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Occupational Applications 

People in many occupations that involve using complex tools need to know how to troubleshoot 

those tools in real time and with minimum cost. Training troubleshooting professionals is thus a concern 

for various occupational sectors—particularly the military, aviation, power plant, and in industrial 

processes—and large investments have been made to create and use simulators that train troubleshooting 

skills. In the design and evaluation of simulators for troubleshooting, this review shows that no single 

level of simulation realism—or fidelity—works best in training, and that the effect of fidelity depends on 

trainees’ prior skill level and the type of troubleshooting system (electronic or mechanical). 

Technical Abstract 

Background. Due to methodological difficulties, determining the appropriate level of simulation fidelity 

for training has been a long-standing problem for researchers and practitioners in ergonomics and human 

factors as well as simulation educators. 

Purpose. Our goal was to understand whether and how different levels of simulation fidelity affect 

transfer for training troubleshooting professionals, with a focus on practice domains such as military, 

chemical plants, and aviation. In analyzing the effect of fidelity, we also assessed the potential effects of 

two moderators: trainees’ prior skill and system type (electronic and mechanical). 

Method. We used quantitative (random effects) and qualitative meta-analytic techniques to address the 

study questions. To overcome traditional problems in measuring fidelity and transfer, instead of using 

quantitative measures we conducted a qualitative categorization of study variables into low, medium, and 

high levels. Reports from 1960 until the present (2021) that described controlled experiments were 

identified using online databases, which resulted in 200 reports, 25 of which satisfied our conditions and 

included 57 experiments with 1,481 human participants. 

Results. Although the overall results favor using medium- to high-fidelity simulators, none of the low-, 

medium-, or high-fidelity simulations were universally superior, and the effect of fidelity depended on 

identified moderators. There was a positive effect of fidelity on transfer, but only for trainees with high 

prior skill. The same effect was also observed only for electronic systems. Of the three level of fidelity, 
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medium-fidelity simulators produced the highest overall transfer, especially for trainees with low prior 

skill, and the low-fidelity simulators resulted in the lowest overall transfer. 

Conclusion. In designing and evaluating simulators that train troubleshooting professionals, addressing 

the fidelity question is only possible by analyzing important moderators such as trainees’ prior skills and 

system type. Researchers and practitioners should thus define such moderators and then decide on key 

design variables such as fidelity. 

 

Keywords: simulation fidelity, training simulation, transfer of training, simulation-based skill acquisition, 

virtual environments 

 

Manuscript word count (excluding Abstract, References, tables, and figures): ~ 7,000  
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1. Introduction 

Organizations use training simulators in various occupations to train their workforce in an 

efficient and safe environment. For example, one study estimated $6 billion of savings in training costs 

for the United States Marine Corps for one year from using training simulators at a large scale (Cooley et 

al., 2015). Other works show the introduction and effectiveness of virtual and augmented reality tools 

(VR/AR) in training, for occupations such as construction (Hafsia et al., 2018), work zone inspection 

(Aati, et al., 2020), power line maintenance and operation (Borba et al., 2016), work-at-height 

engineering operations (Di Loreto et al., 2018), and in various other occupations (see also Anastassova & 

Burkhardt, 2009). Because of their importance, the design of training simulators has been a subject of 

decades of research in various disciplines, particularly in human factors and ergonomics (e.g., Allen et al., 

1986; Duncan & Shepherd, 1975). One long-standing and central design problem that has baffled 

researchers is the level of surface realism of training materials—or fidelity as used in this article—that is 

needed in a simulator (e.g., Hays & Singer, 1989; Miller, 1954). The central question is: how realistic 

should the training materials be to provide successful training? Answers to the fidelity question can 

provide designers with specific guidelines in their design practice and would allow organizations to 

evaluate simulators. 

Unlike some recent attempts to address similar questions that had a domain-general approach to 

the problem (e.g., Kaplan et al., 2021), we think we need to focus only on one domain of practice so that 

our results are readily applicable to that specific domain. A task domain that has been using training 

simulators for decades is troubleshooting (e.g., Hochholdinger & Schaper, 2013; Rasmussen & Rouse, 

1981; Shriver et al., 1964). Various organizations—specifically the military—use sophisticated electronic 

and mechanical systems. To use those systems in critical situations, operators must be trained on how to 

diagnose faulty components and troubleshoot in a reasonable timeframe. A big part of saving costs and 

reducing threats in the military is due to training troubleshooting skills (Cooley et al., 2015). 

A troubleshooting professional first observes the output (or current state) of a system; if there is a 

fault in the output, it should be traced back through its connections to one or multiple components within 
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the system that are responsible for the fault. Examples of troubleshooting simulators are shown in Figure 

1. In electronic systems, components are resistors, diodes, capacitors, etc. that are often connected with 

wires in a circuit, and in mechanical systems components include thermostats, generators, fuel injectors, 

etc. connected by pipes, gears, or other connectors. So, finding faulty components is the main goal in 

troubleshooting and is our focus in this article. Often, the expertise lies in choosing a strategy—e.g., what 

internal components should be tested first—to find the faults resulting in an accurate, fast, and 

inexpensive fix for the system (see Johnson, 1988; Morris & Rouse, 1985). Mastering this skill requires 

practice, and for various reasons such as safety and costs, this practice is conducted through simulators 

(see Cooley et al., 2015). The main indicator of training success is the positive transfer of the acquired 

skills from a simulation to an operational system. 

Past investigations on the topic have provided contradictory findings regarding the use of fidelity. 

One group of researchers were inspired by early psychological investigations (e.g., Identical Elements 

Theory, Thorndike & Woodworth, 1901) and supported using high-fidelity simulators for training (e.g., 

Logan, 1988; Miller, 1954). Another group of researchers used different psychological theories (e.g., 

Problem Isomorphism of Simon & Hayes, 1976) to support low-fidelity simulators (e.g., Dale, 1958; 

Llaneras et al., 1989; Reiter, 1987; Swezey et al., 1991). In this respect, the answer to the fidelity question 

is not clear from prior work, and a comprehensive attempt is needed to provide empirical evidence to 

settle the fidelity question in this domain. 
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(A) 

 

 

(B) 
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(C) 

 

Figure 1 

Examples of Low-, Medium-, and High-Fidelity Troubleshooting Interfaces 

Note. Figures (A), (B), and (C) are adapted from Rouse (1981), Linou & Kontogiannis (2005), and Yarnall et al. 

