the latter.  

In terms of the core concepts of simulation, the simuland becomes the targeted cognitive system and 

its environment. Based on this re-interpretation, the referent is the modeler’s knowledge about this 

system and anything that may affect its functionality. The conceptual model becomes a simplified, 

selective, and abstracted description of the target cognitive system and its environment. The simulator 

is perhaps the trickiest aspect to define in terms of distributed cognition. In the everyday use of the 

word, the simulator refers to the device(s) that enable a simulation session – for instance, a driving 

simulator often consists of computers, software, monitors, a steering wheel, pedals, and other driving 

controls. However, a simulator is, by definition, the system that performs the simulation (see section 

2.1.2.3), and in human-centered simulations this system includes humans (or other cognitive agents); 

therefore, these should be included in the term simulator. Consequently, the simulator becomes the 

composition of the artifacts (i.e., physical, symbolic, mental, etc.) and individuals that comprise the 

cognitive system – plus its environment – as described by the conceptual model. The definition of a 
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simulator suggested by Hancock and colleagues (2010) can thus be rephrased as: a cognitive system 

that performs simulation. The simulation activity occurs when the simulator cognitive system executes 

its tasks, thereby generating its processes and behavior. This change of perspective necessitates a re-

consideration of what makes human-centered simulations valid and how they should be described. 

In the following sections, I will discuss human-centered simulations in terms of distributed cognition 

using emergency medical triage as an example. As seen in Paper II, the cognitive system uses a number 

of cognitive tools during triage and management such as physical artifacts in the form of mobile IT-

devices, pen and paper, radio, and attachable triage markers (digital or analog). It also uses symbolic or 

mental artifacts such as rules, communication paths, roles, and triage heuristics and mnemonics. The 

use of cognitive artifacts and the structure of the cognitive system enable a set of cognitive functions 

for the systems, such as scaffoldings, information pathways, information transformations, information 

buffers, communication bandwidths, cues and triggers, and so forth. 

6.2. Interpreting Descriptive Attributes  

Fidelity, scale, and resolution are the three primary descriptive attributes for simulations that describe 

the selective, simplified, and abstracted nature of simulations. In this section, I will address these 

attributes of human-centered simulations from a distributed cognition perspective. 

6.2.1. Cognitive Fidelity 

Fidelity, when viewed in terms of distributed cognition, concerns the functional similarity between the 

cognitive system that is being simulated and the cognitive system in the simuland, rather than physical 

similarity or experienced psychological similarity. As described in section 2.1.3.1, psychological fidelity 

refers to the underlying psychological processes that are key to high task performance, but the concept 

is not itself a theory of what those processes are. A theory of cognition is needed to explain what 

psychological fidelity is. Distributed cognition is one such theory, which claims that the essential unit 

of analysis is the distribution of cognition over an artifact-human system, and that this system realizes 

underlying computational processes through the creation, transformation, and propagation of 

representational states. From this perspective, elements of physical and psychological fidelity are 

intertwined and difficult to separate. Rather than assigning a new meaning to the concepts of physical 

and psychological fidelity, I suggest using the term cognitive fidelity33 to refer to the level of fidelity of the 

cognitive system in simulation. In essence, this term reflects how similar the cognitive system in the 

simulation is to the corresponding cognitive system in the simuland. This degree of similarity spans 

over all models and principles of distributed cognition found in DiCoT, such as similarity in paths of 

information propagation, how and where information is transformed, how agents scan their horizon 

of observation to maintain situation awareness, how equipment is arranged, how artifacts are used to 

mediate cognition, how the system tracks its goal state, etc. Theoretically, having perfect cognitive 

fidelity would imply that the structure and the functions of the cognitive system acting in the simuland 

are accounted for and are perfectly replicated in the simulation. A simulation that enabled none of the 

functional characteristics of the target cognitive system would have zero cognitive fidelity. 

                                                      
33 This term is also used by Hochmitz and Yuviler-Gavish (2011)  However, they use the term like psychological 
fidelity  
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Even though physical artifacts are key to cognitive fidelity, high cognitive fidelity does not necessarily 

require high physical fidelity. As cognitive fidelity is a theoretical measure of functional, not physical, 

similarity, determining the required level of physical fidelity is not a straightforward task. Therefore, 

capturing physical similarity has no inherent value; rather, it is capturing the functionality mediated by 

those physical artifacts and tools that is of interest — and different tools can function similarly despite 

different physical specifics or levels of technological sophistication. For example, real-world medical 

triage uses color-coded physical tags (often bracelets or neckbands) that are attached to the patient. 

These tags serve multiple functions, such as representing, communicating, and buffering the patient’s 

triage status, thus signaling the patient’s medical state. For a simulation, these triage-functions are 

important to capture. In ETS simulations, small adhesive labels are used as triage markers. In Paper II, 

we found that even though these labels do not have the same size, shape, or attachment mechanisms 

as real markers, they mediate similar essential distributed cognitive functions. In this example, color is 

the load-bearing property on which the triage-functions rest – not the marker shape. Therefore, 

changing shape or size does not affect the marker’s core functionality. However, changes to such 

properties can still affect the cognitive system and its abilities. For instance, changing the attachment 

mechanism of the markers alters the bodily motor-procedures that are involved in assigning triage, 

which communicate subtle body signals within the distributed cognitive system.  

As opposed to physical fidelity, the level of cognitive fidelity is hard to determine at a glance. Study and 

analysis of the simulation is required – such as the DiCoT-analysis presented in Paper II. It is important 

to remember that fidelity, including cognitive fidelity, is not related to the intended purpose, goals, or 

functionality of the specific simulation – it is only an estimation of the degree of similarity to reality. 

Therefore, (excessively) high cognitive fidelity can hinder the purpose of the simulation in a similar 

manner to the way that (excessively) high physical fidelity can. This line of argument follows Alessi 

(1988) and others who claim that high levels of physical fidelity can be beneficial for experts, but less 

useful or even an obstacle for novices. It seems likely that high cognitive fidelity simulations can be 

beneficial for training or assessing expert skill, but could form a task environment that is too complex, 

which might overwhelm novice learners.  

In the literature, it is argued that the participants’ perception and recognition of objects in the simulated 

task is important for psychological fidelity. This subjective experience can be linked to other concepts 

of simulation, such as participant engagement, motivation, immersion, simulator believability, and 

suspension of disbelief (see for instance Drews & Bakdash, 2013; Gray, 2002; Witmer & Singer, 1998). 

