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Abstract
A common problem for high risk industries is how to provide efficient and effective safety
related training. Virtual reality simulation offers the opportunity to develop perceptual
expertise, perceptuo-motor skills, and cognitive skills such as problem-solving, and
decision-making under stress, without exposing trainees or others to unacceptable risks.
This review examines the evidence for the effectiveness of virtual reality as a medium for
safety related training in a range of industries, including mining. A range of issues
associated with the implementation and evaluation of virtual reality as a training medium
are also presented as a means of providing a principled basis for conducting an evaluation
of virtual reality as a medium for training safety related competencies in the minerals
industry.
While further evaluations of the consequences of training in virtual environments, and
particularly regarding the transfer to real world performance, is undoubtedly required;
evidence does exist to demonstrate the effectiveness of virtual reality as a medium for
training perceptuo-motor skills of pilots, surgeons, and drivers of a range of vehicles
including cars, trains, trucks and snow plows. Novice drivers’ hazard perception abilities
can be improved via training in a virtual reality environment, as can children’s road
crossing behaviour. Maintenance inspection tasks have been shown to benefit from
training in virtual environments, and spatial awareness for specific locations can be
similarly trained. Evidence exists to support the use of simulation to improve decision
making under stress, and there is evidence to suggest crew resource management training,
and team training, may be successfully undertaken in virtual environments.
The following principles for obtaining maximum benefit from the use of virtual reality
simulation as a training medium may be derived from current evidence:
✴ The use of simulation should be an integrated part of a training plan (derived from a
systematic training needs analysis) which includes clearly stated goals, quantitative
performance measures, and trainee feedback.
✴ Trainee feedback should be referenced to operational requirements.
✴ An event-based approach should be used in which trainees are presented with discrete
scenario-based training events which allow practice of the specific skills (identified
through systematic task analysis) that would be required in real-life situations.
✴ Trainees should be given the opportunity to make, detect, and correct errors without
adverse consequences.
✴ Trainees should experience success or a sense of mastery during the training.
✴ Interaction with the simulation is a factor which contributes to high levels of presence/
immersion, which in turn supports the transfer of knowledge to the real world.
Consequently, simulators should provide an experience in which trainees are active
participants rather than passive bystanders
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✴ Skill development requires practice. Trainees should have opportunity for repeated
practice under operational conditions similar to the real-world.
✴ Simulator sickness may cause trainees to disengage from the immersion, and should be
avoided as far as possible.
✴ Effective transfer to high stress operational environments occurs in conjunction with
higher levels of perceived affective intensity within the virtual environment, and
consequently, the virtual world should aim to recreate the same stress levels.
✴ Fidelity may be necessary to ensure trainee acceptance, however it is not necessarily
always required for effective cognitive skills training.
✴ Mixed fidelity approaches to the use of simulation in which combinations of different
simulation technologies of varying degrees of immersion, coupled with practice in real
world environments, may provide the most effective training regime.
Virtual environments of varying kinds are increasingly being employed for safety related
training in the mining industry. However, no satisfactory systematic evaluation of
performance changes, or transfer of learning, has been undertaken, with almost all
previous evaluations restricted to usability of the simulation and subjective trainee
responses. Where performance changes as a consequence of training have been assessed,
the evaluations have utilised poor evaluation designs, and very small numbers of trainees.
A large scale, systematic, evaluation of the outcomes of safety related training via virtual
mining environments is required to inform future practice.
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1.0 Introduction
Miners are constantly exposed to a range of hazards
which have the potential to cause serious injury or
fatality. These hazards include fire, underground
explosions, toxic gases, geotechnical hazards, and
working in close proximity to mining equipment
(eg., haul trucks, continuous miners, shuttle cars; eg.,
Burgess-Limerick & Steiner, 2006). Equipment
related safety hazards include collisions, being
caught between moving equipment parts, as well as
exposure to energy sources such as electricity and
high pressure fluids.
Historically, both injury rates and fatality rates for
Australian coal mines have steadily decreased.
Much of this improvement has been driven by
changes in technology such as the introduction of
roof bolting, although as Mark (2002) illustrates,
technological change alone is not sufficient. The
introduction of risk based legislative frameworks has
also been associated with recent reductions in
Australian injury rates (Poplin et al, 2008).
While effort has been sensibly devoted to
eliminating hazards; and reducing risks through
implementing design controls; it has been
recognised in mining (Schofield et al, 2001), as in
other industries such as aviation (Helmreich &
Foushee, 1993) and rail (eg., McInerney, 2005), that
there will always remain the potential for miners to
make skill based, or rule based, errors. For example,
failure to perceive a hazard is consistently identified
as contributing to injuries and fatalities (KowalskiTrakofler & Barrett, 2003). Consequently, another
integral aspect of improving mine safety has been
an increased focus on ensuring that employees and
contractors are competent to perform their duties,
and trained in the actions to take if an unplanned
event with adverse safety consequences occurs.
A review of traditional training methods used in
mining (Churchill & Snowden, 1996, cited by
Schofield et al, 2001) suggested a number of
potential problems, including:
“...rote learning of information is the most common
technique used by trainers with the same sets of training
media being used from year to year. Many teaching
methods present too much material, too rapidly, with little
or no opportunity for worker involvement.
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Trainees frequently fail to attend to the problem at hand,
often dividing their attention between what is going on at
the front of the classroom and interpersonal interactions
with those around them. ...
Skill degradation is an important issue. When the hazards
of a mine environment are combined with the issue of skill
degradation, the need for realistic training becomes
paramount.” (p. 154)
Schofield et al (2001) proposed that virtual reality
simulation offered the opportunity improve safety
related training in mining, suggesting that “the
capacity to remember safety information from a
three-dimensional computer world is far greater
than the ability to translate information from a
printed page” (p. 155).
There is no doubt that virtual reality simulation
offers the opportunity to develop both perceptuomotor skills, and cognitive skills such as problemsolving, decision-making and hazard perception,
without exposing trainees or others to unacceptable
risks. This strategy has been employed in other
hazardous industries such as aviation, rail, health
and defense.
The potential for improved safety suggested by
Schofield et al (2001) and others (eg., Bise, 01997;
Filigenzi, et al, 2000; Wilkes, 2001) has been
embraced by the mining industry, and virtual reality
simulation is beginning to be adopted. Kizil (2003),
for example, suggests that “There is no doubt that
the use of VR based training will reduce these
injuries and fatality numbers” (p. 569). This
conclusion may be premature - in the wider context
at least, it is considered that evidence for the
effectiveness of simulation is far from conclusive (eg.,
Bell et al, 2008; Jia et al, 2008; Salas et al, 2009).
The general difficulty with evaluating the
effectiveness of training in a virtual environment is
that it is first necessary to measure performance of
the skills being trained, before and after, training. An
initial evaluation question would be: how does final
performance compare to baseline measures? That
is, did performance improve following exposure to
the training? A second evaluation question might
be: how does performance after exposure to training
in the virtual environment compare to performance
following conventional training methods, or real
world practice?
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These are important questions, however, the true
test of the effectiveness of training, whether in a
virtual or physical environment, is whether the skills
learned transfer to different contexts and situations
(Bossard et al, 2008). This is a difficult topic to
address empirically in many contexts, and this is
especially so for safety related training where the
transfer of skills occurs to a hazardous context.
The next sections of this review examine the current
evidence for the effectiveness of virtual reality as a
medium for safety related training in a range of
industries including mining. The final section
discusses a range of issues associated with the
implementation and evaluation of virtual reality as a
training medium. The aim of the review is to
provide a principled basis for an evaluation of
virtual reality as a medium for training safety related
competencies in the minerals industry.

2.0 Evidence for Eﬀectiveness of Virtual
Reality as a Medium for Safety Related
Training in Industries other than Mining
Virtual environments have been used as a training
medium for many years in aviation, medicine (and
particularly surgery), defense and a variety of other
domains. Traditionally there are four main purposes
for training personnel in virtual environments rather
than physical environments: (i) Practical difficulties
such as cost and time limitations arise in the real
world when building realistic hazardous physical
environments; (ii) after the time and expense is
invested, the resulting training and education
facilities are only of limited utility in planning/
training activities, given that there exist a practically
endless array of workplace accident scenarios; (iii)
using realistic physical facilities to develop the
critical thinking and decision-making skills of
personnel is potentially dangerous to the
participants and others; and (iv) in the virtually
rendered world, trainees can see and experience
things that are not possible to see or experience in
the real world.
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However while number of virtual environments for
training continues to increase dramatically, less focus
has been given to evaluation of the training
provided via this technology. This is an critical
short-coming. If systematic evaluations of the
performance consequences of training using virtual
environments, let alone evaluations of transfer to
real world situations, are not undertaken, an
opportunity to optimise the potential benefits of
virtual reality simulation is squandered.
Construction of the hardware and software to
support training via virtual environments is a costly
investment. Systematic evaluation, at least of
performance outcomes, is an essential step in
ensuring maximum return on this investment. This
section reviews the evidence which exists in
industries other than mining regarding the
effectiveness of training in virtual environments.

2.1 Pilot training
Blickensderfer et al. (2005) provide a historical
review of the development of simulation in pilot
training. Considerable evidence exists to
demonstrate the effectiveness of virtual reality in
this domain (e.g, Lintern et al, 1990; Biocca &
Delaney, 1995; see Hays et al, 1992 for a metaanalysis; and Carretta & Dunlap, 1998 for a review).
While flight simulators have been consistently
demonstrated to result in skill acquisition by pilots,
the effectiveness of the training is strongly
influenced by the task to be trained and the amount
and type for training provided. Simulators have
been found to be more effective for training take-off,
approach and landing than for other flying tasks.
Landing skills, and instrument flying learned in a
simulator, has also been shown to transfer to the real
task (Hays et al, 1992; Pfeiffer et al, 1991).
Flight simulators are typically used to complement
flying time rather than substituting for flight time,
however there is evidence that simulators reliably
produce superior training compared to aircraft-only
training (Jacobs et al, 1990). For example, research
with naval pilots suggests that simulator training
increased performance in subsequent actual carrier
landing practice. In this study, increased visual
fidelity had no effect on actual performance, and
lower fidelity simulator training appeared to be as
effective as higher fidelity training (Taylor et al,
1997).
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The use of virtual simulators for pilot training is
accepted and regulated by aviation authorities. The
US Federal Aviation Administration, for example,
maintains a National Simulator Program1 which has
the dual roles of applying regulations and seeking
improvements in flight simulation, and the use of
simulation has more recently been extended to the
training of pilots of unmanned aircraft (Guido &
Montrucchio, 2006).

