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Abstract

The surface realism of training simulators, or fidelity, has been widely assumed
to affect training. As such, fidelity has had a major role in guiding the research
and design of training simulators. However, there is a growing body of
evidence that questions the role of fidelity in the effectiveness of training. Here,
we briefly present the challenge of research on fidelity. The review of literature
indicates that fidelity—to the extent that it refers to the surface realism—can
no longer guide the research and design. Based on this lesson from the
literature, we call for a new theoretical framework that would replace fidelity.
The new framework should provide specific technical recommendations that
would guide the research and design of training systems.
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1 Introduction

People need training before doing many tasks. To reduce the time and cost of training, as
well as removing the associated risks of practice in certain domains, trainees practice tasks
with simulators that are simplified replications of target tasks. Nowadays, computerized
training simulators are used in a wide variety of domains for training pilots, soldiers, fire-
fighters, and physicians [1-3]. The goal of a training simulator is to train a skill that is re-
quired for the target task. The effectiveness of a simulator thus depends on the extent to
which acquired skills through practicing the simulated task can be transferred to the target
task. So, transfer indicates the effectiveness of training.

The question is how to build effective training simulators? Specifically, what factor(s) de-
termine the transfer of training in a simulator? There are several factors that researchers and
designers often manipulate to assess their effect on transfer. One of the factors that has re-
peatedly been the subject of research and investigations is the level of the faithfulness of
simulation to the target task, or simulation fidelity [4]. As Table 1 shows, fidelity has been
used to refer to various aspects of the faithfulness of simulation, and for this reason, re-
searchers specified different types of fidelity.

Notwithstanding this type-specific use of fidelity, when fidelity is used without the specifi-
cation of the type and as a holistic and unified concept, it refers to the degree of faithfulness
of simulators to the physical and perceptual aspects of target tasks. In this way, Hays and
Singer [11] framed the fidelity question as follows:

how similar to the actual task situation must a training situation be to provide
effective training? [11]
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This question has a long history in discussions on training systems [6, 12-13]. Investigations
on fidelity often address the extent to which the details of the simulated environment (i.e.,
control panel, visual scene, and other observable aspects of a training simulator) should re-
semble those of the target task environment.

Fidelity, as a construct of research and design, has had a major role in guiding the design
and improvement of training simulators over the last few decades. In particular, the progress
in computational systems and simulations after the early 2000’s provided the opportunity to
create realistic simulations of target task environments in simulators. However, there has
been a growing body of evidence that questioned the effect of fidelity on the effectiveness
of training. The question is, has the increased realism of simulation resulted in higher levels
of transfer in past studies?

Table 1. Examples of type-specific uses of fidelity.

Type of fidelity Definition

Physical “the attempt to represent accurately the appearance and “feel” of the actual
equipment” [5-6].

Task “refers to the correspondence between tasks performed on the actual
equipment and tasks performed on the training simulator” [7].

Behavioral “the [description of] operator's behavior by system identification methods
... If two systems are behaviorally equivalent, we might assume that
training in one would transfer positively to the other” [8].

Environmental “the degree to which the simulator duplicates the sensory stimulation
(excluding control feel) which is received from the task situation” [4, 9].

Equipment “the degree to which the simulator duplicates the appearance and "feel" of
the operational equipment” [4].

Psychological “the degree to which the simulator is perceived by the trainee as being a
duplicate of the operational equipment and the task situation” [9, 6].

Functional “the attempt to represent faithfully the stimulus and response options
provided by all or portions of a piece of equipment” [10].

2 Review of Literature

We explored the literature to find theoretical and empirical works that, directly or indirectly,
addressed the relation between fidelity and the effectiveness of training. The criterion of
selection of papers in this review was the theoretical or empirical relevance of prior research
on the subject.

2.1 Traditional Theory: Fidelity-Transfer Correlation

After World War 11, mainly because of the technological advances and investments in mil-
itary, there was a growing need for training personnel and recruits for various situations,
including operating advanced machineries, flying aircraft, and special physical and situa-
tional skills (for a review, see Blaiwes & Regan [14]). In creating training simulators, one
of the design factors that became the focus of attention was the degree of simulation, or
fidelity [4]. It was hypothesized that fidelity of simulation could affect the transfer of training
from simulation to the target task environment.

In a classic and highly influential work in the field, Miller [6] presented a detailed analysis
on the psychological considerations in designing training systems. Among many of the
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topics covered in Miller’s article, one theory seems to have had a long-standing impact on
the community of researchers and designers of training simulators. As outlined in Figure 1,
Miller formalized the relationship between the degree of simulation and the transfer of train-
ing. If we translate Miller’s words to today’s terminology of simulation, the horizontal axis
in Figure 1 indicates the fidelity of the training simulator, and the vertical axis shows the
effectiveness of training as indicated by the degree of transfer.

Point of
diminishing
returns

Transfer of training —
Cost of training device —

— Degree of simulation —

Fig. 1. Miller’s [6] depiction of the relationship between the degree of simulation (i.e., level of fidelity,
on the horizontal axis) and the transfer of training (vertical axis).