Using cognitive fidelity, it can be argued that these aspects of subjective experience may be a result of 

establishing a cognitive system in simulation that is similar enough (and thus subjectively familiar to 

cognitive agents) to the cognitive system of the simuland. It seems reasonable that working in an 

environment that does not function as one is used to would break the suspension of disbelief, regardless 

of how physically real it appears. In Paper II, we found that ETS could create high levels of engagement 

despite its low physical fidelity – the simulation looks nothing at all like reality. This thesis argues that 

this is because ETS recreates the cognitive system, its functions, and its environment in a manner that 

is cognitively similar enough to the simuland.  
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6.2.2. Resolution and Scale 

Resolution resembles fidelity, but concerns the level of detail in the simulation rather than its similarity 

to reality. From a distributed cognition perspective, resolution reflects simplifications made to the 

cognitive system, its constituent elements, its environment, and the information flow in the system. 

For example, analysis of the cognitive system in the simuland can reveal information flows over 

multiple paths, for instance through a series of different artifacts, before it is re-transformed or acted 

upon. A simulation with high resolution would enable all of these information paths, whereas one that 

has been simplified to include only one or two paths would be considered lower in resolution. 

Resolution that is too low could lead to validity issues, given the purpose of the simulation, because 

the cognitive system would not function as intended. Some simulations may only need to capture the 

“bare bones” cognitive functions, whereas others might require a more detailed recreation of the 

cognitive system. As with fidelity, simulations for introductory training in emergency medical triage 

might want to focus on the core triage task and reduce or simplify other cognitive tasks that might 

otherwise overwhelm novice participants.  

Scale is an attribute that relates to the selection of functions and elements from the simuland that are 

to be included in the simulation. From a distributed cognition perspective, scale refers to where the 

functional boundaries of the cognitive system are drawn, which separates the system from its 

environment. Scale is thus a description of the size of the cognitive system that is simulated. The scale 

that is required for a simulation to fulfill its purpose is relative. For the triage-training example, the 

boundaries should at least be drawn to include the patient (state), the triage system, the tools for triage, 

and the medical personnel. Regional management, other agencies, additional emergency medical roles, 

ambulances, transports, treatments, etc. can be simulated as part of the environment that provides the 

triage cognitive system with inputs and outputs. However, in a simulated assessment of emergency 

medical capacity during a disaster the scale might involve other organizations and agencies. It would 

probably be necessary to simulate these fully, as opposed to representing them as simply a source of 

environmental inputs. A large-scale simulation thus implies a large cognitive system that includes 

multiple elements, or that alternatively involves a number of cognitive systems that interact with each 

other to solve a cognitive task. A larger scale than the purpose of simulation required would not make 

the simulation more valid or effective. Therefore, a large scale is not a goal in itself. However, a scale 

that is too small for the purpose of the simulation could mean that the simulation would not capture 

the intended cognitive system and its functionality, which would imply validity issues.  

6.3. Interpreting Validity 

Validity reflects the degree to which the correct things are captured in a correct manner, and also 

measures the accuracy of the results that are generated by the simulation. Adopting the distributed 

cognition perspective implies that the most important aspect of a human-centered simulation is to 

identify and capture the correct cognitive system, including its distribution, properties, and 

environment. Through abstraction, simplification, and selection, the goal is that an appropriate version 

of this target system should be re-created in a manner that will serve the intended purpose of the 

simulation. It might be tempting to conflate validity of human-centered simulations with high cognitive 

fidelity. The concepts do partly overlap, as a valid human-centered simulation will require a certain 

degree of cognitive fidelity. However, the key difference between cognitive fidelity and cognitive 
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validity lies in the intended purpose of the simulation: validity is purpose-dependent and fidelity is not. 

Achieving the highest possible fidelity would imply not performing any abstractions, simplifications, or 

selections when modeling the cognitive system of the simuland, whereas validity is about performing 

these tasks in a correct and accurate manner. 34  

As seen in section 2.1.3.2, there are many sides to validity. In the following section, the distributed 

cognition perspective will be deployed to reinterpret the validity framework developed by Feinstein 

and Cannon (2001, 2002). However, first some slight adjustments to the framework will be presented. 

First, Feinstein and Cannon discuss the achieved transfer of training as educational validity, which in 

the case of training simulators reflects the intended result and desired output of a simulation, section 

7.2 will discuss this further. If we are to consider other human-centered simulations (or simulations in 

general), I suggest using the more generalizable term application validity to reflect the degree to which the 

simulation achieves its intended results – whether they be positive transfer of training, accurate 

predictions, or something else. Furthermore, I want to address overlaps between the validity concepts, 

especially between representational validity and internal validity, and between applicational validity and 

external validity. The concepts are intended to be considered on different dimensions: the development 

phase of the simulator and the simulator structure. However, considering internal and external validity 

as properties of the underlying conceptual model, and representational and applicational validity as 

belonging to the simulator and the simulation results, makes these four aspects of validity more distinct 

and easier to apply. Naturally, the aspects of the conceptual model can still be validated through an 

ordinary validation process in the simulator. Some aspects of the conceptual model are first accessible 

when the simulator is executed, for instance the external validity property of whether a participant can 

recognize the simulated situation and apply her expertise in this environment.  

6.3.1. External Validity 

High external validity requires accurate selection of key components of the simuland and determining 

whether they have been successfully captured. Determining external validity involves verifying that the 

correct cognitive system has been selected and identifying where its boundaries are drawn. As 

previously discussed, these boundaries are based on which functions, rather than which elements or 

what physical structure, to include. For instance, in Paper II the grouping and special allocation of ETS 

patient figures were identified and deemed to be essential properties of the cognitive system’s triage 

functionality and its modus operandi, and these properties were thus selected to be retained in re-

design. System demarcation is relative and open to subjective judgment regarding which elements in 

the system are included in the cognitive system, and which are parts of the system’s environment that 

provide it with inputs and react to its outputs. The environment can consist of, for instance, teachers, 

confederates, or automated parts of the simulator device (e.g., rules or artificial intelligence agents). 

Another aspect of external validity is that real-life behavior and individuals’ expertise should be 

transferrable into the simulation. Ideally, being an expert in reality would make you an expert in 

simulation as well – and vice versa. For this, distributed cognitive structures that support expertise 

should be adequately similar in the simulated setting to the way they are actually arranged in the 

simuland setting.  