2.2 Surgical skills
Strong evidence exists to demonstrate that learning
of surgical skills may be achieved in virtual
environments (eg., Grantcharov et al, 2004; see
Issenberg et al, 2005; Gurusamy et al, 2008 for
reviews). For example, both Seymour et al (2002)
and Cosman et al (2007) describe blinded
randomised controlled trials in which laprascopic
surgical trainees who received simulator training
were found to have superior performance during
their first real world performance of a laprascopic
task. The use of simulators for surgical training is
becoming a standard feature of medical education
with the introduction of facilities such as the
Queensland Health Skills Development Centre2,
and indeed the use of simulators for medical
training has been highlighted as an “ethical
imperative” (Ziv et al, 2006). Considerable research,
and significant evaluation work, is ongoing, however,
to determine to provide an evidence base for the
optimal use of simulators for specific procedures
such as colonoscopy (eg., Karamatic et al, 2009; Hill
et al, 2009).

2.3 Driving
Similarly, evidence exists which demonstrates that
virtual reality simulations is effective as a means of
training drivers of cars (Fisher et al, 2002; Roenker
et al, 2003; Turpin & Welles, 2006; Uhr, 2004),
trucks (Parkes & Reed, 2006; Strayer & Drews,
2003) snow plows (Kihl & Wolf, 2007; Strayer et al,
2005; Masciocchi et al, 2007), and emergency
vehicles (Lindsey, 2005) in terms of both safety
related behaviour, and fuel efficiency.

There is also evidence that simulator driving
behaviour is closely related to real world behaviour
(Tornos, 1998; Santos et al, 2005; Winter et al,
2009), and driving simulators are frequently used to
investigate applied research questions relating to
improved safety (eg., Bullough & Rea, 2001,
Enriquez et al, 2001). Driving simulators have also
been widely used to investigate fundamental
processes of human attention and visual perception
while driving (Readinger et al, 2002) and the effects
of visual and cognitive demand on driving
performance. Simulation has been used to assess
attentional differences (as measured by eyemovement recording) between expert and lessexperienced drivers (Dorn & Barker, 2005), to assess
changes in driving behaviour which occur with
fatigue (Ting et al, 2008) and the effects of
distraction while driving (Greenberg et al, 2003).
These applications (flying, surgery and driving) have
in common, a large perceptuo-motor skills
component. Laboratory based examinations have
also demonstrates that perceptuo-motor tasks can be
learned in virtual environments (Hamblin, 2005;
Rose et al., 2000).
It is also known, however, that driving skill is a poor
predictor of crash risk (Horswill & McKenna, 2004),
and hazard perception ability and risk-taking
propensity are better predictors. Evidence also exists
to suggest that virtual environments can be used to
improve the hazard awareness of novice drivers
(Fisher et al, 2006; Pollatsek et al, 2006) and
motorcyclists (Liu et al, 2009).

2.4 Train Driving
Technology changes in rail have increased the
complexity of the train driver’s role. Increased train
speeds, for example, have increased the temporal
demands on a driver’s decision making (Li et al.,
2006). This, combined with a number of high
profile incidents in which human errors were found
to play a causal role, has directed the industry’s
attention to the use of virtual environments for train
driver training (Eichinger & Geraghty, 2005).

1 http://www.faa.gov/about/initiatives/nsp/
2 www.sdc.qld.edu.au
Tichon & Burgess-Limerick
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Indeed a 3.7M Euro project is nearing completion
(“2TRAIN - TRAINing of TRAIN Drivers in safety
relevant issues with validated and integrated computer-based
technology”) 3 which “aims at developing European
standards for the training of train driver
competencies providing best-practice guidelines for
an efficient, safety enhancing and cost-effective use
of the latest computer-based training technologies”.
A report on the project titled “Transfer-of-Training
Effects” (Schmitz & Maag, 2009) provided
subjective data from drivers regarding the
simulations, but did not provide any evaluation of
performance. The report noted that the lack of
evaluation of simulation training in rail is a “central
research gap”.
A range of hazards are addressed in train driver
training in virtual environments including signal
recognition and fatigue (Roach et al., 2001; Li et al.,
2006). Immersive wide-screen reality centers and
in-cab simulators provide the opportunity for train
drivers to repeatedly practice the identification of,
and response to, a range of pre-emergency
situations; including environmental conditions such
as fog, rain, wind, and dazzling sun; and specific
difficult operating conditions such as heavy traffic,
accidents, faulty signs and people on the track
(Simmons-Boardmann Publishing Corporation,
2004).
The 1999 Glenbrook train disaster and subsequent
Commission of Enquiry led to an expansion of
virtual reality training in the New South Wales rail
sector. Curved screen reality centres have been used
to immerse employees in rail specific disaster and
work place accident scenes. The training was
designed to support both construction of knowledge
and cognitive learning. This was a consequence of
the Safety Management System, which required a
shift from the historical culture of having a rule for
every event, to new requirements that rules are built
on a foundation of risk management. To assess a
critical incident as it unfolded, staff were trained in
critical thinking and decision-making under stress
(Tichon, 2007b).

A recent study evaluated the effectiveness of the
NSW rail virtual reality scenarios to enhance
decision-making under stress. The decision-making
skills necessary to successfully complete the
scenarios were first identified through cognitive task
analysis of experienced train driver responses to the
difficult driving conditions encountered in the
scenarios. A skills assessment tool was developed on
the basis of the cognitive task analysis, and was
subsequently completed by trainers observing
drivers undertaking their training in virtual reality
(Tichon, 2007b).
Participant’s results were collated to gain baseline
data on the decision-making skills trainees displayed
during their first exposure to the virtual reality
scenario. The same group of drivers repeated the
same training scenario twice in the following year.
Their results were compared to the baseline data
gathered in the previous year, and performance did
improve in that fewer errors were made, and when
errors were made, a significantly higher number
were self-corrected by the drivers (Tichon & Wallis,
2009).
Interestingly, however, these improved skill levels
were not maintained during the break between
annual training sessions. It has become an
important and pressing focus of virtual reality
research to determine how often training should be
undertaken to maintain effective training levels
(Gerbaud et al, 2008), and this topic is addressed in
more detail in section 4 of this review.

2.5 Road crossing
Thompson et al (2005) provided road crossing
training for children in a virtual environment and
reported improved performance (fewer missed safe
crossing opportunities) in the simulation following
training. Congiu et al (2008) confirmed this finding
in an experiment utilising a a control group, and
reported that the differences remained after a one
month follow up. Whether this altered behaviour
transfers to a real world environment is unknown.

3 http://ec.europa.eu/research/transport/projects/article_4971_en.html
Tichon & Burgess-Limerick
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2.6 Maintenance inspection
Evidence is also available to suggest that an
immersive virtual environment is an effective
training medium for aircraft maintenance
inspections (Barnett et al, 2000; Vora et al, 2002).
These findings suggest that perceptual expertise may
be developed through a virtual environment of
sufficient fidelity. More recently investigations have
included the use of virtual reconstructions of a
large-bodied aircraft cargo bay, and varied
interaction modalities ranging from fully immersive
(using a head-mounted display and 6 degrees-offreedom mouse) to semi-immersive (using a
spatially-tracked suspended, touch-sensitive window
display) to non-immersive (using a basic desktop
computer and mouse); and 3D virtual environments
of turbine engine blades where nondestructive
inspection methods could be practiced (Washburn
et al, 2007; Sadasivan et al, 2007).

2.7 Spatial awareness
The performance of naval firefighters in navigating
a ship during a subsequent exercise was found to be
improved (fewer wrong turns) by rehearsal in a
virtual environment (Tate et al, 1997), suggesting
that spatial awareness for specific locations may be
learned in a corresponding virtual environment.
This finding is consistent with a finding that virtual
reality training in underground cave structures
resulted in task performance which was two to three
times faster (Bowman & Schuchardt, 2007). A
submarine virtual environment has also been
developed as a means of improving spatial
awareness of submariners (Stone & Caird-Daley,
2009; Stone et al, 2009), however no evaluation of
subsequent performance has been reported to date.

2.8 Crew resource management
Desktop virtual reality simulation has also been
employed to train crew resource management in
aviation. Whether such training increases the safety
cannot be evaluated using accident rates because the
overall accident rate is so low. In the absence of a
direct measure, the two criteria which have most
often investigated are behavior on the flight deck
and attitudes showing acceptance or rejection of
crew resource management concepts.
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Data from audits where crews are observed under
non-jeopardy conditions has demonstrated that
crew resource management training does produce
desired changes in behavior. The attitudes that have
been measured to assess the impact of crew resource
management were ones identified as playing a role
in air accidents and incidents. Data from a number
of organizations show that attitudes about flight
deck management also change in a positive
direction (Helmreich et al, 1999).
The US Air Force used a desktop simulation
designed to elicit the communication and crew
coordination behaviors associated with instrument
and visual airdrop missions. For these two targeted
skill areas simulator-trained student navigators
required on average, 10.2 sorties to achieve
proficiency, compared to 11.8 sorties for their
control group counterparts, a reduction of 13.6
percent (Nullmeyer et al, 2006). Similar training has
been provided in a simulated operating theatre
(Aggarwal et al, 2004; Nishisaki et al, 2007)
although no evaluation has been reported.