(2015) and they represent examples of low-, medium-, and high-fidelity interfaces, respectively. (A) represents an 

abstract system with components as decagons and connections as arrows; from observing the output of the system 

on the right, trainees should diagnose the faulty component by checking connections at each step as shown on the 

left side of (A). (B) shows the schematic of a distillation plant. (C) shows the visuals of an augmented reality system 

that shows the armored vehicle in the background and an animated wrench in the fireground (horizontally located on 

the center left side of the image). 

Because of methodological difficulties, there is currently a dearth of literature reviews and meta-

analyses, particularly in the troubleshooting domain. One central difficulty is defining and measuring 

fidelity and transfer, and despite decades of efforts there are no unified metrics for measuring these 

constructs (see Adams, 1979; Hays & Singer, 1989; Roza, 2005). This situation has caused confusion in 

the design, evaluation, and deployment of training simulators (Beaubien & Baker, 2004; Doozandeh, 

2021; Hamstra et al., 2014; Morris & Rouse, 1985; Roberts et al., 2020). Here, we introduce a 

categorization method that allowed us to research the question, and in response to recent calls and 

attempts for reviews (e.g., Lefor et al., 2020; Lintern & Boot, 2019), we take a step toward investigating 

the effect of fidelity on transfer for troubleshooting tasks. 
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In analyzing the effect of fidelity on transfer, we also investigated the moderating effect of two 

factors: trainees’ prior skill and the type of system for troubleshooting. With respect to trainees’ prior 

skill, researchers have argued that the level of trainees’ skill can determine the transfer in a certain 

training tool and program (e.g., Hunt & Rouse, 1981), which is due to reasons such as expert-novice 

differences in using attentional resources, situation awareness, and system knowledge (see Johnson, 1988; 

Morris & Rouse, 1985). For example, Alessi (1988) argued that the benefit of high-fidelity simulation is 

not equal for “expert”, “experienced”, and “novice” trainees (see Figure 2). In this study, we investigated 

whether trainees’ prior skill can moderate the effect of fidelity on transfer. We categorize trainees’ prior 

skill to three levels of low, medium, and high, which will be discussed further below. In addition to 

trainees’ prior skill, the type of troubleshooting system (i.e., electronic or mechanical) will be considered 

as the second moderator for the effect of fidelity on transfer. Researchers have shown the potential of 

high-fidelity materials (e.g., animation or video) in improving the training of troubleshooting for 

mechanical systems (e.g., Carpenter & Just, 1992; Park & Hopkins, 1992). One reason can be that the 

internal working of mechanical systems is often more dependent on moving parts and fluids compared to 

electronic systems, and such movements can be presented through animation and high-fidelity simulation. 

We chose these two moderating factors among all others because, based on our knowledge of the 

literature, they are among the most important factors that can moderate the effect of fidelity, particularly 

for the task of troubleshooting. 

Decades of research on the topic has produced numerous empirical investigations, and we used 

accumulated results to conduct a meta-analysis. By using meta-analysis, we can conduct a rigorous test 

with a large sample size using a variety of simulators. Results are therefore not limited to one simulator or 

study but can be used in a general sense for the design and evaluation of simulators for troubleshooting 

and similar tasks.  
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Figure 2 

Relationship between level of fidelity and learning for trainees with different levels of skill as shown in 

Alessi (1988) 

Note. The figure is adapted from Alessi (1988) 

 

This study was intended to contribute to existing knowledge by informing researchers and 

practitioners about whether and how to use fidelity in the design practice, informing organizations in their 

evaluations and adoption of simulators, and proposing a method to researchers to investigate the fidelity 

question in other tasks and occupations. So, our hope is to have an impact on increasing the transfer of 

training for simulators that results in a skillful workforce—particularly troubleshooting professionals—

with minimal costs for organizations in developing, deploying, and maintaining the simulators. 

2. Methods 

We used the American Psychological Association Meta-Analysis Reporting Standards (MARS; 

Cooper, 2010) to structure our meta-analysis, particularly in the Method, Results, and Discussion 

sections. 

2.1. Hypotheses 

We framed the study around three main hypotheses: 

• Hypothesis 1: Fidelity can affect transfer in troubleshooting tasks. 
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• Hypothesis 2: Different levels of simulation fidelity affect the transfer of training in different 

ways. 

• Hypothesis 3: The two moderating factors of trainees’ prior skill and system type moderate the 

effect of fidelity on transfer. 

The above hypotheses are addressed in the Discussions section and after presenting the results. 

2.2. Search 

Although the topic has been mainly studied by researchers in ergonomics and human factors, 

disciplines that investigated the problem include human-computer interaction, cognitive psychology, 

educational sciences, electrical engineering, and medical education. Therefore, we also searched for 

relevant articles published in outlets related to these disciplines. We used online databases that include 

Scopus, PsycINFO, CiteSeerx, Google Scholar, Microsoft Academia, and Web of Science. The following 

combination of keywords were mainly used in our search: 

 

(trainer OR training) AND (troubleshooting OR “problem solving” OR problem-solving OR 

“fault finding” OR fault-finding) AND (fidelity OR realism) 

 

This combination of terms was used due to variation in the use of terms across countries (such as 

the US and UK) and between older and more recent literature (e.g., “trainer” was used more often in older 

literature). In addition, we used related words such as “system failure”, “maintenance”, and “diagnosis”, 

among others. 