                                                      
34 Not performing these tasks is in and of itself a contradiction, as modeling is abstraction, simplification, and 
selection  Perfect fidelity would be a product of replication or copying, rather than modeling and simulation   
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6.3.2. Internal Validity 

Internal validity is about whether the correct aspects of the simuland are simulated and if they are 

simulated in a correct manner. From the distributed cognition perspective, this is a question of whether 

the cognitive system functions as intended or not. There is a conceptual overlap with external validity 

with regards to whether the correct aspects are simulated, that is, whether the correct selections have 

been made. Therefore, the focus should be on the way in which elements in the simulation are 

abstracted and simplified. Internal validity thus refers to whether the selected functions of the simuland 

cognitive system are simplified and abstracted in such a way that similar enough functionality is enabled 

and accurate and coherent output is produced (e.g., in terms of performance). Coherence, which relates 

to the reliability of simulations, means that the cognitive system being simulated operates in the same 

manner over multiple simulations; for instance, that information moves and is transformed along the 

same paths.  

Retaining functions in simulation, such as the identified grouping and spatial allocation function of 

ETS in simulations, does not imply that identical representations must be used, rather it is only 

necessary to use representations that enable the same functionality. With regard to representations there 

is a conceptual overlap with representational validity, which considers the correctness of simulated 

element representations. To clarify, internal validity should reflect whether the correct representations 

(manner of simulation) have been chosen, and representation validity should consider whether these 

representations have been correctly implemented. For instance, the choice to use digital whiteboards 

to represent settings, patients, and resources in DIGEMERGO should be considered an aspect of internal 

validity; the identified need for them and whether they actually capture the targeted functionality is 

external validity; and the design and layout of these digital whiteboards, patients, and resource figures 

(including their interaction) should belong to representational validity.  

6.3.3. Representational Validity 

As in the original definition by Feinstein and Cannon (2002), representational validity is, from a 

distributed cognition perspective, the correctness of representations used in simulations. The 

representations that are used for elements and information in a simulator can mediate properties of the 

cognitive system, and representational transformations are parts of the problem-solving process. For 

instance, cognitive cues and scaffoldings often rely on representational properties. Again, using the 

color codes in triage as an example, a valid representation of triage tags captures those functions of the 

cognitive system that enable choice, assignment, and interpretation of triage levels. For such functions, 

principles from the physical layout model and information flow model are critical, such as space and 

cognition, naturalness principle, situational awareness, horizon of observation, information buffering, 

and behavioral trigger factors. Additionally, to capture the functions of assigning triage, the medical 

state of patients must be assessable. This means that it is important that the representation of the 

patient’s medical state and need for medical intervention can be accessed by the cognitive system so 

that an accurate decision-making process can be initiated. As the medical state only needs to be 

accessed, and not medically assessed in a manner similar to reality, the patient’s physical features can 

be abstracted. On the other hand, if one is interested in capturing the functions of the cognitive system 

associated with performing the medical assessment itself, a higher level of physical fidelity of the patient 

would be required for representational validity.  
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6.3.4. Application Validity 

The degree to which a simulation solves the problem for which it has been created reflects its 

applicational validity. This concept of validity is about the results of applying human-centered 

simulations, and not (directly) about the construction of a simulator or the processes that occur during 

simulation. Regarding transfer of training (educational validity), this can, in some cases, be interpreted 

as internalization of practices that would otherwise be distributed in the cognitive system. However, in 

general application validity does not explicitly concern the cognitive system that is being simulated in 

the way that the other concepts of validity do. I will discuss what is required for a human-centered 

simulation to exhibit application validity in section 7.2. 
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CHAPTER 7  

DISCUSSION AND 

CONCLUSION 

This chapter will discuss the research questions, research approach, and results of the thesis. In doing 

so, the chapter will frame the results as products of either technological research or science, which in 

turn implies who is mostly likely to use the results and how they should be interpreted. Furthermore, 

limitations of the thesis and its constituent papers will also be discussed, and thoughts for the future 

will be presented. The chapter ends the thesis with a section of conclusions.  

7.1. Addressing Research Questions 

One overarching claim of this thesis is that capturing the appropriate cognitive processes of the 

simuland is the most important aspect of human-centered simulations. This requires a theory or 

framework of cognition. Much simulation research is influenced by the classical view on cognition, 

according to which individuals can be easily transferred between contexts with little or no effect on 

cognition. The cognitive environment and the distributed nature of cognitive activities are thus often 

disregarded (or not theoretically well-understood) in the simulation literature. From a distributed 

cognition perspective, not accounting for such distributed cognitive aspects in a simulation can cause 

validity issues for human-centered simulations, as the targeted cognitive activities of the simuland may 

not be simulated accurately. In the following sections, the set of research questions presented in section 

1.1 will be addressed explicitly.  

R.Q.1. How can distributed cognition be used for evaluation and (re)design of human-centered 

simulations?  

This thesis started with the hypothesis that distributed cognition can be used as an analytical framework 

for studying and evaluating human-centered simulations. In Paper II, simulated environments are 

studied from a distributed cognition perspective, illustrating that the cognitive activities and processes 

of the distributed cognitive system in the simulated environment can be identified and analyzed. The 

paper further illustrates how a simulator’s design can affect the functions and properties of this 

cognitive system, which in turn affects not only the performance of the system, but also whether the 

system solves cognitive tasks in a manner that resembles problem-solving in reality. Therefore, we 

conclude that distributed cognition can be used to evaluate the validity of a simulation. Furthermore, 

knowledge of the cognitive processes and mechanisms that are essential in reality can guide the design 

of valid and effective human-centered simulations. Paper II and Paper III exemplify this through a 

digital redesign of an existing analog simulator based on a distributed cognition-based analysis. Even 

though Paper II studies another simulator instead of the real simuland, the principle is the same since 
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cognitive processes and mechanisms that are considered to be of importance for the analog simulator 

are transferred into the design of the new digital simulator.  

R.Q.2. Is the DiCoT methodology a useful approach for studying and designing simulator 

environments?  