2.8 Decision making under stress
An key factor in safety related training is training
people to cope with ill-defined problems resulting
from insufficient or unreliable information, in the
face of hazardous environments and threat of
physical injury (Salas et al, 2002). Enhancing such
emergency response skills is important for a number
of industries. Of particular interest are those
cognitive skills known to degrade under stress such
as critical thinking and decision-making.
The development and evaluation of virtual
environments for training in decision-making under
stress has a strong empirical basis provided by the
military. In 1998 the US Office of Naval Research
completed a seven-year research project focusing on
decision-making under stress (TADMUS) (CannonBowers & Salas 1998). Rather than focussing on
skills development, the focus here is on ensuring that
performance does not deteriorate under stressful
conditions, hence - Stress Exposure Training (SET)
(Driskell & Johnston, 1998).
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Such training focuses on developing those cognitive
skills required to maintain effective performance
under degraded work conditions. The aim is to
incite the same emotional reaction and stems from
research demonstrating that for some tasks normal
training procedures did not improve task
performance when the task was later performed
under stress conditions (Zakay & Wooler, 1984;
Tichon & Wallis, 2009).
Negative, affective states such as stress can impair
decision-making by causing overestimation of risks
which results in unprofessional or unsafe choices
based on perceived levels of danger to self and
others - errors which Peters et al (2006) termed
“avoidant choices”. Sub-goals of stress training
include gaining specific knowledge of, and
familiarity with, the operational environment to
assist trainees to form accurate expectations. This
will improve trainee’s ability to predict outcomes
and avoid errors, as well as to decrease their
propensity to be distracted by novel sensations
(Driskell & Johnston, 1998). The overall goal of
cognitive training via virtual reality is to build
confidence in trainees in their ability to perform
under adverse conditions.
While it has been suggested that Stress Exposure
Training must necessarily be conducted under the
same stressful operating conditions that will be
encountered in the real work environment (Breazeal,
1999), there is little research on the factors that
contribute to effective learning in high affect
simulated environments (Wilfred 2004). Prior
research does indicate the most effective learning in
disaster response simulated training occurs in
conjunction with higher levels of perceived affective
intensity (Hall et al, 2004).
Stress Exposure Training has been demonstrated to
transfer to performance in novel environments
(Driskell et al, 2001), and has been adopted as a
standard training tool in Defense. For example,
Stansfield et al (1998) describe a virtual reality
simulation (BioSimMER) aimed at training
personnel who might be called upon to provide
emergency triage at the scene of an act of terrorism
involving both an explosion and the release of a
biological warfare biotoxin with the goal of training
rapid situational assessment and decision-making
under highly stressful conditions. A similar
application was described by Kizakevich et al (2007)
for mass casualty triage for medical personnel
stationed in Iraq, although no objective evaluation
was reported.
Tichon & Burgess-Limerick

2.9 Team training
Cross training via simulation has been found to be
effective in improving team performance (Volpe,
1996). Cross-training is a method of strengthening a
team’s shared mental model. When all team
members consistently share a common awareness
and understanding of the situation, the correct tasks
are accomplished in a timely manner. In terms of
team communication, cross-trained teams
volunteered significantly more information than the
teams without cross-training (Cannon-Bowers et al,
1998). Significant improvements in team
performance and teamwork skills were obtained for
navy teams who received team adaption and coordination training in a simulation-based
experiment (Serfaty et al, 1998).
High fidelity simulation based team training has also
been reported to improve clinical team performance
when simulation was added to an existing team
training curriculum. Emergency department staff
who had recently received training in an
“Emergency Team Coordination Course” also
received an 8 hour intensive experience in an
emergency department simulator in which three
scenarios of graduated difficulty were encountered.
A comparison group was assigned to work together
in the emergency department for a eight hour shift.
Experimental and comparison teams were observed
in the emergency department before and after the
intervention. The experimental team showed a
trend towards improvement in the quality of team
behavior, while the comparison group showed no
significant change in team behavior during the two
observation periods (Spillane, 2003). Progress
towards developing a CAVE based immersive
virtual environment for medical team training
funded by the US Army was also reported by Lee et
al (2007).
Lessons learned in a simulator team training project
undertaken by TADMUS indicate the key areas to
target in assisting teams to be more adaptive in high
stress operational conditions are:
• The extent to which team members can
anticipate one another’s needs
• The confidence team members have in one
another
• The extent to which team members believe they
should monitor other team members
• The extent to which team members believe they
should readjust to changes in stress/workload
(Kozlowski, 1998)
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2.10 Other applications
Many other applications of virtual reality as a
training medium exist in a variety of industries.
While there are publications which describe the
applications, and many provide an evaluation of the
usability and/or trainees subjective impressions of
the virtual environment, there is generally little
objective assessment of the performance outcomes
of the training in comparison to other training
media, and even fewer evaluations of transfer to real
environments.
For example: Ki (2009) describes a simulator for
training operators to use an aerial working platform;
Li et al (2005) describe an emergency rescue
simulation; Stansfield et al (2000) describe a
simulation for medical first responders which aims
to train training of multiple users for tasks in which
situation awareness and critical thinking are the
primary determinants of success (see also Holcomb
et al, 2002; Lai et al, 2007); Ellis et al (2002)
describe the use of simulation for training military
medical personnel to manage casualties, and Smith
and Ericson (2009) describe the use of an immersive
game-based virtual environment to teach children
fire safety skill. None provide evaluations of
performance relative to other training methods, or
transfer to novel situations.

3.0 Evidence for Eﬀectiveness of Virtual
Reality as a Medium for Safety Related
Training in Mining
Virtual reality has been identified as a potential
avenue for safety related training in the mining
industry for some time (Bise, 1997; Filigenzi, et al,
2000; Wilkes 2001), and this application of virtual
reality was identified as desirable research focus by
the US National Research Council (Committee on
Technologies for the Mining Industry, 2002).
However, while there are a number of reports of
safety related training being conducted in virtual
minerals industry environments, there is very little
evaluation reported other than usability or
subjective trainee responses. This section examines
the evidence which exists.

3.1 Evaluations of safety related training using
virtual reality in mining
3.1.1 Mining equipment operation. A range of
equipment simulators including dozers, dragline,
haul truck, shovel, continuous miner, longwall and
roof bolter are available from commercial vendors 4
with others under development. While reports of
their use are available (eg., Williams et al, 1998;
Wilkes, 2001), no systematic performance
evaluations could be located. One exception was a
conference paper by Swadling & Dudley (2001) in
which operators’ performance while driving a
virtual simulation of a remote LHD operation
(VRLoader) was compared with the operators’
subsequent performance during driving the remote
LHD. The simulation was found to be an effective
training tool, and performance on the simulation
was predictive of subsequent performance while
driving the remote LHD.
A jackleg drill simulation (MinerSIM) aimed at
training new operators (Dezelic et al, 2005; Hall et
al, 2008; Nutakor, 2008) has been constructed.
MinerSIM consists of a web tutorial, and a virtual
reality simulation which allows trainees to install
rock bolts in a virtual environment. The simulation
provides exposure to both normal, and abnormal
situations. The only evaluation results available to
date are preliminary results of a usability assessment
of the web tutorial component.
Based on the results of evaluations of equipment
operation in other domains, it is likely that
equipment simulators will be effective in assisting
trainees develop the perceptuo-motor expertise
required to operate the equipment, and that this will
reduce the real world practice necessary to achieve
competent operation. This has potential safety
benefits for both the trainee, and others located in
the vicinity of the equipment.
3.1.2 Mining equipment safety. A virtual conveyor belt
safety training program has also been described
(Lucas, 2008; Lucas et a., 2007, 2008; Lucas &
Thabet, 2007, 2008). The simulation consists of an
instructional module, and a task-based training
module in which the trainee completes assigned
tasks. Both desktop, and immersive versions, have
been described. The development of the simulation,
and a usability evaluation has been reported.