Keywords that contained “simulation” were not used, because the combination that was used 

already included simulation studies, and because many studies did not use the term “simulation” to refer 

to the training materials. The selected date range in using online databases was 1960 – present (2021); this 

was used because it was difficult to categorize the fidelity of simulators prior to the 1960s, due to the 

fundamental differences between interfaces from that time compared to modern interfaces (e.g., 

introduction of televisions and radical transformations in electronics during 1960s). Additionally, there 
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were not many articles relevant to our topic from that time, because troubleshooting professionals were 

often trained on the job without simulators. Our search was restricted to journal articles and conference 

papers, and keywords searches were applied to the title, abstract, and text of reports. 

In addition to using online databases, outlets with a more particular focus on the topic were 

investigated more thoroughly, and we used specific search tools for those outlets to find relevant reports. 

These outlets included major journals in ergonomics and human factors, and conference proceedings from 

the Human Factors and Ergonomics Society Annual Meeting (HFES) and Interservice/Industry Training 

Simulation and Education Conference (I/ITSEC). We also conducted a legacy search by examining the 

“References” section of articles that were originally found. 

It should be mentioned that the results of some relevant studies—particularly those conducted 

before the 1970s—did not appear in journals and conferences. Reports from those studies were mostly 

circulated between organizations or were published as technical reports. As a result, contemporary online 

search engines, as we used, might not have found those reports. We searched and included such studies to 

the best of our capacity, by using the names of prominent researchers and by legacy search (e.g., resulting 

in studies such as Miller, 1975; Shriver et al., 1964). Nonetheless, it is likely that our findings do not 

contain all relevant research in the area, especially from older literature. 

2.3. Selection 

Articles that were selected for the meta-analysis were those that investigated the relationship 

between fidelity and transfer for troubleshooting tasks, either directly or indirectly. Those that had a direct 

focus on the topic were reports whose primary concern was finding the appropriate level of fidelity for 

training (e.g., McDonald et al., 1982). Those with an indirect focus used simulations to train 

troubleshooting as part of an investigation that was not directed toward the fidelity question (e.g., Munley 

& Patrick, 1997), but could nonetheless provide sufficient information for our analysis. 

To mitigate the problem of subjective selection of studies, each of the current authors 

independently searched the initial pool of studies to select those appropriate for the meta-analysis. The 

final studies that we included in the meta-analysis were those that were selected by both authors; 
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otherwise, those studies were further discussed and a decision was agreed upon by both authors regarding 

inclusion. 

The selected studies should have clearly specified the characteristics of their simulators (i.e., via 

figures, videos, drawings, or clear verbal descriptions). It was only by having this information that we 

could categorize their fidelity levels as the independent variable in our study. As the main dependent 

variable, an identifiable rate of training transfer from simulation to a target task or system was needed for 

each simulator. Such reports on transfer rate for each simulator could be relative either to no-simulation 

conditions, or to simulators with different fidelity levels. We selected studies with quantifiable transfer 

rates (e.g., effect sizes, p-values); however, due to the scarcity of studies with quantifiable transfer, we 

also included studies with clear but qualitative interpretations of transfer (i.e., authors’ interpretation of a 

simulator’s transfer success). Information about trainees’ prior skill and the type of troubleshooting 

system (i.e., electronic or mechanical) were the other two requirements from selected studies. In 

summary, studies must have had: 

• at least one experiment (i.e., empirical observation) in which a training simulator was used to 

train troubleshooting skills, 

• reports on the level of fidelity, or the surface characteristics of the simulator, 

• reports on transfer rate metric for each simulator, 

• random assignment of trainees and independent samples (between-subject design) for conditions 

with different fidelity levels and no-simulation condition, 

• reports on trainees’ prior skill on a specific troubleshooting task or related troubleshooting tasks, 

• an identifiable system to be categorized as either an electronic or a mechanical system for 

troubleshooting, and 

• a training phase followed by a transfer phase for each simulator. 

2.4. Coding 

The definition of main variables used in the meta-analysis is summarized in Table 1. We used the 

aggregated knowledge from past literature in creating Table 1, which aimed to represent the common 
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knowledge on what each category of low, medium, and high means for important variables of this study. 

Both current authors independently validated the information in Table 1. The following few paragraphs 

aim to describe the rationale behind, and use of, Table 1. 

We measured fidelity, transfer, and trainees’ prior skill on a three-category scale: low, medium, 

and high. This approach was an intentional choice to address a well-known problem: difficulty in 

measuring constructs such as fidelity and transfer on quantitative scales (e.g., Adams, 1979; Hays & 

Singer, 1989; Kirkpatrick & Kirkpatrick, 2006; Roza, 2005). The problem with measuring fidelity is the 

difficulty in defining a dimension or direction of measurement. For example, a simulator might use 

simple drawings on a computer display, another might use a computer animation, and another might use a 

VR tool with motion simulation; how should we define a quantitative scale and compare the level of 

fidelity between the three simulators? Should the scale only include visual realism, or should it also 

include auditory, motion, and temporal aspects? 

A similar difficulty exists for measuring transfer. Some studies report quantitative scales for 

transfer rate, based on performance criteria such as time on task, accuracy, or success in troubleshooting 

(e.g., Darabi et al., 2007). Other studies provide verbal interpretations or non-parametric estimates of 

transfer (e.g., Maddox et al., 1985). This diversity in scales and formats used in measuring and reporting 

transfer makes it difficult to conduct the meta-analysis, as we need a single measure to include both 

numerical values and verbal interpretations of transfer rates. 

By acknowledging the difficulty in measuring fidelity and transfer, our solution was to define 

broad categories (low, medium, and high) instead of using quantitative scales. This approach was used 

because fidelity and transfer are inherently qualitative constructs, so our categorization provides an easy 

and valid characterization of studies. This solution also enabled us to implement the meta-analysis on a 

larger number of studies and helped alleviate the problem of validity in measurement. The same strategy 

was used in measuring trainees’ prior skill.