The hypothesis was that more effective simulators should be those with higher fidelity. But
because high-fidelity simulators were costly in that time, the problem was in finding the
most efficient level of fidelity in training systems. The “point of diminishing returns” in
Figure 1 is the level of fidelity that was argued to be the optimal level for training simulators
(for an early similar discussion in diminishing returns of training for pilots, see also Gagne

[15]).

In a similar attempt more than thirty years later, Alessi [12] refined Miller’s curve by distin-
guishing between trainees based on their expertise. Specifically, Alessi argued for the dif-
ference in the effect of fidelity between novice and expert trainees. As shown in Figure 2,
high-fidelity simulators are effective only for expert trainees; students and novices do not
benefit as much from high-fidelity simulation. However, Alessi did not discuss the require-
ments to build simulators for novices. This is crucial because many of the training simulators
are used by trainees who do not have the expertise and experience on the task.
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Fig. 2. Alessi’s [12] hypothesis for the relationship between the level of fidelity and training
effectiveness for trainees with three levels of prior expertise.

As a result of Miller’s and Alessi’s works, as well as other research with similar theories
[16], fidelity—as the degree of realism of simulation—became the central design factor that
engineers and researchers could manipulate in designing training systems. In this tradition,
subsequent studies [11, 17-18] worked on Miller’s hypothesis by considering more contex-
tual factors in determining the appropriate level of fidelity for training systems (e.g., train-
ees’ level of expertise, training stage, the task). The question of developers and deployers of
training simulators then became: “how similar to the actual task situation must a training
situation be to provide effective training?”—what Hays and Singer [11] called the fidelity
question. Miller’s theoretical framework, together with subsequent investigations, initiated
a line of research that aimed at determining the most optimal and cost-effective level of
realism for simulators.

For instance, Parrish, McKissick, and Ashworth [19] provided empirical evidence that
showed high-fidelity flight training simulators resulted in improvement in pilots’ perfor-
mances. In the same domain, Noble [20] supported Alessi’s hypothesis by arguing for the
existence of an optimal point of fidelity level in the training of non-expert pilots. In the
domain of nurse education, Cant and Cooper [13] found the effectiveness of medium- and
high-fidelity simulations in training nurses, and their finding has widely been used and im-
plemented in medical training simulators [21, 22]. Similarly, in maintenance training sys-
tems, Allen, Hays, and Buffardi [5] tried to show that fidelity was correlated with training
outcome.

In summary, by accepting Miller’s hypothesis, many of the empirical investigations over
the last few decades tried to determine the optimum level of fidelity for training in various
domains. Miller’s hypothesis and subsequent theories constituted what we would refer to as
the traditional theory. This theory is based on two main premises:

There exists a relation between the fidelity of simulation and transfer of training; and
There exists a positive correlation between fidelity and transfer.

It seems that accepting the correlation between the level of fidelity and transfer, or fidelity-
transfer correlation, became a standard in many of the subsequent empirical research. In
fact, addressing the fidelity question assumes the fidelity-transfer correlation. These as-
sumptions of the traditional theory, however, were challenged by subsequent researchers.

2.2. Challenging Findings

In one of the early critical articles in the field, Fink and Shriver [23] reviewed the
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maintenance training systems that were used during the 1950°s and 1960’s, and argued that,
at least in certain maintenance tasks, using low-fidelity simulations are helpful and some-
times necessary. In a more recent review of maintenance training systems, Swezey, Perez,
and Allen [24] found that using high-fidelity training of the electromechanical troubleshoot-
ing tasks (i.e., animated training materials) did not improve the training outcome when com-
pared with low-fidelity training systems for the same tasks.

Challenging the faith in high-fidelity simulators was not limited to the field of maintenance
and troubleshooting. Havinghurst, Fields, and Fields [3] compared high- and low-fidelity
simulations for training firefighters and observed insignificant differences in the perfor-
mances between the two modes of training. In health care and medical training, although
the belief in the traditional theory still strongly exists, Beaubien and Baker [25] argued that
researchers assumed the effectiveness of high-fidelity simulation, and this masked the pos-
sible benefit of using low-fidelity simulators (see also Hamstra, Brydges, Hatala, Zendejas, &
Cook [2]).

The faith that the medical training community continues to hold in the effectiveness of high-
fidelity simulations [21] was dubbed “naive realism” by Smallman and St. John [26]. With
respect to visual interfaces, Smallman and St. John argued that using “spartan” displays and
graphical images can lead to more effective representations in computer simulations. There-
fore, despite the intuitive but naive appeal of realistic displays, Smallman and St. John es-
poused the idea that low-fidelity graphical displays can be advantageous in various areas of
simulation. This is mainly because low-fidelity graphical displays could focus on the aspects
of a scene or environment that are more relevant for specific tasks. The effectiveness of
using low-fidelity graphical representations in training was also shown in a recent study by
Coltekin et al. [27] in which it was shown that using low-fidelity abstract geographical maps
of an environment improved map-based route learning compared to when subjects used re-
alistic high-fidelity maps of the same environment.