4 eg., www.mining.5dt.net/; www.immersivetechnologies.com
Tichon & Burgess-Limerick
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McMahon et al (in press) will report an evaluation of
twelve trainees assigned to either desktop or
immersive versions of the conveyer belt safety
training program using a “knowledge assessment
test”. No significant difference in the average
increase in knowledge was found between desktop
and immersive versions of the training, however the
number of trainees, and hence the power of the
comparison, was extremely low.
A similar application was described by McMahan et
al (2008) in which training in pre-shift inspection for
haul trucks was provided in both desktop and
immersive virtual environments. The training
included a “virtual tour” which introduced the
information necessary to conduct a pre-shift
inspection (parts to be inspected and explaining
defects). The trainees then completed a virtual
inspection, and were shown a simulation of the
potential consequences of overlooking defects.
McMahan et al (in press) will also report an
evaluation of the effectiveness of this training in
terms of the retention of information after using the
virtual reality simulation, by administering a
knowledge assessment test before and after using the
simulation. While a significant improvement in
knowledge was found following the training, the
evaluation design was flawed and an order effect
cannot be excluded because all participants
performed the knowledge assessment test twice.
A comparison of the effectiveness of the desktop
version to the CAVE version, and to conventional
“powerpoint” presentation was also reported (N=9,
10 & 10 respectively). Again, although no significant
differences in knowledge retention were found, the
statistical power of the comparisons was very low,
and the the conclusion drawn (that the the methods
were equally effective) is very likely erroneous.
3.1.3 Mining hazard identification. The ability to detect
and identify hazards has been another target for
training in virtual environments (eg., Filigenzi et al,
2000; Orr et al, 1999). Squelch (1997; 2001)
provided hazard awareness training via desktop
virtual reality. A comparison with traditional
training methods was attempted for two groups of
30 miners. While the trainees reported preferring
the virtual reality training, no quantitative
comparison between two training media was
possible.
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Denby et al (1998) similarly trained mine operators
in hazard identification and hazard avoidance using
a desktop virtual haul truck, processing plant
walkthrough, and underground fire and explosion,
however no evaluation was reported other than
trainee reactions. Schafrik et al (2003) provided
reconstructions of accidents using desktop virtual
reality to “emphasise the significance of unsafe acts”
as a method for influencing safety culture, although
no evaluation was undertaken.
Training in hazard identification has also been
extended to include procedural information (eg.,
Ruff, 2001). For example, van Wyk (2006, van Wyk
& Villiers, 2009) trained underground mine workers
in hazard recognition and correct safety procedures
using desktop virtual reality and reported “positive
results in South African context” although no results
were provided. Stothard et al, (2008) similarly aimed
to improve understanding of hazards, procedures
and processes. A survey of 51 trainees was
undertaken to assess immersive tendency and
presence, however no evaluation of the
understanding gained was reported.
3.1.4 Desktop virtual reality applications in mining.
Desktop virtual reality training for miners has been
of interest for some years, with one of the earlier
desktop applications being to educate mine workers
on the hazards of mining, and in safe evacuation
routes and evacuation procedures discussed in the
previous section (Orr et al, 1999). More recently, the
use of gaming technology is gaining popularity with
a number of training alternatives based on this
technology appearing in the area of mines safety
training. NIOSH offers desktop virtual reality based
training in underground coal mine map reading.
The program “Mine Navigation Challenge” was
built using a first person shooter computer game
engine and is designed for new miners. Trainees can
practice using skills trained while navigating through
a simulated mine. To successfully complete the tasks,
trainees count cross-cuts, go through man doors and
find belt crossovers. It is reported that the game was
tested in new miner classes at three training
locations as it was being developed. This field
testing, however, conducted in 2007 appears to be
limited to a qualitative survey provided to trainees
and instructors. Questions gauged the degree to
which trainees liked or enjoyed the session, what
parts of the course they liked best and if they would
like computer-based sessions in future training
(NIOSH, 2009).
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The Queensland-based Mining Industry Skills
centre (MISC) has also focussed on serious-games
with project CANARY (MISC, 2009). It is described
on the MISC website as ‘an industry first seriousgame based training tool.’ This project offers a suite
of PC-based training scenarios which have been
built using the game engine Virtual Battle Space 2,
an engine previously used by Defense to run defense
specific scenarios for Australian and international
forces pre-deployment. The hazard awareness
scenario is designed to be used in a facilitator-led
classroom and depicts a mine site workshop in
which a clean-up needs to be performed while
identifying key hazards and apply tagging and
isolation processes. No underground scenarios are
available. No evaluation of its use in the mining
sector could be located.
Very limited research exists regarding the
effectiveness of serious games for training miners.
Private companies developing serious games either
do not evaluate their product in applied settings or
do not release publicly in-house evaluations of their
products (Mallet & Orr, 2008). The military, both in
Australia and overseas, but most notably in the
United States, are investing significantly in what is
still to a large degree an experimental use of this
technology. There may be value in such
applications, however much military research is not
accessible to researchers working in civilian
industries. Clearly those developing computer-based
scenarios for training miners should be devising
associated evaluations (Mallet & Orr, 2008).

3.2 Other uses of virtual reality in mining
There is no doubt that virtual reality simulations
have other potential roles in the minerals industry
beyond safety related training. Other uses include
data visualisation, accident reconstruction, and
improving equipment design through the
exploration of virtual equipment models to assess
safety related design issues such as visibility (eg.,
Delabbio et al, 2003, Gilles et al, 2005; Kaiser et al,
2005; Kizil, 2003; Qizhong et al, 2008; Schofield et
al, 2001).
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For example, virtual reality has been used from
mining equipment concept development through to
3D Visualisation for numerous project hazard
reviews and analyses. Work being undertaken at
Laurentian University addresses the need to
improve operator visibility when driving mobile
equipment in underground environments. A fully
interactive underground model combining CAD
LHD models or haulage trucks in different mine
designs layouts is being constructed with the aim of
helping to improve operator visibility. The model is
being investigated for use in design review and
emergency response, for example mining rescue
operations (Delabbio et al., 2003).
Simulation is also being used to gain a better
understanding of how spontaneous combustion
initiated fires can interact with the complex
ventilation behaviour underground during a
substantial fire (Gillies et al 2005). Hazard
assessment in burst-prone mines has been enhanced
through the use of virtual reality for seismic data
interpretation. Using a double-curved screen, a
team of twenty people were fully immersed in the
data allowing the team to develop procedures and
tools to effectively interpret seismicity and its impact
on workplace conditions including identification of
hazardous areas in space and time(Kaiser et al.,
2005).

3.3 Conclusion
There are promising results derived from other
domains which indicate that virtual environments
can be effectively used for safety related training, at
least in some situations. These results suggest that
there is potential for virtual environments to be
effective in the minerals industry. However, other
than evaluations of usability, or the subjective
impressions of trainees, there has been little
systematic evaluation of the effectiveness of virtual
environments as a training medium in the minerals
industry. Where evaluations have been undertaken,
the designs were poor, and the sample sizes very
small. A large scale, systematic, evaluation is
warranted.
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4.0 Issues Associated with Implementing
and Evaluating the use of Virtual Reality
as a Medium for Safety Related Training
in the Minerals Industry
The final sections of this review discuss a range of
issues and concepts associated with the
implementation and evaluation of virtual reality as a
training medium. While not directly speaking to the
question of the effectiveness of virtual environments
as a medium for safety related training, these
concepts are relevant to both the design and
evaluation of training, and an improved
understanding will assist in providing a principled
basis for a subsequent evaluation of virtual reality as
a medium for training safety related competencies in
the minerals industry.

4.1 Instructional Design
Conducting effective training in virtual
environments requires effective instruction design.
This may be achieved in a variety of ways, however
Instructional System Design models (eg., Gordon,
1994) exemplify the application of human factors
principles to training. Such models involve Front
End analysis steps (analysis of the situation, task,
trainees, training needs, and resources) which result
in the definition of functional specifications of
training, followed by Design and Development steps
(training concept generation, training system
development and prototyping, usability testing) and
System Evaluation steps (determining training
evaluation criteria, collection and analysis of these
data, and subsequent modification of the training if
indicated).
The front end analysis (or training needs analysis)
step in training design is critical. In particular, a
comprehensive analysis of the tasks performed, and
decisions required of trainees in the real
environments is required before the training needs
and associated functional specifications can be
determined. The aim of the task analysis is to
describe the knowledge, skills and behaviours
required for successful task performance, and
identify the potential sources and consequences of
human error.
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This task analysis would typically involve interviews
with experts, reviews of written operating and
maintenance procedures and observation. It should
include consideration of the information required
by miners and how this information is obtained, the
decision making and problem solving steps involved,
the action sequences, and attentional requirements
of the situations which are the subject of training.
The task analysis should be conducted
systematically, and well documented, to provide a
solid foundation for the design of training and to
provide a template for future training needs
analyses.
An extension of the task analysis to include a
cognitive task analysis may be justified for more
complex situations. Cognitive task analysis seeks to
understand the cognitive processing and
requirements of task performance, typically through
use of verbal protocols and structured interviews
with experts. The outcomes of a cognitive task
analysis include identification of the information
used during complex decision making, as well as the
nature of the decision making. The cognitive task
analysis can also reveal information which will
underpin the design of training and assessment.
The results of the task analysis are also used in the
second phase of training design to define actual the
contents of the training program, as well as the
instructional strategy required. Regardless of the
content of the training (the competencies required)
or the methods employed (eg., simulation), most
effective instructional strategies embody four basic
principles:
• the presentation of the concepts to be learned;
• demonstration of the knowledge, skills and
behaviours required;
• opportunities to practice; and
• feedback during and after practice
(Salas & Cannon-Bowers, 2001).
An initial training design concept is typically refined
iteratively through usability evaluation of prototype
training models, until a fully functional final
prototype is considered ready for full scale
development. Issues to be considered include the
introduction of variation and the nature and
scheduling of feedback.
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A compelling case has been presented (Schmidt &
Bjork, 1992) to suggest that variation in the way
tasks are ordered and in the versions of the tasks to
be practiced is important, and that less frequent
feedback should be provided. While immediate
performance may be reduced, retention and
generalisation are enhanced as a consequence of the
deeper information processing required during
practice. For example, Swadling & Dudley (2001)
describe the use of a virtual simulation to train
operators prior to the introduction of remotely
controlled LHD in an underground mine. Research
would suggest that such training should ideally
include increasing variability (including both normal
operation, and abnormal situations such as virtual
equipment malfunction), and periods of practice in
which knowledge of performance feedback was
withheld.

4.2.1 Sensation & Perception differences. Across a range
of skills and domains, there are some consistent
findings relevant to the design of training which
emerge from the study of expert-novice differences,
expertise and skill development. For example, it is
unsurprising to note that persons with poor sensory
reception may have difficulty performing tasks
which require the acquisition of information via the
sense in which they have a specific deficit. People
with visual defects perform poorly on inspection
tasks requiring high visual resolution, for example,
and this suggests an obvious need for occupational
screening. Any screening must be very specific to the
perceptual abilities required during the task,
however. For example, assessment of static visual
acuity is inappropriate for tasks that require
assimilation of dynamic visual information, such as
driving a vehicle.

Task analysis aids in determining the appropriate
performance measures to be used in evaluation (or
indeed in the assessment of competency). A valid
training evaluation requires careful selection of
evaluation criteria and measures (closely connected
to the task analysis results), and systematic collection
and analysis of data.

While poor perceptual ability may limit
performance, the corollary is not true - there is no
evidence that experts are characterised by above
average sensory abilities. Attempts to alter
performance through training to enhance
perceptual abilities is misguided. Where experts and
novices do differ in sensory terms is in the ability to
make sense of the sensory information, that is, in
perception. Tasks specific measures of perception
across a range of domains indicate that experts are
superior at discriminating perceptual events such as
flaws (Blignaut, 1979), are better able to recognise
patterns, and better able to predict future events
based on current sensory information. In mining
this is particularly relevant to the ability to perceive
the probability of hazards, such as roof fall, on the
basis of vision of the roof and rib conditions.
Expert equipment operators might similarly be
expected to make use of engine, or other noises, as
indications of the state of the equipment, or the
likelihood of future events such as a stall.