 

Table 1 

Coding Table: Operational Definitions of Main Variables 

 Low Medium High 

Fidelity level 

(independent 

variable) 

Low levels of similarity with target 

systems, including any abstract, 

generalizable, and logical 

troubleshooting interface with simple 

graphical materials (drawings, 

logical gates, etc.; see Rouse, 1981) 

Any interface that stands between 

low- and high-fidelity (2-D 

graphical simulations of 

components, graph diagrams, 

etc.; see Hegarty et al., 2003) 

High levels of similarity with target 

systems (3-D realistic graphics, 

bread boards, video, virtual- and 

augmented-reality tools, etc.; see 

Hochholdinger & Schaper, 2013) 

Transfer 

(dependent 

variable) 

Negative to minor positive transfer to 

target system. Little to no 

performance improvement (lack of 

significance, with effect size from 

negative to less than 1; see Johnson 

& Rouse, 1982) 

Relative success in positive 

transfer to the target system. Any 

rate between the low and high 

transfer (presence or absence of 

significance, effect size between 

1 and 2; see Duncan & 

Shepherd, 1975) 

Highly successful in positive 

transfer to target systems. The 

desired performance 

improvement should be achieved 

(significant, with effect size more 

than 2; see Hammell & Kingsley, 

1998) 

Trainees’ prior skill 

(first moderator) 

No knowledge or background in the 

troubleshooting task and the system 

in general (see Park & Gittelman, 

1992) 

Some knowledge with the task or 

the system, no practical 

experience (current engineering 

students, junior apprentices, etc.; 

see McDonald et al., 1982) 

Practiced courses or extended 

training related to the system, or 

from technical backgrounds (see 

Maddox et al., 1985) 

 Electronic Mechanical 

System type 

(second 

moderator) 

Any system mainly composed of electronic 

components and connections (radar, computer, etc.; 

see Hammell & Kingsley, 1998) 

Any system mainly composed of mechanical components 

and connections (power plants, internal combustion 

engines, etc.; see Rouse, 1981) 

Note. “D” in “2-D” and “3-D” refers to dimensional. “Target” tasks are more complex than training tasks in all levels of fidelity. Trainees with High 

prior skill levels are not “experts”; they are still trainees and their expertise in troubleshooting is inferior to experts. Works that are cited here are typical 

examples of the categories in this table that also helped us in creating these definitions. Systems that are categorized as “Electronic” can have some 

mechanical components as well, but are mainly composed of electronic components; the same applies to “Mechanical” systems in which there might be 

some electronic components but the system as a whole and its important parts are mechanical. 



 

The reason for using a three-scale category is that such a scale is commonly used in existing 

literature. For example, Figure 2 shows how Alessi (1988) categorized trainees’ prior skill on the three 

categories of expert, experienced, and novice trainees. Similarly, training simulators are often categorized 

as low-, mid-, and high-fidelity, and this approach also applies to transfer (see Allen et al., 1986; Hays & 

Singer, 1989; Johnson & Rouse, 1982; Lintern et al., 1990; Roza, 2005). 

To reduce the variability in subjective judgments when categorizing levels of fidelity, transfer, 

trainees’ prior skill, and system type, both authors of this work independently used Table 1 to categorize 

each experiment. In cases of inter-coder disagreement, those experiments were reviewed and discussed in 

further detail to settle the differences. 

2.5. Design and Data Analysis 

2.5.1. Primary Analysis: Qualitative Non-Parametric Design 

The overall results after using the categories in Table 1 yielded nine conditions: 3 levels of 

fidelity × 3 levels of transfer. In each condition, there was the number count of included experiments. To 

see if there was a relationship between fidelity and transfer, we used a non-parametric statistical test as 

described below. We further analyzed the primary results to assess moderating effects. For this, the same 

non-parametric test was used for each of the three levels of trainees’ prior skill, and for each of the two 

levels of system type. Non-parametric analyses were completed using IBM SPSS Statistics (Version 24). 

2.5.2. Secondary Analysis: Quantitative Effect Size Estimation 

We used a quantitative meta-analysis on a fraction of selected studies that reported parametric 

values (i.e., means and standard deviations) for transfer. So, the categories of transfer as defined in Table 

1 could not be used in this quantitative analysis. This analysis allowed us to estimate the magnitude of 

effect sizes between low-, medium-, and high-fidelity conditions. The number of studies that could be 

included in this analysis was smaller than the earlier qualitative test because only a few controlled studies 

in the literature reported the statistics needed for effect size calculations. Therefore, we only applied this 

quantitative analysis for overall data and not for the analysis of moderators. Quantitative transfer 

performance in most studies in the literature was measured by one of the following criteria: 



 

• timing in finding the first or all faulty components, 

• accuracy measures (e.g., total number of correct diagnoses), 

• number of errors in identifying faulty components, 

• total number of component tests before finding faulty components, 

• post-training knowledge test of the internal working of a system, 

• following proper sequence of actions in troubleshooting, 

• evaluators’ ratings, or 

• a combination of multiple performance criteria. 

Different studies use different performance criteria, and this creates a challenge in standardizing 

effect sizes among studies. Moreover, studies vary in what contextual factors (e.g., instructional 

strategies) they controlled when measuring the effect of fidelity. To overcome these difficulties, we used 

the random-effects meta-analysis technique, which controls for non-standardized effect sizes by adjusting 

the weight of the effect size from each study in calculating the summary effect (Borenstein et al., 2009). 

To implement the effect size analysis, we used CMA software (Borenstein et al., 2014). Figure 3 shows 

an overall procedure of this study. The significance threshold of p = .05 is used in this study. 



 

 

Figure 3 

Flow Diagram Representing the Overall Procedure of the Meta-Analysis 

Note. Results sections are highlighted in gray. The overall experimental design and this diagram is in accordance 

with the American Psychological Association Meta-Analysis Reporting Standards (MARS; Cooper, 2010). 

3. Results 

Using the search criteria resulted in 166 documents. Including articles found through the legacy 

search, as well as relevant reports in conferences, resulted in 200 studies in total. We reviewed these 

findings, and only studies relevant to the domain of electronic or mechanical troubleshooting were 



 

considered. We also excluded studies with uncontrolled experiments. Of the total number, 25 studies 

satisfied our conditions, which contained 57 experiments with 1,481 human participants. All 25 studies 

were included in the qualitative analysis, and 10 of those were included in the quantitative analysis (see 

the References section for listings of studies included in each of the two analyses). Table 2 summarizes all 

studies included in the meta-analysis; each row of the table represents one experiment. 