In order for DiCoT to be considered useful for the study and design of human-centered simulators, it 

should be able to identify and analyze properties of the cognitive systems that are being simulated. It 

should also be able to guide the design of simulators in ways that retain or capture the relevant cognitive 

systems of the simuland. In Paper II, the DiCoT methodology was used to provide an analysis that 

identified essential properties of distributed cognitive systems in ETS simulations. This allows for 

comparisons between a DiCoT analysis of the simulation and a DiCoT analysis of the simuland, which 

in turn can reveal aspects of validity of the cognitive system that is being simulated. Furthermore, as 

demonstrated in Paper II and Paper III, de-constructing cognitive systems using DiCoT can also 

identify validity issues in simulations without any direct comparison to an analysis of the simuland. 

Based on referent knowledge of the simuland, the DiCoT analysis of the simulation can identify 

cognitive processes that are side-effects (i.e., byproducts) of the simulator design and setup, which thus 

do not occur in the simuland.  

Regarding the design of human-centered simulations, Paper II and Paper III illustrates how a DiCoT 

analysis of human-centered simulators can be used to motivate the re-design of simulators through 

identification of validity issues and areas for potential improvement. Furthermore, a DiCoT analysis 

can also guide the (re)design of human-centered simulations by highlighting the aspects of the target 

system that are important to retain, and which aspects can be changed or improved. DiCoT provides 

no explicit aid for simulation modeling in terms of abstractions, simplifications, and selections. 

However, DiCoT facilitates an understanding of which elements of the simuland (physical, social, 

representational, cultural) are key to the functionality and performance of the cognitive system, and 

subsequently which elements should be selected, abstracted, and simplified so as not to lose this 

functionality. Based on the above results, DiCoT can be considered a useful methodology for both the 

study and the design of human-centered simulations. Furthermore, DiCoT can be regarded as a 

potential qualitative validation approach to human-centered simulations.  

R.Q.3. How does distributed cognition further our understanding of human-centered simulation?  

This thesis claims that human-centered simulations are a subset of simulations where humans are 

engaged in cognitive activities that are hoped to be similar enough to reality to serve a specific purpose. 

Adopting the distributed cognition perspective on cognition provides a different definition of what 

cognition is and how humans engage in cognitive activities in the real world (in the wild). This, in turn, 

enables a re-interpretation of what human-centered simulations are: re-creations of distributed 

cognitive systems. The distributed cognition perspective does not only provide a means of studying 

human-centered simulations, it also facilitates a different interpretation of what human-centered 

simulations are, how they should be analyzed, and what makes them successful. Here, it is relevant to 

mention a common notion in the distributed cognition literature: that cognition in the wild is different 

from cognition in captivity (i.e., in laboratory settings). This is because the cognitive environment is 

different in everyday real-life versus in laboratory settings; thus different cognitive systems emerge in 

the wild versus in captivity. Following this line of thought, one could ask if simulations should be 
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considered to be cases of cognition in captivity, and whether this is a problem when, for instance, 

providing training on emergency management in a simulated environment? In principle, a simulation 

is a form of cognition in captivity that will differ from cognition in the wild, because any simulation is, 

by definition, a simplification and abstraction from reality. However, this thesis argues that selections, 

simplifications, and abstractions do not have to be a problem if the simulated environment is created 

with the notions of cognitive environments and systems in mind. Through the distributed cognition 

perspective, the simulation environment can preserve the core cognitive structures that operate in the 

wild, making the cognitive processes that are being simulated similar enough for its purpose and thus 

valid.  

R.Q.4. How can central theoretical simulation constructs be interpreted and explained through the 

distributed cognition perspective? 

When adopting a new interpretation of what human-centered simulations are, the characterization of 

descriptive attributes and validity of human-centered simulations also change by extension. Section 

6.2.1 describes how fidelity – which is the prime measure of similarity between a simulation and the 

simuland – becomes a theoretical measure of the degree to which the cognitive system in the simulation 

resembles the cognitive system in the simuland. Similarly, resolution is defined as the level of detail of 

the cognitive system that is being simulated. This means the degree to which the cognitive system being 

simulated includes elements (within the boundaries) from the cognitive system of the simuland. It does 

not, however, say anything about how they are implemented in simulation. Scale refers to where the 

boundaries of the distributed cognitive system are drawn. This is important for determining the 

cognitive system that is to be recreated in simulation and what is to be regarded as the system’s 

environment. 

In section 6.3, Feinstein and Cannon’s (2002) framework of validity was interpreted using distributed 

cognition to characterize what is important for valid human-centered simulations. Validity refers to the 

degree of correctness or accuracy with which the cognitive system is implemented in simulation, which 

stands in relation to the purpose of the simulation. External validity refers to the degree to which the 

most important elements and functions of the distributed cognitive system are selected for simulation. 

Internal validity can be seen as the degree to which correct simplifications and abstractions of the 

cognitive system are made and how they are composed, so that the distributed cognitive system in a 

simulation functions and interacts in a consistent manner that is similar enough to reality. 

Representational validity is related to internal validity, as it concerns the correctness of representations 

used in a simulation. A correct representation succeeds in enabling or mediating intended functionality 

of the distributed cognitive system. Application validity, which is a broader interpretation of educational 

validity, is the degree to which the simulation and its results are valid for its intended purpose 

(application). From the distributed cognition point of view, application validity applies to the 

correctness of the outputs from, or changes to (e.g., learning), the cognitive system.  

R.Q.5. What simulation components contribute to effective emergency medical management training 

according to the distributed cognition perspective?  

This thesis builds on the growing literature that claims that physical fidelity is not the most important 

aspect for successful SBT. Rather, important for effective and valid training is enabling and mediating 

cognitive processes similarly enough, for instance, how information flows and is transformed over 
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artifacts and team members. Distributed cognition is, in this way, especially suitable for identifying 

factors that relate to effective training of non-procedural skills. To give an example, to train off-site 

medical management it is important to capture the processes and functions the cognitive system use in 

making sense of reports from the field. In Paper I, it was observed that reports of a possible major 

medical emergency required information to propagate through the cognitive management system, 

triggering several re-transformations, which in turn increased workload. By capturing such processes, 

similar work procedures and skills are reinforced and honed through simulation practice. The DiCoT 

analysis in Paper II illustrates that ETS enables training of such cognitive skill using low physical fidelity. 

However, this is not to say that physical fidelity is irrelevant from a distributed cognition perspective. 

It depends on the type of processes a simulation is meant to capture and what the intended purpose of 

the simulation is. For instance, experts can interpret fine-grained visual patterns of information when, 

for example, visually scanning an accident site. Thus, advanced and sophisticated representations of 

reality would be required for capturing such professional vision. Moreover, it is important to 

understand which cognitive processes the simulation should re-create and their role in the simuland, as 

this will affect the required levels of fidelity, scale, and resolution.  