4.2 Characteristics of expertise
Expertise is not easily acquired. Attaining expert
performance across a variety of domains has been
estimated to typically require about 10 years, 10,000
hours, or millions of trials (Ericsson et al., 1993).
Studying the differences between experts and
novices, and the development of expertise, has also
been proposed as a means of deriving principles for
training design (eg., Abernethy, 2001).
Comparing the behaviours of novices and experts
can assist in identifying the factors which limit the
performance of novices. Identification of the factors
which do, and which do not, discriminate the
performance of experts and novices provides
guidance towards the aspects of the task towards
which attention should particularly be directed
during training. Comparison of the information
sources used by novices and experts, for example,
can help determine what information must be
learned by to become an expert in a given task.
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Some evidence exists to suggest that acquisition of
these perceptual skills can be accelerated through
training (Starkes & Lindley, 1994; Williams & Grant,
1999), and this is a particular opportunity for virtual
environments.
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4.2.2 Decision making differences. Another area in which
experts and novices differ is in decision making.
Experts are typically faster at problem solving; have
better short and long term memory of relevant
states or events; and have more knowledge of
relevant facts and procedures. Experts are also more
likely to see and represent problems (such as fault
diagnosis) at a deeper, more principled level, and
spend greater time analysing problems before
arriving at a diagnosis of solution (Gilhooley &
Green, 1988; Glaser & Chi, 1988; Ye & Salvendy,
1996).
While it is attractive to try to facilitate the
acquisition of such cognitive skills by providing
novices with access to experts’ procedural
knowledge structures, evidence for success in this is
scant. Experts and novices also differ greatly in their
decision making under stress, and this is an
opportunity for training in virtual environments.
4.2.3 Action differences. Differences between experts
and novices in reaction and movement times are
evident for tasks which require rapid responses,
although these differences may reflect greater
perceptual skill leading to more rapid assessment of
the response required. No differences in are found
in simple reaction times, and experts are constrained
in the same way as novices when multiple successive
responses are required. In terms of movement
production, both the movements and forces
produced by experts are less variable than novices,
and experts harness the complex intersegmental
dynamics of the body and produce more efficient,
and less effortful body movements.
4.2.4 Attention differences. One of the characteristics of
skill development is increasing automaticity. The
consequence is a freeing up of attentional capacity
to deal with additional information. For example,
the novice driver’s attentional capacity is all but
exhausted by the management of the essential
vehicle controls (brake, gears, accelerator) and the
primary goal of maintaining course through the
environment, and little or no attentional capacity
remains for watching ahead for potentially
hazardous situations. Conversely, with practice,
these essential vehicle control functions become
automatic, and experts are able to attend to the road
ahead, identifying hazards, and taking necessary
actions well before arriving at the hazard.
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Attentional differences between experts and novices
have been revealed through eye movement
recording (Crundell & Underwood, 1998). When
cognitive load increases (such having to drive on
busier roads in more populated areas) experienced
drivers increase their spread of search. This strategy
could be expected to be effective for anticipating
potential hazards from peripheral locations. Novice
drivers showed little difference in search variation.
A study was undertaken to test whether it was
possible to train novice drivers to use more
appropriate strategies, or if proper scanning while
driving is a skill that can only be learned through
experience. The training intervention involved
tracking participants’ eye movements as they drove
on real roads and while they watched video clips of
hazardous situations after training in adaptive
scanning patterns (Chapman et al, 2002). Novice
drivers were found to retain knowledge of adaptive
scanning, and eye movements did change, however
it was not demonstrated that the drivers transferred
their new knowledge to the real world.

4.3 Decision-making
Decision making is a key skill which improves with
expertise, and is a common target of training, with
good reason. Decision errors were associated with
33% of accident/incident cases analysed in a 2008
Queensland mining study (Patterson, 2008). These
errors occurred when miners found themselves in a
situation where they could not rely on standard
procedures to complete a task. Instead, the people
concerned had to resort to using procedures for
what they believed were similar tasks, or they were
forced to create novel responses. The errors
occurred when the action decided on proved to be
inadequate, or contra-indicated. Problematic
decision-making was also highlighted during
emergency response exercises of the Queensland
Mines Rescue Service conducted in underground
coal mines (Cliff & Moreby, 2005).
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The quality of decision making is known to
decrease under stress and, as noted earlier, the use of
virtual environments for training decision-making
under stress has a strong empirical basis. The US
Office of Naval Research project on decisionmaking under stress (TADMUS) revealed that
characteristics present in high stress operational
environments included the necessity to cope with
multiple information sources, adverse physical
conditions, or actual physical threat, and pressures
from insufficient time and work overload (CannonBowers & Salas, 1998).
Investigations of decision-making strategies in
stressful operational environments reveal that
personnel often do not have sufficient time to make
a structured decision. Early models of analytic
decision-making described the process as one in
which the decision maker was able to undertake a
“systematic, organized information search, considers
all available alternatives, generates a large option
set, compares options and successfully refines
alternative courses of action to select an optimal
outcome” (Driskell & Johnston, 1998, p.191). In
safety critical situations, however, it is highly unlikely
that personnel will have the time to compile a
mental picture of each alternative action and then
analytically evaluate each in turn.
While increased time pressure may result in a
reduced use of analytic strategies to make decisions,
this does not necessarily need to impact on the
quality of decision-making. The RecognitionPrimed Decision model was developed in an
attempt to understand decision making in
naturalistic settings characterized by high-demand
and time-pressured conditions (Klein et al, 1989).
Without the time to generate a large set of response
options, personnel instead fall back on a simple
comparison between a favored option and a
comparison option (Lipshitz et al, 2000). The
Recognition-Primed Decision conceptualization of
decision-making takes a serial evaluation approach
in which an option is generated, tested for feasibility,
and then either implemented or rejected. It also
assumes that an acceptable course of action may be
chosen without conscious generation of alternatives
(Klein et al, 1989). The Recognition-Primed
Decision model has been used to investigate
decision-making processes across a range of
professional groups including emergency ambulance
dispatchers (Wong, 2005), fireground commanders
(Klein et al, 1989) and military ground navigators
(Peterson et al, 2004).
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The generation of an option is pivotal to the
Recognition-Primed Decision model; however,
generating an option requires retrieval of
information from long-term memory, such as prior
experience with similar conditions. Prior experience
may not be available for novice miners to rely on.
Simulated real-world experiences can be used to
train decision-making skills through assisting
learners to generate in their long-term memory
their own version of an expert decision response.
As noted earlier, one characteristic which
distinguishes experts and novices is the ability of
experts to perceive meaningful patterns that lessexperienced personnel may miss altogether. This
enables experts to quickly construct an
understanding of the whole situation, to think about
how many different elements fit together and affect
each other. Novices can be trained to recognize all
relevant cues located within a hazardous situation
and thereby increase the likelihood of being able to
head off a problem before it develops. Experts only
develop their expertise through experience and over
time. For novices, virtual reality training provides
an opportunity to add experiences to their long term
memory which can later be called upon when a
decision is required. Presenting real world problems
in virtual reality provides a way for trainees to
formulate effective mental schema (Andrews & Bell,
2000).
Elicitation of expert knowledge through tools such
as cognitive task analysis can support virtual reality
training design and evaluation by identifying
appropriate behavioral and cognitive markers of an
‘ideal’ strategy for decision-making in target
situations. While cognitive task analysis has been
widely used to this end, and specifically in virtual
reality training for degraded and critical workplace
conditions across aviation and defense contexts
(Fowlkes et al, 2000) its similar application in the
mining sector is limited (although see Marling &
Horberry, 2009 for an example).
The importance of the identification and
incorporation of decision points into training scenes
lies in the nature of simulation training, which lends
itself more readily to event-based training. In eventbased training it is the scenario which provides the
basis of curriculum, through crafting required
responses from the training exercise in line with
desired decision-making training objectives.

A Review of Virtual Reality as a Medium for Safety Related Training in the Minerals Industry

17

The job of virtual reality training is to develop a
mental schema within trainees’ long term memory
which they can call upon when needed. Delineating
decision points, and providing information on how
to cue trainees that a decision is required, ensures
that the cues used are the same as those found in the
real world environment. Virtual reality achieves this
by presenting all relevant cues a trainee must be able
to recognize as an emergency response is taught.
Presenting real world problems in virtual reality
provides a way for trainees to formulate effective
mental schema (Andrews & Bell, 2000).