Both current authors participated in categorizing all 25 studies and 57 experiments. IBM SPSS 

Statistics (Version 24) was used to calculate the intercoder agreement rate in creating Table 2; the 

agreement rate was considered high (Krippendorff’s α > .80), and the disagreements were entirely 

resolved with a repeated mutual review of those cases. Studies in Table 2 were conducted in organizations 

in the United States, United Kingdom, Germany, Canada, and Greece. In reporting the rate of transfer, 

both objective (e.g., p value, time) and subjective (e.g., evaluators’ ratings, authors’ interpretation) 

measures were used. 

3.1. Overall Findings 

3.1.1. Qualitative Analysis 

For the non-parametric statistical analysis, we used the Fisher’s Exact Test (also known as Fisher-

Freeman-Halton Exact Test) as a more conservative alternative to the well-known χ2 test. This decision 

was made because our overall sample size was relatively small, and—as will be shown in the interaction 

analysis—because the sample size in some conditions was either small or had zero counts (see Freeman & 

Halton, 1951). 

Figure 4 shows an overall summary of findings in the qualitative analysis. Considering the entire 

set of data, there was a statistically significant relationship between fidelity and transfer (FET(N = 57) = 

9.04, p = .039). As seen in Figure 4, the general trend favors a positive relationship between fidelity and 

transfer; the largest condition among the nine conditions belongs to the high-fidelity and high transfer 

condition (N = 17). This is followed by medium-fidelity and high-transfer (N = 13), and medium-fidelity 

and medium transfer (N = 12).  



 

Table 2 

Summary of Studies and Coded Results 

Reference Year System type Domain of practice N 
Trainees’ 

prior skill  
Fidelity Transfer 

Adams & Thomas 1987 Electronic Aviation (F-16 flight 

control subsystem) 

6 L L M 

Allen et al. 1986 Electronic Artificial (made-up 

circuits of relays and 

outputs) 

30 L L L 

30 L M M 

30 L H H 

Barnett et al. 2000 Mechanical Aviation (aircraft fuel 

valve) 

10 L M L 

10 L H L 

10 L H H 

10 L H H 

Darabi et al. 2007 Mechanical Chemical plant 45 M L L 

22 M M M 

Duncan & Shepherd 1975 Mechanical Chemical plant 17 L M H 

Hammell & Kingsley 1998 Electronic Military (AN/WSC 

UHF transceiver) 

33 L M H 

13 L H H 

Hegarty et al. 

(Experiments Two 

and Three) 

2003 Mechanical Home maintenance 

(toilet flushing 

cistern) 

25 L M M 

25 L H M 

25 L M M 

25 L H M 

20 L M M 

20 L H M 

Hochholdinger & 

Schaper (Far Transfer) 

2013 Electronic Automobile industry 

(production unit) 

21 M M M 

21 M H M 

Johnson & Fath 1983 Electronic Military (telephone 

switchboard) 

30 L M H 

35 L H H 

Johnson & Rouse 1982 Mechanical Aviation (aircraft 

power-plant 

troubleshooting) 

12 H L M 

12 H M M 

12 H H H 

11 H M M 

11 H H H 

Lajoie & Lesgold 1992 Electronic Aviation 31 M M H 

Linou & Kontogiannis 2005 Mechanical Chemical plant 

(distillation column) 

24 M L M 

12 M M H 

Maddox et al. 1985 Mechanical Nuclear power plant 

(emergency diesel 

generators) 

4 M M H 

4 M H H 

16 H M M 

15 H H H 



 

Reference Year System type Domain of practice N 
Trainees’ 

prior skill  
Fidelity Transfer 

McDonald et al. 1982 Electronic Military (FM radio IF 

amplifier) 

93 M M H 

93 M H H 

Miller 1975 Electronic Military (Improved 

Hawk Missile) 

39 L L M 

27 L M H 

Munley & Patrick 1997 Mechanical Chemical plant 8 L L H 

Park & Gittelman 1992 Electronic Artificial (circuits of 

logical gates) 

45 L M M 

45 L H H 

Patrick & Haines 1988 Mechanical Chemical plant 24 L M H 

Patrick et al. 1989 Mechanical Chemical plant 30 L M L 

Patrick et al. 1996 Mechanical Hot strip steel mill 4 M M H 

4 H M M 

Rouse (Experiment 

Eight) 

1981 Mechanical Internal combustion 

engine 

12 M L H 

12 M M M 

12 M H H 

Shriver et al. 1964 Electronic Military (M33 Gunfire 

Control Radar) 

20 M M H 

17 M H H 

Swezey et al. 1991 Mechanical Military (diesel engine) 60 L M H 

60 L H H 

Thomas 1993 Electronic Aviation (F-15 and F-16 

subsystems) 

183 L M H 

Yarnall et al. 2015 Mechanical Military (Armored 

vehicle maintenance 

and troubleshooting) 

4 L H H 

8 L H H 

4 L H H 

Note. Studies are listed in the alphabetical order of authors. There are 25 studies and 57 rows in the table; each row 

indicates a single experiment. L, M, and H refer to low, medium, and high, respectively, and N indicates sample 

size (i.e., number of participants) in each experiment. 

3.1.2. Quantitative Analysis 

We reviewed studies listed in Table 2 and found that 10 studies among them had controlled 

experiments that reported quantitative measures for transfer rates. Of those 10, four used timing and the 

rest used a combination of accuracy, error, quality of sequence, knowledge test, and evaluators’ rating for 

measuring transfer performance. We standardized these criteria into a single performance measure that 

was used in calculating effect sizes (see the online supplementary data file). Figure 5 summarizes the 

results of this analysis. 