7.2. Application of Human-Centered Simulations 

It is relevant to take a step back and consider what makes human-centered simulations useful as a 

technique and how aspects of validity relate to usefulness. In Paper II, we claimed that a useful training 

simulation is one that exhibits educational validity (i.e., a simulation that generates a positive transfer 

of skill and knowledge). However, this statement requires further elaboration. For a simulation to be a 

useful technique it must be functional - which means to produce its intended results - and some user 

must also exist that finds the simulation helpful for solving a practical problem.  

In section 6.3.4, I have argued that education validity is a special form of a more general application 

validity, which addresses the degree to which a simulation (or simulator) produces its intended results 

and thereby fulfills its purpose. This seems similar to functionality of a technique, see section 2.1.2.1. 

Adding to the confusion, Feinstein and Cannon (2002) argue that internal validity address the extent 

to which simulation functions as intended. This brings in to question whether a functioning simulation 

is one that exhibits applicational validity or internal validity – or both. To address this question, it must 

first be clear what the results of a simulation refers to. Results are, in this sense, not necessarily the 

output data from a simulation. Rather, they can be seen as the outcomes of applying a simulation 

technique (including its output) to some real-world problem. “Producing the intended simulation 

results” can be interpreted in two ways. First, that a simulator should produce processes and outputs 

that are similar enough to the simuland: being an accurate simulation, which translates to exhibiting 

internal and external validity. The second is that, through use of the simulator, the intended purpose 

of the simulation is achieved (i.e., application validity).  

To illustrate the differences between the two interpretations, consider a driving simulator used by two 

different individuals with different goals. One individual wants to predict rush-hour traffic accidents 

and the other wants to become a better rush-hour driver. The simulator produces valid traffic behavior 

that reflects what would be observed in reality, but it suffers from a flawed user interface that is difficult 

to operate when driving. For both users, the simulation fulfills the first interpretation, as it produces a 

simulation of traffic and all the functions of a car in a way that is similar enough to reality – the 
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simulation is internally and externally valid in those respects. For the first user, the simulation fulfills 

the second interpretation as well, because the user can successfully use the simulation to predict 

accidents – thereby achieving the intended purpose. Thus it exhibits application validity. For the second 

user, however, the simulation would not fulfill its purpose, as the flawed driving experience would 

cause the user too much stress, thus hindering the user from becoming a better rush-hour driver.  

The example above illustrates that simulating the simuland correctly and fulfilling the intended purpose 

of simulation do not necessarily have to be the same thing. Therefore, it is not sufficient to simulate 

the correct things for a simulation to exhibit application validity. For human-centered simulations, this 

means that re-creating a similar enough cognitive system is insufficient for application validity. It also 

means that a simulation may exhibit application validity for one intended purpose, but not for another. 

Returning to functionality: it seems reasonable to claim that the simulator functions in producing a 

simulation of rush-hour traffic, but not that it functions as a training simulator for driving. In answer 

to the question stated earlier, both technological functionality and applicational validity reflect whether 

a simulation fulfills its intended purpose, and therefore it seems fair to conclude that these two concepts 

are equal. Internal validity, on the other hand, refers functioning in a “correct simulation” –sense, which 

as we have seen is not the same thing. The difference lies within the intended purpose for which the 

simulation is used.  

What about usefulness? In the example above, usability of the human-centered simulation was a factor 

that affected its usefulness. For all simulation interfaces, usability is important, but the relationship 

between usability, functionality, and usefulness requires further elaboration. There are, for instance, no 

aspects of usability (that affects validity) to consider during execution of a constructive simulation with 

no human interaction. If such a simulator is correctly modeled and implemented, and the underpinning 

theories are true, the simulator will produce its intended results (frequently enough) and thereby 

function appropriately – even if the results are outputted in a way that makes them unusable. Unusable 

output would, however, be devastating for the usefulness of such a simulation. It seems that usability 

and functionality are separate concepts for different simulation techniques. I argue that functionality 

and usability of simulations relate to each other based on the roles that users have, which differ for 

constructive simulations and human-centered-simulations. As Figure 11 illustrates, users are parts of 

human-centered simulations if they are parts of the cognitive system that constitutes the simulation. 

However, users may also be those who use any outputs from the simulation or observers of the 

simulation (dashed figure). Furthermore, different user roles within a human-centered simulation relate 

differently to usability. In training simulations, for example, some users are participants in the 

simulation who are intended to learn (green figure), while others might be teachers or confederates 

who are there to instruct (red figure).  
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Figure 11: Examples of different user-types in human-centered simulations. 

If the interfaces and artifacts that these users engage with are of too (unintended) poor usability, the 

cognitive system will falter and the simulation should not be considered functional. In other words, it 

is not usability per se that is important for functionality, but rather establishing a working cognitive 

system, which may require a certain degree of usability.  

Beyond functionality, other aspects of a human-centered simulation contribute to whether it should be 

considered useful. For instance, if a simulation produces uninteresting or inapplicable (yet correct) 

results, or is too impractical to execute (e.g., due to high costs), or if no user wants to – or can – use it 

(e.g., due to trust, motivation, or usability issues as demonstrated earlier) the simulation would not be 

useful. The distributed cognition perspective offers an explanation to why and how human-centered 

simulations function. Obviously, functioning and useful human-centered simulations have been 

constructed previously, without using distributed cognition. However, there is a difference between 

building useful techniques and understanding why those techniques are functional and useful. Perhaps 

an incomplete understanding of the workings of human-centered simulations and why they produce 

the results they do has been a contributing factor to the overemphasis on physical fidelity (naïve 

realism).  