4.4 Situation awareness and hazard perception
Situation awareness refers to a person’s ongoing
awareness understanding of the dynamic
environment within which they are operating.
Situation awareness includes a person’s perception
of elements in the environment, comprehension of
that information, and the ability to project future
events based on this understanding. This awareness
and comprehension is critical in making correct
decisions that ultimately lead to correct actions
(Wright et al, 2004). Situation awareness therefore is
a significant adaptive cognitive response because it
precedes decision making, and is an important
support to dynamic decision making. Situation
awareness is an individual-level cognitive
component of performance, although an individual
team member’s situation awareness clearly can
influence the rest of the team when an individual
passes along something he or she is aware of to
other team members (Smith-Jentsch et al, 2004).
Situation awareness is very strongly linked to
performance. The more relevant information a
worker has about a situation, the more adaptive
their responses will be. Conversely, limitations in a
person’s situation awareness skills, such as
incorrectly interpreting information, are likely to
increase the risk of errors (Klein et al, 1989; Wright
et al, 2004).
Measures of situation awareness correlate with
performance across diverse groups such as air traffic
controllers, pilots, power plant operators, army
personnel and medical practitioners. The Situation
Awareness Global Assessment Technique (SAGAT)
is one method used in virtual environments, and is
proposed to be as a direct measure of situation
awareness.
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The use of SAGAT requires a detailed analysis of
the task, similar to cognitive task analysis, to be
undertaken to identify situation requirements, and
in turn, develop appropriate situation awareness
queries. In a study evaluating a new avionics system,
pilot’s perception, comprehension and projection of
a operational situation as it unfolded was assessed
using SAGAT during simulation freezes (Endsley,
1988). Though a common method, the
measurement technique has been criticised because
of the perceived intrusiveness of freezes in a
simulation to collect SAGAT data, and the potential
degree to which it reflects memory rather than
situation awareness (Sarter, 1991).
Hazard perception may be considered to be a
particular form of situation awareness (Horswill &
McKenna, 2004). Hazard perception has been
extensively studied in driving research and is
increasingly being adopted in other domains. It is
being applied as a tool of safety training evaluation
in construction (Sokas et al, 2009) and has been of
interest to a number of safety projects within the
mining sector. Training utilizing slides illustrating
degraded images of hazards such as dangerous roof
and rib conditions has been implemented with
miners in the classroom and reported improvement
in perceptual skills. A longitudinal follow-up study
analyzing lost-time injuries the following year
revealed incident rates dropped significantly,
however there was some confounding of the results
making it impossible to determine how much of the
drop was directly attributable to the slide-based
hazard training. (Kowalski-Trakofler & Barrett,
2003).
Ideally, studies of hazard perception ability involve
development of a task in which trainees must
identify potentially hazardous cues (cues that could
indicate that an accident may occur), while carrying
out a range of normal operational tasks. Initial
investigations of the construct with drivers required
participants to imagine they were driving while
watching a series of film clips of traffic situations.
Participants would press a response button
whenever they detected a potentially dangerous
situation (Horswill & Helman, 2003).
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This progressed to a series of research projects
developing hazard perception testing using filmed
road scenes in which drivers are required to detect
potential dangers which might result in an accident
or a near accident. The hazard perception video test
developed by McKenna et al (2006) involves
participants viewing roadway scenes on video and
pressing the response button whenever they perceive
a hazard. Reaction times to each of the hazards are
recorded, also referred to as detection time, and
averaged across a number of scenarios to obtain a
hazard perception metric.
The hazard perception test had been found to
discriminate among novice drivers, experienced
drivers and expert drivers (McKenna & Crick, 1994)
and can predict accident involvement (McKenna &
Horswill, 1999). Hazard perception improves with
experience, and can be trained in drivers (Mckenna
& Crick, 1994; Sexton, 2000; McKenna et al.,
2006).
Experienced drivers have been found to have faster
reaction times to hazards than novice drivers. Wallis
& Horswill (2007) also found novice drivers require
a higher threshold of danger to be present before
they notice a situation is hazardous, or before they
are willing to classify a situation as hazardous. They
suggested that individual differences between expert
and novice hazard perception scores could reflect
both sensitivity (drivers’ ability to discriminate
between hazardous and non-hazardous situations)
and response bias (the threshold of perceived
hazardousness above which drivers respond (Wallis
& Horswill, 2007).
Training novices to anticipate environmental cues
for potential hazards improved performance on the
hazard perception test (Wallis & Horswill, 2007).
Since hazard perception ability is related to crash
risk, these findings imply that novice training
methods should focus on recognizing anticipatory
cues, and encouraging anticipatory rather than
delayed avoidance responding. As a consequence of
the success of these techniques, driving hazard
perception tests are now being used as part of driver
licensing process 5, and use of virtual environments
offers great potential to train hazard perception
without exposing trainees to hazards.

4.5 Eye tracking as a measure of cognition
Training for disaster response and rescue operations
where events are entirely unpredictable is different
to training in some other high stress environments
such as aviation where event progression can often
be more easily modeled. Different techniques are
required for obtaining objective measures of
trainees’ performances.
The use of retrospective self-reports may hinder
rather than support such a process. The overuse of
subjective evaluation methods for complex
cognitions continues to be problematic in humanmachine system design and development (Stephane
& Boy, 2005). Real-time collection and
interpretation of performance data is required to
support the training process (Cannon-Bowers &
Salas, 1998). In attempts to move from outcome to
process measurement approaches, eye tracking and
cognitive modeling have been used to evaluate userinterfaces and to evaluate visual displays to support
tactical decision making (Morrison et al, 1997).
More recently, eye tracking has moved beyond
defense contexts. An example is its use in the design
of radiologists’ workstations (Atkins et al, 2006) and
it has also been used very successfully in ascertaining
the effect of training and experience on driving
performance.
Initially, technological limitations made it less
appealing for use in dynamic training environments.
However, eye-tracking technology has developed to
the point where it can now be inserted into virtual
reality training environments without dramatically
impacting the operator’s ability to perform required
tasks. Usability studies that involve investigations
relating eye-tracking data to cognitive activity are
leading to greater inclusion of eye tracking in
evaluating user-interfaces (Jacob & Karn, 2005).
The investigation of eye movement patterns has
practical application in the evaluation of virtual
reality training. It also assists to inform basic
knowledge of critical aspects of cognitive skill
acquisition during training in high stress tasks.
Current research being undertaken with the United
States Air Force aims to further determine the
association between cognitive processes and visual
patterns to significantly extend current approaches
to virtual reality-based cognitive training evaluation
(Tichon, 2009).

5 eg., http://www.transport.qld.gov.au/Home/Licensing/Driver_licence/Getting_a_licence/Car/Provisional_licence/
Hazard_perception_test/
Tichon & Burgess-Limerick
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Current performance measures provide information
about the end result of training, such as the number
of correct actions and response times. They say
relatively little about the refinement of advanced
cognitive tasks such as situation awareness, problemsolving and decision-making. It is difficult to
measure complex cognitive skill development
without strong performance measures relating to
improved higher-order cognitive skills and ability to
transfer newly acquired skills to the real world.
Eye-tracking allows trainee cognitive behaviour to
be tracked and categorized in meaningful ways in
order to examine trainee responses during different
stages of virtual reality scenarios. To achieve this, a
method is developed that associates eye-tracking
measurements of gaze paths and cognitive models
developed from experts for the specific tasks being
evaluated. This tool is used as a guide to better
understand elicited visual patterns for evaluation
purposes. Some initial research into eye tracking has
occurred based on what is known about skill
learning, that people can learn to distinguish
between task-relevant information and taskirrelevant information (Sohn et al, 2000). Interface
usability studies that have incorporated eye tracking
have reported differences between novice and more
experienced participants (Jacob & Karn, 2005)
suggesting it would be useful to investigate the
process by which people evolve from novice to
experts – the goal of providing practice in a
simulated environment – via visual patterns.
In terms of the analysis, learning should be reflected
in the pattern of attention distribution or eye
fixation. That is, people should learn to pay more
attention to on-task regions relative to off-task
regions with practice (Sohn et al, 2000). A measure
of the success of training is whether time spent
looking at irrelevant regions falls, and conversely,
time looking at relevant ones increases. An applied
example of this from the mining sector: when a
shuttle car operator detects a presence in the path of
the shuttle car, perhaps just a glimmer of reflected
light, their eye-movements should next reveal more
attention on the cue attempting to discern it’s nature
through shape, size or movements (KowalskiTrakofler & Barrett, 2003).
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To gain these measures, eye movements are tracked
throughout virtual reality training scenario runs.
Data is generally collected for both left and right
eyes using a head-mounted eye tracker to capture
visual patterns (sequences of eye points of gaze).
The metrics that have been tested most frequently
eye tracking research to date include:
• Number of fixations overall. This is thought to
be negatively correlated with search efficiency.
• Gaze percent on each area of interest. The
proportion of time looking at a particular scene
element could reflect the importance of
information located there.
• Fixation duration mean, overall. Longer fixations
(or gazes) are generally believed to be an
indication of a participant’s difficulty extracting
information from a display.
• Number of fixations on each area of interest.
Used to study the number of fixations across
tasks of differing overall duration. More
important display elements should be fixated
more.
• Gaze duration mean, on each area of interest –
gaze will be longer if user has difficulty
interpreting information.
• Scan path (sequence of fixations) – may be used
to indicate efficiency of the arrangement of
information in the training scene.
• Number of gazes on each cue.
• Percent of users fixating on an area.
• Time to 1st fixation on target area of interest – is
useful when a specific search target exists.
Eye-movement patterns reveal the degree of interest
paid to different parts of the virtual reality training
scene. Instances requiring problem-solving/
decision-making will be correlated with eye
movements to ensure that the highest levels of
mental effort are occurring at the points in the
scenario requiring high level cognitive skills to
negotiate. Eye-movement pattern analysis should
reveal visual patterns that reflect recognition and use
of the key cues inserted into the scene as part of the
learning design. Comparisons against the
benchmark of expert visual patterns for the same
scene can indicate improvements.
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4.6 Skills acquisition
Investigation of the impact of virtual reality training
on operational skills acquisition, both in the short
and long term, has been employed to assess virtual
reality training scenarios since their first inception.
Although criticised more recently for focusing on
end of task rather than intermediate processing,
these tests can provide data comparing virtual
reality training to traditional training techniques
and provide insight into the impact of training back
in real world workplaces across a number of
outcome variables related to operational skills.
While not able to measure the processing of
cognitive skills such as hazard awareness directly,
they can indirectly investigate variables associated
with the outcome of decisions-made and actions
taken as a result of prior training and are therefore
briefly mentioned here.
The aim of research designed to measure
operational skills, as with cognitive skills, are also
often designed to assess virtual reality training
scenarios based on their targeted influence of the
key factors that best reveal novice/expert differences
in performance. This is most often done via a
comparative analysis of control and experimental
group behavioural skills testing both immediately
post training and longitudinally after both groups of
trainees are back at work.
Short term analysis of outcome variables related to
operational skills such as adherence to safe
operating procedures immediately post training can
provide data on the effectiveness of virtual reality
versus traditional training techniques. Long term
measures provide an opportunity to explore whether
virtual reality training has transferred successfully to
the real world. Longitudinal studies in driving
analyze long term accident statistics. Maintenance
data can also be considered, with evidence that fuel
efficiency and maintenance costs related to the
operation of heavy machinery can all be improved
through simulator training (Strayer et al, 2004).
A comparison of annual mines accident/incident
rates from personnel who accessed virtual reality
training versus those who accessed traditional
training methods could provide an indication as to
whether the performance outcomes achieved in
virtual reality training transfer to the real world. In
their assessment of hazard perception training for
miners using degraded slide-based illustrations,
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Kowalski-Trakofler & Barrett (2003) used a threeyear design in which lost-time injuries in the year
prior to training, the year of training and the year
post-training were compared. Similarly, to
investigate the overall effectiveness of virtual reality
training, the annual incident rates for the year
before training and the year after training for a
company’s personnel who have undergone the
training could be examined for positive impact.