 

 

Figure 4 

Summary of Overall Results in Qualitative Analysis 

 

A weak improvement in transfer can be seen from low- to medium-fidelity conditions (g = 0.58, 

95% CI = -0.20 - 1.35; Figure 5A), and from medium- to high-fidelity conditions (g = 1.51, 95% CI = 

0.58 - 2.43; Figure 5B). A strong effect was observed in the comparison between low- and high-fidelity 

conditions (g = 2.82; 95% CI = 1.68 - 3.96; Figure 5C). To test the likelihood of publication bias and 

missing studies in this analysis, we ran Egger’s test. Results of this test suggested no evidence for 

statistical asymmetry for low- versus medium-fidelity comparisons (intercept = -5.36, 95% CI = -24.68 - 

14.00, p = .220) or for low- versus high-fidelity comparisons (intercept = -11.66, 95% CI = -281.10 - 

257.79, p = .340). However, this asymmetry was significant when comparing between medium- and high-

fidelity conditions (intercept = 9.99, 95% CI = 5.91 - 14.07, p < .001). To address this issue, we used the 

Trim and Fill method (Duval & Tweedie, 2000), and the result slightly decreased the magnitude of the 

summary effect between medium- and high-fidelity conditions (g = 0.39, 95% CI = -0.57 - 1.34). 

For the low- versus medium-fidelity comparison, heterogeneity was evident (Tau2 = 0.66; Q = 27, 

df = 4; p < .001; I2 = 85), and the test for overall effect was not significant (Z = 1.45; p = .146). For the 



 

medium- versus high-fidelity, heterogeneity was evident (Tau2 = 1.65; Q = 158, df = 7; p = .000; I2 = 96, 

and the test for overall effect was significant (Z = 3.18; p = .001). The low- versus high-fidelity 

comparison resulted in significant heterogeneity (Tau2 = 0.80; Q = 9, df = 2; p = .009; I2 = 79) and a 

significant overall effect (Z = 4.85; p < .001). 



 

 

Figure 5 

Forest Plot of Overall Results in Quantitative Analysis 

Note. The analysis is the comparison between the simulators with (A) low and medium, (B) medium and high, and 

(C) low and high fidelity. 

Overall, this analysis of effect sizes indicates weak improvements of transfer from low- to 

medium-fidelity and from medium- to high-fidelity simulators, and this outcome mirros findings in the 



 

non-parametric test (Figure 4). The improvement in transfer was stronger between low- and high-fidelity 

simulators. It should be mentioned that the result of comparing between low- and high-fidelity effect sizes 

should be taken with precaution, as the small number of studies could decrease the accuracy of results 

(Borenstein et al., 2009, p. 84). Nevertheless, because random-effects models are conservative, and 

because of the pattern of overall results, it is plausible to see a stronger summary effect between low- and 

high-fidelity conditions. 

Although these general findings indicate a positive effect of fidelity on transfer, they have little 

explanatory power for practical purposes. The following paragraphs describe how considering moderators 

can provide more definitive results of practical value. 

3.2. Trainees’ Prior Skill as Moderator 

We tested if trainee’s prior skill moderates the effect of fidelity on transfer. For each of the three 

levels of trainees’ prior skill, (low, medium, and high) we used a separate fidelity-transfer test. Figure 6 

shows the results of this analysis. Although a positive effect of fidelity on transfer is visible for trainees 

with low prior skill, this effect was not statistically significant (FET(N = 32) = 3.72, p = .445). The same 

lack of significance was found for trainees with medium prior skill (FET(N = 17) = 4.26, p = .524), and 

the trend in Figure 6 supports this finding. However, when we considered trainees with high prior skill, 

the fidelity-transfer relationship became significant (FET(N = 8) = 6.87, p = .018). For high prior skill 

trainees, there was only one experiment with low-fidelity and medium transfer; the remainder of the 

medium transfer results (N = 4) were the result of medium-fidelity simulators, and all high-fidelity 

simulators resulted in high transfer (N = 3). So, the fidelity-transfer relationship for trainees with high 

prior skill was almost perfectly linear.



 

 

Figure 6 

Summary of Results for Trainees with Low, Medium, and High Prior Skill Levels 



 

3.3. System Type as Moderator 

We similarly tested the fidelity-transfer relationship for each of the two system types: electronic 

and mechanical. Figure 7 summarizes the results of this analysis. 

 

Figure 7 

Summary of Results for Electronic and Mechanical Systems 

 

For electronic systems, there was a significant relationship between fidelity and transfer (FET(N 

= 20) = 7.95, p = .047). For low-fidelity simulators, there was one experiment with low transfer and there 

was no high transfer. Medium-fidelity simulators had the highest number of medium (N = 3) and high 

transfer (N = 7) reports, and this was followed by high-fidelity simulators (medium transfer: N = 1, high 

transfer: N = 6). A visible trend for mechanical systems can be seen in Figure 7 that favors a positive 

relationship between fidelity and transfer. Mechanical systems, however, did not result in a significant 

relationship (FET(N = 37) = 5.66, p = .215).  

As a side note, it should be mentioned that we conducted the non-parametric tests because we 

believed that low-, medium-, and high-fidelity systems belong to three categories of systems that have 



 

qualitative differences, and that this is also the case for transfer and trainees’ level of skill. However, 

although the data were categorical, categories have a direction: low is lower than medium, which is lower 

than high. So, one might suggest the use of correlation (i.e., Pearson r) to confirm the results reported 

above. To address this concern, we verified all the results above using the Pearson r, and by assigning the 

values of 1, 2, and 3 instead of the categories of low, medium, and high, respectively. For each of the tests 

above, the significance of the Pearson r was in complete agreement with those from the FET, which 

confirms the accuracy of results. 

3.4. Interaction of Trainees’ Prior Skill and System Type 

A question that arises at this point is: do the two moderators interact in explaining the relationship 

between fidelity and transfer? Table 3 summarizes the results of testing the interaction between the two 

moderators. The only condition in which the fidelity-transfer relationship was significant was for trainees 

with high prior skill who were trained on the mechanical type of systems. 