7.3. Contributions as Products of Technological Research and 

Science 

The results of this thesis apply both to the technological and the scientific areas of the simulation 

discipline. Chapter 5 mainly provides contributions to technological research, for several reasons. First, 

the chapter discusses uses, evaluations, and design of simulations, not theoretical understanding of the 

nature of simulations. Second, the distributed cognition perspective is explored as a tool to study and 

evaluate human-centered simulations. In this way, the DiCoT analysis of the ETS simulator, as well as 

the design of the DIGEMERGO prototype, serve as two cases that investigate the usefulness of distributed 

cognition as a tool to study and design human-centered simulations. Those results are important for 

technological simulation research as well as expanding the use of distributed cognition. Furthermore, 

the DIGEMERGO simulator and its design are per se a product of technological research, as the ultimate 

goal of DIGEMERGO is to be useful for solving real-world problems outside of research (i.e., for training 

in and assessment of emergency medical management). In Chapter 6, however, a re-interpretation of 

human-centered simulations as distributed cognition activities is presented. The goal of Chapter 6 is to 

generate knowledge on how human-centered simulations can be seen, their inner workings, and how 

their theoretical constructs can be interpreted. The suggested definition of human-centered simulations 
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in Chapter 6 is, in a sense, a theory of what human-centered simulations are – distributed cognitive 

systems. This chapter does not, however, consider the usefulness of such an interpretation.  

The usefulness of distributed cognition as a tool for studying human-centered simulations can be tested, 

either subjectively or by showing that the simulation-related products created using this tool achieve 

some desired goal, such as effectiveness, validity, or usefulness. It is more difficult to prove or disprove 

the distributed cognition interpretation of what human-centered simulations are. However, this 

interpretation can be rephrased to illustrate the appropriateness of such an interpretation. This can be 

done by claiming that human-centered simulations reflect cognitive processes in general – not 

distributed cognitive systems in particular. When rephrased this way, the theory of what human-

centered simulations are now deals with similar enough cognitive properties and processes in general, 

which is not bound to distributed cognition theory specifically. Therefore, if distributed cognition were 

to be strengthened or discredited as an explanatory theory of cognition, which is debated35, it would 

strengthen or discredit distributed cognition as a theory of (or framework for) human-centered 

simulations as well.  

A caveat to address here is that the human-centered simulations studied in this thesis are obvious 

cognitive situations. However, there are simulations in which humans are central that focus mostly on 

motor activities, for instance, surgery simulation (Dawe et al., 2014). The question then becomes 

whether or not such simulations should be treated as something apart from human-centered 

simulations. I think not. As Hollnagel and Woods argue (2005, p. 24): all work is cognitive. This means 

that everything we do requires cognition to some degree, and therefore there is no need to distinguish 

between cognitive work and non-cognitive work. Naturally, different activities are more or less 

cognitively demanding or complex. A less complex simulated activity would therefore require a less 

detailed cognitive analysis for evaluation, which can be achieved by using a subset of the DiCoT 

principles that are relevant to the simulated task.  

7.4. Limitations 

Throughout my doctoral studies and writing this thesis, my perspective has changed somewhat due to 

a deeper understanding of both the simulation field and distributed cognition. The main premises or 

ideas have not changed, but rather how they are phrased. For instance, Paper III discusses the concept 

of “cognitive validity” as an explicit measure of the correctness with which the cognitive system is re-

created in a simulation. Although I still see the value of using such a term to refer to the accuracy of 

cognitive processes in simulation, the interpretation of human-centered simulations as cognitive 

systems makes this term rather underspecified – as all forms of validity of human-centered simulations 

reflect cognitive properties in some way (with the possible exception of applicational validity). 

Therefore, the structure provided by Feinstein and Cannon was adopted and modified to emphasize 

aspects of the cognitive system.  

7.4.1. The DigEmergo Design Case 

The DIGEMERGO design case used in this thesis is limited. I argue that distributed cognition can be used 

to guide the design of simulators by analyzing the distributed cognitive system of the simuland. 

                                                      
35 See for instance Adams & Aizawa (2010), Elpidorou (2014), and Adams and Garrison (2013, 2014)  
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However, the DIGEMERGO simulator was designed based on analysis of simulations with the ETS 

simulator, which cannot be considered to be the real simuland. The severity of this limitation is 

debatable. On the one hand, distributed cognition was used to analyze the cognitive system present in 

one setting (ETS simulation), which enabled identification of core mechanics and shortcomings of this 

system. Furthermore, distributed cognition has previously been shown to be valuable for studying 

cognitive systems in real medical settings (i.e., the real simuland). Thus, the conclusion that distributed 

cognition can be used to analyze the simuland setting and inform the design of a simulation seems 

unproblematic. On the other hand, as another simulation (ETS) was the basis for the DIGEMERGO 

simulator design, many abstractions, simplifications, and selections had already been made with regard 

to the simuland. Thus, the modeling stage of DIGEMERGO was in part performed during the modeling 

of the ETS simulator. In this case, the DIGEMERGO modeling became an exercise in evaluating and 

improving upon previous modeling assumptions, design choices, and implementations that were 

already in use in ETS. Therefore, the case is limited in the ways it tests distributed cognition’s and 

DiCoT’s ability to inform selections, abstractions, and simplifications for simulations.  

7.4.2. Mixed DigEmergo Validation Results 

The comparative expert-novice validation approach reported in Paper IV and Paper VI provided an 

indirect test of whether the use of distributed cognition in the design of DIGEMERGO had successfully 

captured such properties of ETS in a correct and valid manner. The results showed mixed performance 

results. Experts outperformed novices on key quality measures, such as triage and disposal accuracy of 

in-hospital patients, and they anticipated a need for additional resources. However, triage and disposal 

accuracy for trauma patients did not reveal any differences. The novices were also faster at patient 

disposal for in-hospital patients and outperformed the experts in terms of number of patients treated 

and number of patients disposed of. There are several possible explanations for these results: First, that 

DIGEMERGO did not sufficiently capture and convey the emergency department setting and its 

supporting tools to the participants, with the result that the established cognitive system in the 

simulation was not similar enough to reality. Second, the DIGEMERGO prototype was not sufficiently 

usable for the expert users, thus hampering performance. Third, the measured performance variables 

do not necessarily reflect validity. Fourth, flaws in the study setup (such as insufficient pre-training) 

introduced confounding variables that muddled the results. It is probable that elements of all of the 

listed explanations affected the outcome of the validation study.  

To a large degree, the performance measures used seem to reflect usability issues and experience with 

the digital prototype. This effect could have been reduced by extended pre-test training sessions with 

DIGEMERGO. It is notable that all participants, especially the experts, scored below what would have 

been expected in triage accuracy for the trauma patient group. This was probably also caused by flaws 

in the study setup. Too few trauma patients in need of triage were included and a confounding variable 

was found post-test in the triage system that was used, which complicated the question of what would 

be considered accurate triage of trauma patients in a traffic accident. Using time and quantities as an 

indicator of surge capacity management performance – and thus also for validation – is debatable. 