4.7 Aﬀect
In the past decade, the topic of ‘affective
computing’ is an area of computer and information
science receiving increasing attention. Affective
computing is computing that relates to, arises from,
or deliberately influences emotions (Picard, 2000).
Affective state is a key variable for investigation in
the development and evaluation of virtual reality
training.
Emotions play an essential role in decision-making
(Norman, 2004). Negative, affective states such as
stress can negatively affect decision-making and
learning abilities. Little emotion can also impair
decision-making. Both experienced, and perceived,
affect has been shown to influence higher-order
mental abilities such as situation assessment and
decision-making. It can cause undue anxiety or fear,
overestimation of risks and poor decision making as
a consequence. It can also be a distraction when it
provides information or motivation to attend to or
act on emotional information, at the expense of
more important content (Peters et al., 2006).
Consequently, the impact of high affect requires
consideration when training complex cognitive
skills. However, while the causes and manifesting
features of various user affective states have been
extensively investigated in psychology, computer
vision, physiology, behavioral science, ergonomics
and human factors engineering for the purposes of
developing intelligent user affect recognition and
assistance systems (Breazeal, 1999; Liao et al, 2006),
user affective states has rarely been applied to
investigations of factors which mediate the
effectiveness or failure of virtual reality training.
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While virtual reality has been demonstrated to
enhance the development of quality decision
making skills, particularly under the stress imposed
by time limitations (Romano & Brna, 2001), there
remains a general lack of knowledge as to what
factors are most important for learning, and how
these are mediated by important variables such as
the learner and information representations used in
virtual reality (Wilfred et al, 2004).
Affective considerations are critical to situations of
first response where there is the potential to reduce
human error by considering user affective states
during design of the virtual reality training
scenarios. Ensuring the virtual reality experience
replicates emotional reactions within users similar to
what they will experience in the real world and then
using the virtual reality scene to assist trainees to
develop the cognitive skills to mitigate their effects is
critical to successful training outcomes i.e.,
successful completion of a task, achieving optimal
performance, and for improving learning and
decision-making capability.
Additionally, when decision options are unfamiliar
to the decision maker/trainee, providing them with
appropriate ‘affective cues’ in training may help
provide meaning to the information presented
(Peters et al, 2006). In complex disaster response
scenes the psychological and emotional reactions to
simulated events will impact on both performance
and ability to recognize task requirements. Clearly
immersive virtual environments have potential
advantages over traditional classroom training
techniques in replicating emotional responses.
Research identifying the psychological impact of
virtual reality training environments has enabled a
shift from an emphasis on quality of image or
graphic perfection to investigations of the emotional
experience/ level of engagement of the user.
Measurement of user affect during simulation-based
training is limited and has relied heavily on
subjective self-reports and psychological surveys
(Stetz, 2007; Wilfred et al, 2004). Real-time
classification of evoked emotions using facial feature
tracking is a very recent field of endeavor (Bailenson
et al., 2008) but with potential to value-add
significantly to virtual reality training evaluation.
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Recent work undertaken by Liao and colleagues
(2006) to develop an intelligent user affect
recognition and assistance system focuses on
recognizing human affect from external symptoms
using feature extraction via computer vision
techniques. Commencing with eye detection and
tracking Liao and his associates developed a set of
non-invasive computer vision techniques for
monitoring eyelid movement, eye gaze, head
movement and facial expression from which visual
features that can characterize a person’s affective
states were extracted.

4.8 Immersion and presence
Another psychological concept which has been at
the centre of virtual reality training evaluations for
more than a decade is that of ‘presence’. Presence
has been described ‘as the subjective experience of
being in one place or environment, even when one
is physically situated in another’ (Witmer & Singer,
1998).
Psychologically, a successful virtual experience is
described as one in which the user becomes involved
in the virtual training environment to the point
where he or she experiences a sense of presence in
the virtual world or of ‘really being there’ (Juang &
Alessi, 2000). The ability of virtual reality to
develop critical thinking and decision-making skills
in users rests in its ability to make an individual feel
they are present or immersed in the virtual
environment (Romano & Brna, 2001).
A major source of knowledge on which trainees will
ultimately rely, is their own experiences of dealing
with different situations within the virtual
environment. A strong sense of presence is
consequently essential to ensure the quality of the
training, so that their experience in the virtual
environment produces recallable knowledge in the
real world.
Presence is reported as one of the major features
needed to ensure the transfer of knowledge from the
virtual to the real world (Romano & Brna, 2001).
Riva and Gamberini (2000) have gone as far as to
claim that the effectiveness of virtual reality
applications in education are more strongly
dependent on the sense of presence felt by the
trainee, than image quality in the virtual reality.
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Sense of presence has therefore been widely
researched as a key construct facilitating the
effectiveness of virtual reality and educational
training and the two do seem to be inextricably tied
(Lombard & Ditton, 1997; Witmer & Singer, 1998).
It is well established that meaningfulness and
coherence of a stimulus set promotes learning
(Underwood & Schulz, 1960) and in virtual reality
presence has been identified as a key requirement in
achieving this (Witmer & Singer, 1998). As with
learning, presence is enhanced through attention,
and eroded by distraction. Learning has been
shown to be aided by requiring responses that are
natural for the learner in a given situation
(Seligman, 1970). Presence is enhanced by a virtual
environment in which interactions and responses
feel natural.
Considerable research has been devoted to
discovering what other variables might contribute to
an enhanced sense of presence (Sheridan, 1992;
Slater & Usoh, 1993; Banos et al, 2004). A large
number of presence measures use a causal factorial
experimental approach to measurement (Lessiter et
al, 2001; Schubert et al, 2001; Witmer et al, 2005).
An alternative approach is to ask users to
retrospectively introspect on their experiences in the
virtual environment (Schubert et al, 2001).
The Presence Questionnaire (PQ) developed by
Witmer and Singer (1998; Witmar et al 2005) within
the U.S. Army Research Institute for the Behavioral
and Social Sciences, Simulator Systems Research
Unit, is one survey that has gained a significant level
of acceptance and has been tested across a number
of studies (Stanney et al, 2002; Jung et al, 2008;
Eastin & Griffiths, 2009; Fiore et al, 2009).
The PQ measures participant’s perception of
display system features across four factors:
• Involvement occurs if the virtual environment is
successful in causing the user to focus their
mental energy and attention on a coherent set of
stimuli or meaningfully related events.
Involvement increases when the interface feels
natural and facilitates the user’s ability to control
activities in the virtual environment.
• Sensory Fidelity can influence the user’s energy
and attention. It is proposed that poor sensory
fidelity would distract the user’s attention away
from the required task. The more the sensory
information is engaging and makes sense to the
user the more likely they will be able to ignore
external distractions to their experience of
presence.
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• Adaptation/Immersion is related to the user’s
ability to adapt to the virtual environment.
Participants who adjust quickly and readily to the
virtual environment and its interfaces are more
likely to feel immersed in the virtual
environment. Within this factor the user’s
perceived proficiency of interacting with and
operating in the virtual environment will impact
how quickly they adjust to the virtual
environment.
• Interface Quality should influence presence; for
example a poor interface would be likely to
increase the time it takes to adapt, translating
into performance deficits. This factor
hypothesizes that the increased degree of ability
to search, survey or examine objects in the
virtual environment will correlate to increased
presence.
As alternatives to causal factorial approaches to
presence measurement, another approach is to ask
users to retrospectively introspect on their
experiences in the Virtual Environment. The main
criticisms of introspection are related to the need for
subjectivity in responses. Slater (1993) claims selfreport is not appropriate for measuring presence
because the measurement becomes inexplicably tied
to personal aspects of the user.
Nisbett & Wilson (1977) similarly argue that
introspective reports do not function as memories of
mental process, but rather they are a process of the
subject constructing an explanation of their
behavior based on personal theories of behavior.
Even if virtual environment participants have same
experience, therefore, it is unlikely they would report
the identical experience (Slater & Usoh, 1993).
However, the measurements of causal factors of
Presence also rely on self report. In utilizing any
self-report measure of Presence it must be
considered that results can be tied to the personal
aspects of the user.
Physiological measures for presence can be recorded
fairly unobtrusively as the subject is participating in
the virtual environment, potentially allowing for a
real-time response to the subject's level of presence.
Possible physiological measures for presence include
posture, muscle tension, and cardiovascular,
respiration rate, skin conductance/temperature and
bio-chemical measures including salivary amylase
and cortisol levels (Lombard & Ditton, 1997; Stetz,
2007; Witmer & Singer, 1998).
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4.9 Immersive tendency
Although less research has been conducted on the
question of the impact of individual characteristics,
it has been acknowledged by some that
characteristics of users/trainees are important
determinants of presence. Two variables important
in this regard are highlighted by Lombard & Ditton
(1997) as the virtual reality user's willingness to
suspend disbelief and her/his knowledge of and
prior experience with the medium. It has been
suggested that individuals who have a tendency to
become more involved in other tasks in their lives
will also have greater immersive tendencies in a
virtual environment (Witmer & Singer, 1998).
The Immersive Tendencies Questionnaire (ITQ)
was developed to measure differences in the
tendencies of individuals to experience presence
(Witmer & Singer, 1998). The ITQ measures
involvement in common activities and correlation
data support it as a measure of the tendency to
experience presence. High ITQ scores should
correlate to an individual reporting a higher
experience of presence in virtual reality.
Previous studies report mixed results on this
(Witmer & Singer, 1998). It has been suggested this
may be because the measure has not always been
individualized for the experimental group. Using
the ITQ , the immersive tendencies of first
responders being trained in higher-order mental
abilities in virtual reality scenarios replicating
terrorist chemical weapons attacks were found to
have a strong impact on presence (Wilfred et al,
2004). It does seem clear that to some extent
individual characteristics may influence the degree
to which trainees are engaged by a virtual reality
training scene.