Finally, in the domain of flight-training simulation, as one of the most important areas that
use training simulators, Dahlstrom, Dekker, van Winsen, and Nyce, [28] showed how ex-
perienced pilots favored using mid-fidelity flight simulators that lacked the realism of high-
fidelity simulation. Their finding questioned the efficiency of realistic flight simulators as
they are widely used for training. This is of particular importance because high-fidelity sim-
ulators in fields such as aviation are costly, and so, designers should always look for ways
to reduce the cost of training systems.

The studies mentioned above are examples among a growing body of evidence that are
questioning the traditional theory by challenging the fidelity-transfer correlation. This chal-
lenge was brought mainly by showing how low-fidelity training simulators could result in
comparable training outcomes—and in some cases, better outcomes—than high-fidelity
simulators. In the next section, we briefly review the possible implications of these findings
that questioned the validity of the traditional theory.

3 Conclusion: Questioning the Fidelity Question

The perspective described above divides the history of fidelity in training simulation in two
parts: the dominance of the traditional theory, and the emergence of challenging findings.
The traditional theory was formed as a response to an increasing need for a practical guide-
line in designing training simulators, and it proposed fidelity as the primary design factor.
By believing the fidelity-transfer correlation, the followers of the traditional theory argued
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that to increase transfer, researchers and designers had to manipulate surface characteristics
of simulation; the more realistic the simulation looks and feels, the higher the transfer of
training would be. The outcome of this perspective was the research on answering the fidel-
ity question: how much fidelity is needed to produce the best training outcome. This theory
subsequently initiated a line of research that engaged researchers and designers, and has had
practical implications on the design of training systems over the last few decades.

However, subsequent empirical findings questioned the validity of fidelity-transfer correla-
tion. These empirical studies countered the intuitive appeal of using realistic simulations in
training, and argued against the necessity of using high-fidelity interfaces for better training
outcomes. The question that mainly guided the challenging findings was whether low-fidel-
ity simulators could have similar training outcomes as their high-fidelity counterparts; they
not only showed this possibility [24], but also presented results on how some low-fidelity
systems could be more effective than high-fidelity ones [27]. This possibility is especially
important in fields that utilize costly training simulators (e.g., flight training). More im-
portantly, these findings call for revising the belief and usage of the traditional theory. If the
fidelity of simulation cannot accurately determine the training outcome, investigations on
improving simulators by manipulating their fidelity will no longer be a valid project.

From one perspective, recent studies pose a challenge to the argument that fidelity can de-
termine training outcome. However, the literature shows that whether fidelity is correlated
with transfer depends on the specific field and task, trainees’ level of expertise, and various
other contextual factors [12]. Therefore, the important lesson from the literature is not
whether high-fidelity simulators are effective and useful; rather, it is the growing disbelief
on fidelity that can be seen among researchers. Manipulating the surface realism with the
goal of designing or improving training simulators is no longer popular among researchers
and funding organizations. Because of this diminishing popularity and to reduce further con-
fusions, some authors in recent years proposed to stop using the concept of fidelity in all
discussions on training systems [2].

This growing disbelief in fidelity can have various implications. As a result of this situation,
the fidelity question (i.e., what level of fidelity is needed in a training simulator?) would no
longer be a legitimate question to ask because it cannot produce novel findings. In a broader
level, because fidelity has guided the research and design of training system for decades,
removing fidelity would cause a void. This is because recent challenging findings ques-
tioned the fidelity, but did not offer an alternative to replace it in research and design. This
void of not having a reliable construct for research and design is also the reason that after
about five decades, military organizations are still funding researchers to produce practical
guidelines for the design of training systems. Research projects funded by the armed forces
during the 1950s and 1960s [6, 29-30] looked for similar design guidelines as their recent
equivalents [31-33]. In short, the design community currently lacks a resource that provides
guidelines of how to design and improve training simulators, and current attempts are mostly
based on intuitive hypotheses and unverified practices. The question that still looms is how
to design and improve training simulators?

Reviewing the history of the field would teach us that the emergence of fidelity is in part
due to the lack of a consistent theory of design for training systems. The growing power of
computational technologies made researchers depend on realistic simulations, and this pre-
vented attempts at creating a theory of design in the field. We used the literature to call for
a theory of design for training system.
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Having a theory of design can have numerous beneficial consequences. If we have a theory,
the focus and constructs of the theory is clear, and as a result, we can empirically verify the
theory by conducting experiments. In fact, having a theory would make it difficult to ignore
certain aspects of the training simulation and accept them intuitively. Moreover, having a
theory of design would open the discussion among theorists, and would pave the way to-
wards competing theories of design. For example, if one theory is limited to a certain domain
of practice, another theory can address other fields. This would not only provide a beneficial
competition between theories, but also introduce multiple theories of design used in different
fields. These were examples of how introducing a theory can benefit the design and im-
provement of training systems.

Our goal in this paper was to show the diminishing faith in the traditional theory of fidelity,
and the need to have a theory of design. We did not offer a replacement to fidelity or a theory
of design. Rather, we hope to inform readers of the current state of the field to entice future
theoretical works and research in proposing new theories and constructs.
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