Faster performance does not necessarily equal better performance. An incorrect triage assessment is 

always incorrect no matter how quickly it was performed. In some cases, slower performance can even 

be desirable; for instance, longer time to treatment for patients with minor injuries can indicate that 

more severely injured patients were prioritized or anticipated to arrive at the ED. Furthermore, clearing 
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the ED as fast as possible, which occupies resources in this scenario, might seem favorable, but keeping 

resources available in reserve for as long as possible might reflect preparedness for additional incoming 

trauma patients. Such thinking would reflect a deeper system understanding and ambition to achieve 

high quality of care. Additionally, for this specific study, the simulation model was further simplified as 

the setup removed the need for participants to select treatments for each patient. If the required 

resources (e.g., nurses, doctors, and rooms) were provided by the participant the DIGEMERGO simulator 

automatically selected an appropriate treatment plan. This study design choice was made to lessen focus 

on medical knowledge and to favor management skills. It is possible that this decision, in combination 

with other simplifications of the ETS and DIGEMERGO systems, provided management tasks that were 

too simple, reducing the possibility of distinguishing novice and expert users from each other in a 

meaningful way – especially when using speed and quantity as performance measures.  

Flaws in the study design and selected measures in combination are not a reason to discredit the validity 

of the DIGEMERGO simulator, but they do call into question the strength of the validation study. Results 

from Paper III and Paper V indicate usefulness, immersion qualities, and application validity of 

DIGEMERGO. Additional validation studies of the DIGEMERGO simulator could provide significant and 

conclusive results. If it is the case that there are validity issues with the DIGEMERGO simulator that 

prevent it from being able to separate experts from novices, it is important to consider why. The thesis 

and its constituent papers assume a priori that the ETS simulator is valid. Therefore, either DIGEMERGO 

fails to capture whatever makes ETS valid, which would weaken the claim of distributed cognition as 

a framework for simulator design, or the assumption is faulty.  

7.4.3. Alternative Research Approaches 

As with any research project, there are many things that could have been done differently and there are 

many more studies that should be conducted in this area. One gap is that no DiCoT analysis of the 

DIGEMERGO system was conducted within the thesis. The primary reason for this was to avoid circular 

reasoning, since evaluating the DIGEMERGO system with the same framework that was used to construct 

the system would be biased and circular. Therefore, I wanted to use established methods within the 

simulation field and human-computer interaction for evaluation and validation of the DIGEMERGO 

system. Such methods would also reveal positive outcomes, in terms of simulation results, of adopting 

a distributed cognition perspective. That said, a DiCoT analysis of DIGEMERGO would be an interesting 

and valuable additional study that could illustrate differences in distributed cognitive processes between 

analog ETS simulations and digital DIGEMERGO simulations. Such a study could more clearly highlight 

what has been gained and lost in translation from an analog to a digital simulator, and analyze whether 

deliberate changes made from ETS to DIGEMERGO had the intended effects.  

An alternative approach to the design of DIGEMERGO would have been to consider the system to be 

unrelated to ETS, and to treat ETS like a true simuland rather than as a candidate for re-design. In this 

way, less of the ETS structure would have been adopted for the purpose of retaining familiarity with 

the system. It would have been more appropriate still to study additional real emergency medical 

management situations, as in Paper I, with DiCoT and build a simulation environment based on that 

analysis. Furthermore, there are other analytical approaches to distributed cognition that could have 

been used in this thesis, such as the three-level framework (Garbis, 2002). A possible benefit of such 
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an analysis would be the inclusion of cognitive processes at the organizational level, which is not 

emphasized in DiCoT.  

7.5. Thoughts for the Future 

In this section, I will briefly discuss the implications of this thesis for future research. There are a 

number of studies of interest to pursue based on this thesis. Specifically, developments of DiCoT for 

simulation research and extensions of the DIGEMERGO system are discussed.  

7.5.1. Additional Validation Studies of DigEmergo 

A revised expert-novice validation study could provide conclusive results regarding internal, external, 

and representational aspects of validity. An additional approach to consider would be a so-called Turing 

test validation. Turing test validation is an established validation method in which subject matter experts 

are tasked with distinguishing simulator output data from empirical simuland data. If they cannot 

discriminate between simulated and real data, the simulator is said to pass the Turing validation test 

(Law, 2009; Sokolowski and Banks, 2010). The novice-expert validation approach is a form of Turing 

test, in which the simulator (or the analysis of simulation results) judges user performance. This tests 

the simulator’s ability to successfully distinguish between experts and novices, which would indicate 

that the simulator can accurately judge performance. Using a standard Turing test validation approach 

would be appropriate for validation of parts of the simulation, for instance, validating injury 

distributions of accident scenarios in simulation. It can also be used to validate the results from an 

entire simulation; for instance, in the assessment of surge capacity output data (e.g., time to treat 

patients, number of casualties, triage distribution). In this way, a set of impartial experts could judge 

whether the data were results from a simulation or a real scenario. Furthermore, additional study of 

applicational validity would be of interest, using DIGEMERGO as both a technique for training as well as 

a technique for assessment of skill and surge capacity. 

7.5.2. Development of DiCoT 

There are a number of ways in which DiCoT can be developed as a research method for human-

centered simulations. As previously mentioned, DiCoT is intended as a general method for studying 

distributed cognition in work settings, which does not provide explicit support for studying human-

centered simulations specifically. DiCoT could be customized for studying human-centered simulation. 

Such a version of DiCoT could provide different principles depending on the study purpose: whether 

the analysis was being performed to support the design of a simulator, to provide referent knowledge 

of the studied cognitive system, or to validate simulations. For validation purposes, for example, sets 

of principles can be tied to aspects of simulation validity, which would enable more standardized and 

precise validation studies of human-centered simulations. Formalization and operationalization of 

aspects of the analysis would further standardize validation, as well as provide subjective measurements 

for validation. For instance, researchers could be provided with a tool to rate different aspects of the 

simulation based on DiCoT’s principles of distributed cognition. In addition, for validation purposes a 

standardized method for comparing a DiCoT analysis of the simuland to one of the simulation would 

be desired – possibly, operationalized as a scoring scheme.  
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For SBT, DiCoT can be adapted to distinguish between formative and normative modes of simulation 

(i.e., training vs. assessment). Whether a simulation is used for training or evaluation can affect which 

properties of DiCoT and what principles of distributed cognition are applicable. Connecting DiCoT to 

theoretical principles of learning could further inform how principles of distributed cognition support 

efficient transfer of training. Moreover, it would be interesting to study and evaluate how cognitive 

systems adapt as a result of training and internalization of knowledge by cognitive agents. Furthermore, 

the current DiCoT principles are generally biased towards investigation of temporally and 

geographically co-located processes. Supporting the analysis of temporally and geographically 

distributed processes could make DiCoT more applicable for analysis of distributed simulation 

sessions, such as full-scale emergency simulations using live actors spread over several locations.  