Table 3 

Summary of Fidelity-Transfer Relationship for Interaction Between 

Trainees’ Prior Skill and System Type 

 Electronic systems Mechanical systems 

Low prior skill p = .052 (N = 13) p = .773 (N = 19) 

Medium prior skill p = 1.00 (N = 7) p = .750 (N = 10) 

High prior skill No data p = .018 (N = 8) 

Note. Significance values refer to the significance of the fidelity-transfer 

relationship in each condition, and are calculated using Fisher’s Exact Test. 

Boldened numbers are what we considered as practically-significant results. 

The p value between low prior skill and electronic systems is larger than the .05 threshold (p = 

.052). Nevertheless, it approached significance and we think this result is practically meaningful for two 

reasons. First, because Fisher’s Exact Test is generally a conservative test with sufficient sample size for 

this condition (N = 13). Second, as Figure 8 shows, there is a clear pattern in the data for this interaction 

favoring medium- and high-fidelity simulations. 



 

 

Figure 8 

Summary of Results for Intersection of Low Prior Skill and Electronic Systems 

 

4. Discussion 

4.1. Practical Implications 

Before discussing the practical implications of the study in detail, we address the three general 

hypotheses that were posed in the Methods section: 

• Result for hypothesis 1: Fidelity affected transfer in training troubleshooting tasks. 

• Result for hypothesis 2: Medium- to high-fidelity simulators resulted in higher rates of transfer 

compared to low-fidelity simulators. 

• Result for hypothesis 3: Trainees’ prior skill level and system type moderated the effect of fidelity 

on transfer. 

Both qualitative and quantitative analyses of the overall data showed a small effect of fidelity on 

transfer; nonetheless, our analysis of moderators and their interaction showed that none of the low-, 

medium-, or high-fidelity simulations provided a universal solution in training troubleshooting. This 



 

conclusion is based on the observation that if any of the three levels of fidelity are considered, there was 

at least one condition in which that level of fidelity was not better than other levels in terms of transfer. 

This outcome, however, does not downgrade the effect of fidelity on transfer; the effect of fidelity should 

be investigated with an analysis of moderators. 

Of the three levels of trainees’ prior skill, higher levels of fidelity resulted in higher transfer only 

for trainees with high prior skill (see Figure 6). A positive and nearly linear fidelity-transfer relationship 

for trainees with high prior skill confirms established knowledge that experienced trainees often need 

high-fidelity simulators for improving performance. This effect may be because, unlike novices, increased 

environmental details of high-fidelity simulators do not distract experienced trainees, and the simplicity of 

the task in low-fidelity trainers seem unattractive and boring to experienced trainees (see Alessi, 1988). 

Regarding system type as the second moderator, the relationship between fidelity and transfer 

was not statistically supported for mechanical systems. On the other hand, a relationship was observed 

for electronic systems, in which medium-fidelity simulators resulted in the highest transfer and were 

followed by high-fidelity simulators. This outcome might be because, for electronic systems, medium-

fidelity has advantages over low-fidelity simulations in aspects such as showing the direction of the 

electric current in a circuit and the perceptual correspondence of components in a simulator with those in 

reality. Similarly, high-fidelity simulation might not add useful information but only increase the visual 

details of electronic components with less relevant functions for troubleshooting performance. For 

example, in Allen et al. (1986) the output of the high-fidelity simulator (e.g., “fan, water pump, solenoid 

valve assembly, three lights, TV monitor, and sound generator and speaker”) could easily distract trainees 

in their troubleshooting, while in simulators of lower fidelity the output was often represented as 0/1, or 

active/inactive. Although this finding contradicts our initial predictions, it is not unprecedented, because 

the benefit of animation over static training materials for electronic and mechanical systems has been a 

controversial issue (e.g., Abich et al., 2021; Bailey et al., 2017; Johnson & Rouse, 1982; Spangenberg, 

1973; Swezey et al., 1991). 



 

Our interaction analysis showed that breaking the data of mechanical systems into the three levels 

of trainees’ prior skill yielded useful results. Specifically, for training the troubleshooting of mechanical 

systems, unlike participants with low and medium prior skill levels, those with high prior skill benefited 

from increased fidelity (see Table 3). The “High Prior Skill” section of Figure 6 shows this trend; in our 

data, all of the eight experiments that enrolled participants with high prior skill used mechanical systems 

(see Table 2). Finally, for low prior skill and electronic systems, we can argue that for trainees with low 

prior skill, medium- and high-fidelity simulations resulted in higher transfer than low-fidelity simulations 

(although this effect was not statistically significant). Considering costs and practical implementations, 

we conclude that medium-fidelity simulations can be the best choice for training the troubleshooting of 

electronic systems to trainees with low prior skill. 

Practical takeaways can also be gained with respect to the domains of practice that had multiple 

studies in our data (see Table 2). In the (non-aviatory) Military domain (7 studies), except for one 

experiment that used a low-fidelity simulator (Miller, 1975, first experiment), all other experiments (N = 

14) used medium-fidelity (N = 6) and high-fidelity (N = 8) simulators that resulted in high transfer rates. 

This conforms with the results that were discussed earlier, as most studies in this domain (5 of the total 7 

studies) used electronic systems. With considering the costs of high-fidelity simulations, this evidence 

suggests that using medium-fidelity simulators could be the best solution for training troubleshooting in 

non-aviatory military tasks (e.g., armored vehicle circuits, diesel engines). Also, the vast majority of 

experiments in the Military domain (N = 14 of the N = 15 total) resulted in high transfer rates. Though 

our sample is limited, we think there are two main reasons for the success of training in the military 

domain: being one of the oldest domains that has been using training simulators for decades, and having 

little to no financial constraints in using sophisticated simulators, experienced designers, and experienced 

training scientists. Our results are not as meaningful for the domain of Chemical plant (6 studies), but for 

Aviation (5 studies) all experiments that resulted in high-transfer rates (N = 6) were the result of medium-

fidelity (N = 2) and high-fidelity (N = 4) simulators. So, we conclude that training troubleshooting in 

aviation benefits from increased fidelity. 