7.5.3. DigEmergo Development 

There are multiple possibilities for the development of the DIGEMERGO system, some of which are 

currently in the works. Two projects have already been initiated that include dynamic patient 

simulations and constructive stochastic simulation. As mentioned in Paper II and Paper III, the lack of 

dynamic patient states can be both a limitation and a source of validity issues (especially during 

assessment), but also a simplification that can aid novice trainees. Dynamic patients can enable new 

types of training, such as re-triage tasks or sudden changes in patient states to create scenarios that are 

more challenging. Dynamic patient states can also help create a more accurate and valid assessment of 

capacity. Moreover, an interesting development of the DIGEMERGO system would be to adapt the 

system for portable mini-training sessions. It can be difficult to plan and perform training sessions for 

medical personnel, as their workload is generally high and may suddenly increase. Mini-training sessions 

of about 20 minutes in length that could be performed at the workplace could be used to complement 

regular training sessions, for instance as refresher courses or as a tool for self-assessment. 

The second project, constructive stochastic simulation, refers to using DIGEMERGO and the ETS patient 

bank to predict possible outcomes to major incidents and surge capacity scenarios – so-called “what 

if” scenarios. For instance, what happens if a fire starts at a crowded nightclub in the city center at 2 

am on a Friday night? Stochastic simulations can be used to predict best-case outcomes, identify 

possible bottlenecks in the EMS system, and to provide information about the effects that changes to 

the EMS system might have – for instance, whether purchasing a new helicopter would improve 

outcomes significantly or not.  

7.5.4. A Philosophical Note 

Perhaps my interest in philosophical considerations regarding simulations has been evident throughout 

this work. Before concluding the thesis, I would like to make a final departure concerning the 

relationship between simulation and reality. The coupling between technological artifacts and humans 

seems to get stronger, in both private life and professional settings, as technology gets more advanced. 

The transhumanist movement (More, 2013) predicts that technology will transform the human 

condition with sophisticated technologies that will greatly enhance the cognitive and physical abilities 

of individuals. This outlook has interesting implications for simulation theory. From a distributed 

cognition perspective, such changes in cognitive capabilities would not be abnormal since individuals 

already do this, that is, engage in cognitive systems with abilities that supersede those of the naked 
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individual36. The difference from the present state of affairs is that the technologies suggested by 

transhumanism will radically change the individual itself (the cognitive agent), making her inseparable 

from technology (e.g., through nanotechnology and biotechnology).  

From a simulation point of view, advancements in technology bring new possibilities as the technology 

used to change and augment cognitive work in the real world can also be used to create simulated 

situations which could be, more or less, indistinguishable from reality. For instance, what if we were 

able to re-play (“mentally simulate”) any given situation within the blink of an eye after it has occurred? 

Or, what if we could simulate situations ahead of time to predict outcomes as they are about to happen? 

Individuals could, in fact, become their own simulators, meaning that the line between simulated 

scenarios and reality could be further obscured – if not erased completely. Referring back to the quote 

by Rosenblueth and Wiener (1945) in Chapter 1, this would create a case of using the same cat as the 

material model for a cat - but in a simulated and harm-free situation. Let us now consider an example 

that is grounded in the present time of writing: a digital simulation system for training or assessment 

of emergency medical management (such as DIGEMERGO) could be transformed into a monitoring tool 

for hospital emergency wards. Vice versa, a digital system that is used to monitor the state of an 

emergency department could be “reversed” to simulate emergency department scenarios, for use in 

training, assessment, or prediction. This creates a situation in which the same system and setting could 

be used in different “modes”, rather than using different tools and milieus for training and assessment. 

Such a practice could engage the real-life cognitive system in the simuland, rather than re-creating it in 

simulation. Of course, whether such real-life-simulations would be beneficial depends on the purpose 

of simulation as, for instance, training scenarios can benefit from a simplified task environment.  

7.6. Conclusion 

Human-centered simulations are simulations in which humans are integral to the functionality of the 

simulation. This thesis suggests that human-centered simulations (e.g., training systems) can be viewed 

and studied as distributed cognitive systems. Adopting this view allows for re-phrasing of central 

theoretical constructs in simulation theory using distributed cognition discourse and provides a new 

approach to the study, design, and evaluation of human-centered simulations. This thesis showed that 

ethnographical studies using a distributed cognition framework for analysis can be used for validation 

of simulators to reveal integral mechanisms and functions that pertain to the validity of simulations. 

Furthermore, the thesis demonstrated that DiCoT can provide a structured analysis that is usable for 

evaluation as well as for motivation and guiding (re)design of human-centered simulations.  

The DIGEMERGO simulator for training and assessment of emergency medical management was 

designed, implemented, and evaluated as part of this thesis work. The simulator, which is based on a 

DiCoT analysis of the Emergo Train System, demonstrated usefulness and application validity – thus 

indicating the usefulness of distributed cognition as an applied framework for simulator design and 

evaluation. From a technological research perspective, the new simulator, together with insights gained 

from evaluating ETS, can be used to improve emergency medical management training and assessment, 

which in turn can contribute to increased capability to manage emergency medical events. In terms of 

                                                      
36 For those interested in the topic, I would recommend reading Andy Clark’s text “Re-Inventing Ourselves” 
(2013)   
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the scientific contribution, the results of the thesis contribute to cognitive science, and especially to 

distributed cognition, by studying a new domain and applying the distributed cognition framework for 

validation and design of simulators, thereby extending the application of distributed cognition. In doing 

so, the thesis demonstrated that distributed cognitive systems can be studied within simulated 

environments and argued that simulation can capture cognitive processes from the wild, thereby 

opening the door to further research on distributed cognition in simulated environments. Furthermore, 

the thesis contributes to the simulation field in general and simulation-based training and assessment 

of emergency medicine management in particular by providing new knowledge and a new perspective 

on human-centered simulation.   
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