 

4.2. Limitations 

We selected two moderators (i.e., trainees’ prior skill and system type) among all other potential 

moderators that could influence the effect of fidelity on training. We provided the reason for our choice 

earlier. However, in addition to these two, there are many more factors that could affect transfer and 

moderate the effect of fidelity. For example, participant age might moderate the effect of fidelity for 

various reasons. Younger trainees who are more likely to have the experience of being exposed to 

simulated environments in video games might find it easier to practice with similar simulators compared 

to older people with less exposure to video games (see Mead & Fisk, 1998). Only a few of the studies we 

found reported on participant age, and so more studies are needed to determine the moderating effect of 

age in this respect. 

Likewise, fatigue as the result of training could directly affect transfer. Only two studies among 

this in our data discussed the effect of fatigue (i.e., Patrick et al., 1996; Rouse, 1981). Fatigue acts against 

transfer, and it often occurs for longer durations of practice and in medium- to high-fidelity simulators 

(Rouse, 1981). Because our results favor using medium- to high-fidelity simulators, including fatigue 

might not dramatically change the direction of our results. 

Likewise, aspects of training protocols can directly affect transfer, such as instructional features, 

the presence and type of feedback, practice duration, frequency of training, specific modality of training, 

whole- or part-task training, and other contextual factors, and this could occur regardless of the level of 

fidelity (see Salas et al., 1998). We controlled those factors to the best of our capacity; for example, we 

avoided including studies in which training contexts were radically different from each other, and using 

the random-effects quantitative analysis helped us in mitigating this concern. However, our focus on only 

two factors among all others makes our analysis susceptible to confounding effects. Therefore, our results 

should be used with precautions. 

Our definition of high-fidelity simulation (see Table 1) includes VR/AR tools, and most studies 

that used computer-based simulations could also have presented the same training materials through 

VR/AR media that can result in similar or enhanced transfer (e.g., Barnett et al., 2000). This approach 



 

could be particularly useful for practice domains that can benefit from the mobility VR/AR tools can 

provide (e.g., chemical plants, nuclear reactors). Nonetheless, in our analysis only Yarnall et al. (2015) 

used an AR tool, in training the troubleshooting of armored vehicles to participants with low prior skill, 

which resulted in a successful transfer. Further experiments are needed to study the potentials that are 

particular to VR/AR tools, especially for troubleshooting (see Borsci et al., 2015). 

One of our assumptions in selecting studies was that they should measure transfer on a target 

operational system. However, this condition was not entirely satisfied in all included studies. For 

example, Allen et al. (1986) and Darabi et al. (2007) used the same simulator both in one condition of 

training and in measuring transfer. In fact, those studies assumed high levels of transfer between the 

simulator and the target system, and this is the basis that transfer is measured on the same simulator that 

was used in training. Although there is evidence that this assumption might not be valid (see Logan, 

1988), we think the results from those studies can still provide useful evidence regarding the effect of 

fidelity on transfer as used in our meta-analysis. 

We used limited combinations of search terms to find relevant articles in our original search. 

There might exist prior experimental work applicable to our analysis that used different terminology, and 

as a result we could not find those works. This outcome is, to some extent, due to the nature of research in 

this area, and the fact that the field lacks a standardized set of key terms and concepts to use consistently 

in research. Likewise, although we maintained the validity of our results by defining our own measures of 

fidelity and transfer (see Table 1), many of the works included in our meta-analysis are dated more than 

two decades ago, when training technology was much simpler than now. This was mainly because 

experimental works in this domain that satisfied our inclusion criteria were hard to find, and because in 

contrast to the 1980s and 1990s there is currently a dearth of experimental work and meta-analysis on this 

topic in recent years and with modern training technology. The limitations above can be addressed by 

conducting future experimental studies with modern technology, which that would tackle the specific 

question of fidelity by controlling contextual factors and further refining the moderators.  



 

We should also stress the scope of the task domains in our investigation: troubleshooting 

electronic and mechanical systems. Although the tasks and skills in troubleshooting and similar 

procedural tasks might have similarities with other task domains, caution should be exercised when using 

the results of this study for other task domains. Even the slightest differences in the nature of tasks can 

make investigations in one domain inapplicable for another domain. Likewise, of the 25 studies included 

in our meta-analysis, 18 were from three domains of practice: military (non-aviatory, 7 studies), chemical 

plant (6 studies), and aviation (5 studies). So, the specific results of this meta-analysis are best applicable 

to troubleshooting in specific domains of practice (see Table 2), particularly in military, chemical plants, 

and aviation. More research is needed in other task and practice domains to investigate the effect of 

fidelity on transfer. 

5. Conclusions 

With the introduction of novel technology tools to training (e.g., VR/AR devices) in various 

occupations, there is a growing need to investigate how simulation fidelity can affect transfer in training 

simulators. Our results showed that, for training troubleshooting professionals, fidelity can play an 

important role in transfer. Medium-fidelity simulators performed better than our expectations, and we 

found that low-fidelity simulators performed poorly in nearly all conditions. More importantly, designers, 

researchers, and educators need to appreciate the importance of moderators. Here, the factors that 

moderated the effect of fidelity were trainees’ prior skill and the type of troubleshooting system. These 

moderators determined how fidelity should be used, and dispelled myths about relying on high- or low-

fidelity simulators as universal solutions for training. Researchers can also use the methods described here 

to conduct meta-analyses that help alleviate the problem of errors in measuring fidelity and transfer. 

Finally, from an organizational standpoint, the long-standing goal of saving costs in creating and using 

simulators for troubleshooting tasks can be achieved by choosing the appropriate level of fidelity as 

shown in our results. In choosing between simulators, organizations can now evaluate simulators with 

respect to their fidelity level. We hope to see future meta-analyses and experimental investigations that 



 

address the fidelity question in other domains of task and practice (e.g., medical training), and that further 

refine the moderators we used or consider new moderators to investigate the effect of fidelity.  
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