4.10 Simulator sickness
Simulator sickness is a concern because people who
experience simulator sickness may not be able to
maintain concentration, either interfering with
immersion levels, or resulting in withdrawal from
training. While up to 95% of people can experience
some degree of simulator sickness (Stanney &
Salvendy, 1998) typically only around 20% to 30%
of individuals experience sickness to the extent that
they cannot continue to operate a vehicle simulator
(Masciocchi et al, 2007).
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Some individuals, such as older people, may be at
increased risk for simulator sickness (Arns & Cerney,
2005). Effects can last for hours potentially affecting
the trainee when he or she leaves the training
facility. Longer immersions were found to
progressively induce more sickness, however
symptoms tend to be less severe after a few repeated
immersions (Kennedy et al, 2000)
There are several theories regarding the cause of
simulator sickness. The most popular is the view
that simulator sickness is a form of motion sickness
induced by discrepancies between visual and
vestibular information. There are also several
contributing factors that can be manipulated to
reduce discomfort (Masciocchi et al, 2007). Several
researchers have suggested that providing
individuals with rest frames may reduce simulator
sickness (Duh et al, 2004). A rest frame is any object
that an individual perceives to be stationary and that
can aid people in determining which other objects
in the environment are stationary and which are in
motion. People who have difficulty identifying a rest
frame in a virtual environment are more likely to
experience simulator sickness.
It may be of benefit to training providers to
determine the extent to which simulator sickness is
interfering in the learning experience of their
individual virtual reality programs. The simulator
sickness questionnaire (SSQ) which was developed
by Kennedy et al (1993) has been used to measure
participant’s reported level of simulator sickness
after completing virtual reality training. The SSQ
contains 16 questions regarding potential symptoms
of simulator sickness investigated via three
subscales: nausea, oculomotor discomfort, and
disorientation. Participants are instructed to report
via Likert scale the extent to which they experience
each of an assortment of symptoms. Use of this
questionnaire post-training for snowplow operators
found that participants’ simulator sickness ratings
were relatively low, indicating that simulator sickness
was not an obstacle to the use of immersive training
for that user group (Masciocchi et al, 2007). Modern
high-fidelity simulators tend to cause less simulator
sickness than older models due to improvements in
screen refresh rates.
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4.11 Fidelity

4.12 Spacing

Fidelity is a controversial subject and continues to be
widely researched as a key factor in the effectiveness
of virtual reality training. There is no simple direct
relationship between fidelity and learning outcome,
and questions remain over the level of fidelity
required for successful training outcomes (Hoffman
et al, 2001).

The ideal interval between virtual reality training
sessions is a question of key concern across all
sectors relying on virtual reality and simulator
training programs. Investigations of this question
have largely been limited to the medical sector.
Initial indications in that field are that without
further practice, skills gained from initial simulator
training deteriorated after three months (Lammers
et al, 2008).

However, it is recognized that the similarity of the
training environment to the actual conditions under
which the trainee will perform in the real world is an
important factor in virtual reality training design.
While realistic rendered scenarios do not always
translate directly to training effectiveness, good
outcomes have been reported when virtual
environments have reproduced realistic tasks and
afforded trainees an engrossing experience they can
relate to their real world (Baker et al, 2005).
It has also been determined that while absolute
fidelity in training for stressful workplace situations
is not critical for skills to be transferable, the virtual
environment does need to replicate conditions
similar to those that will be encountered in the realworld when the aim of training is to develop
cognitive skills such as hazard perception and
decision-making (Driskell & Johnston, 1998;
Cannon-Bowers & Salas, 1998).
To investigate fidelity at the training level a number
of categorizations of fidelity have been examined.
They include physical fidelity, functional fidelity,
psychological fidelity and task fidelity (Hays &
Singer, 1989; Macfarlane, 1997). Task fidelity
stresses the importance of creating operationally
realistic simulations; it is frequently equated to
aspects of physical and functional fidelity of the
simulation.
Kemeny and Panerai (2003) reviewed the literature
on perception within driving simulators to
determine which factors most strongly contributed
to high fidelity in this context. They found the
primary feature of driving simulators that
accounted for a user equating them to real vehicles
was the quality of immersive optic flow information
gained from viewing the movement of objects in the
virtual reality scene. This related to all objects in the
scene, including those in the periphery that were not
the immediate focus of attention. A wide field of
view provides a sense of optic flow that is important
for visual fidelity.
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Investigation of spacing repetitions is likely to
become of increasingly key interest to new virtual
reality training providers however findings cannot
be transferred across industries. No two sectors are
alike in their learning demands, and skills that vary
in degree of difficulty may have to be repeated at
different intervals.
Key questions virtual reality training providers,
working without the benefit of an established
human factors research program such as aviation,
may need to consider include:
• How many virtual reality training sessions are
necessary for the skills to be considered as
learned (retained in Long Term Memory)?
• After the initial virtual reality training session
what is the ideal interval before the second
repetition?
• What is the longest period of time that can be
allowed to elapse between virtual reality training
sessions before memory of learned skills begins
to degrade?
Clearly some of the skills tested in high affect virtual
reality involve circumstances which personnel would
rarely if ever experience in the real world, and this
lack of repeated exposure is likely to result in some
of the skills degrading over time. The role of spaced
repetitions in learning theory would suggest that
altering the virtual reality training program would
assist to address this problem.
There has been a great deal of research on how
different spacing of repetitions in time affects the
strength of memory and how this effect can be
applied in the practice of effective learning
(Wozniak, 1995). The spacing effect indicates key
aspects of memory to consider in terms of virtual
reality training frequency and retention. Firstly that
repetitive learning over a long period of time
(spaced presentation) is more effective than
repetitive learning in a short period of time (massed
presentation).
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This effect can be explained by the study-phase
retrieval theory in which it is proposed that the first
presentation is retrieved at the time of the second
leading to an elaboration of the first memory trace.
As long as a training session is repeated before the
memory is forgotten it can regain its initial value
while its stability in long term memory increases.
For virtual reality training across new industries it is
important to determine the longest inter-repetition
interval that avoids retrieval failures. This would
provide an indication as to the ideal frequency of
accessing repeat training (Tichon & Wallis, 2009).

4.13 Mixed fidelity training
In many applications, exposure of trainees to virtual
reality training occurs at long intervals. For example,
New South Wales train drivers travel to a central
training facility to access high-fidelity, immersive
simulator training once every 2 years. In medical
and aviation contexts, this use of high-fidelity
simulation training sessions has also been described
as ‘sporadic forays’ (Thomas, 2004). Most
simulation systems are reported as monolithic, ad
hoc and non-reusable (Su et al, 2005). A key feature
of successful training is allowing students to repeat
the activities for as long as it takes to master the
concepts, principles and skills (Barfield & Furness,
1995). Infrequent, ad hoc usage alone is unlikely to
achieve high levels of learning.
Preliminary research in aviation and medicine
indicates that a higher transfer of training can be
achieved through expanding the simulation
curriculum beyond the initial complete immersion
in stressful scenarios via high fidelity interfaces.
While the experiential nature of simulation-based
training is an obvious benefit to learning, it is
suggested that its potential could be maximized with
a greater emphasis placed on the essential events of
instruction which occur pre-and post the simulator
events. Integrated curriculum structures that wrap
low-fidelity desktop scenarios around high-fidelity
simulation have been proposed both in commercial
aviation and anesthesia crisis resource management
(Thomas, 2004).
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Such an approach to simulator training may to assist
to overcome the logistical barriers faced when
attempting to deliver regular immersive virtual
reality training to large numbers of distributed
personnel. The ability of desktop computers to
support the high-affect experiential component of
virtual reality training rests on targeting its use to
specific areas of the curricula.
There may be benefits of delivering some sections of
the curriculum, such as pre-simulation briefing and
opportunity for subsequent reflection on actions and
practice, via a desktop simulation. The question has
been raised regarding whether the high-fidelity
simulation provides only the experiential component
for a learning process, that actually begins prior to
the simulation and that, in fact, the majority of the
learning actually takes place during the postsimulation debrief and subsequent reflection on
actions (Thomas, 2004).
A mix of low and high fidelity interfaces to deliver
simulator training may achieve more effective
learning outcomes than relying solely on a highfidelity simulator in a standalone curriculum design.
An appropriate mix of simulation technologies must
be chosen that is best suited to the task. The US
military has reported that hybrid solutions have
been shown to be ideal in many cases (Orlansky et
al, 1997), and there is evidence that some industries
outside the military have begun to explore the
hybrid desktop approach. In the power plant
operation area, the implementation of the desktop
simulation training as a complement to a full-scope
training simulator program has been found to
shorten training time and decrease time away from
the plant to undertake training (CTI Simulation
International Corp., 2006).
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5.0 Conclusions
Virtual reality has been demonstrated to be an
effective medium for training perceptuo-motor skills
of pilots, surgeons, and drivers of a range of
vehicles including cars, trains, trucks and snow
plows. Novice drivers’ hazard perception abilities
can be improved via training in a virtual reality
environment, as can children’s road crossing
behaviour. Maintenance inspection tasks have been
shown to benefit from training in virtual
environments, and spatial awareness for specific
locations can be similarly trained. Evidence exists to
support the use of simulation to improve decision
making under stress, and there is evidence to suggest
crew resource management training, and team
training, may be successfully undertaken in virtual
environments.
The following principles for obtaining maximum
benefit from the use of virtual reality simulation as a
training medium may be derived from current
evidence:
✴ The use of simulation should be an integrated
part of a training plan (derived from a systematic
training needs analysis) which includes clearly
stated goals, quantitative performance measures,
and trainee feedback.
✴ Trainee feedback should be referenced to
operational requirements.
✴ An event-based approach should be used in
which trainees are presented with discrete
scenario-based training events which allow
practice of the specific skills (identified through
systematic task analysis) that would be required
in real-life situations.
✴ Trainees should be given the opportunity to
make, detect, and correct errors without adverse
consequences.
✴ Trainees should experience success or a sense of
mastery during the training.
✴ Interaction with the simulation is a factor which
contributes to high levels of presence/
immersion, which in turn supports the transfer of
knowledge to the real world. Consequently,
simulators should provide an experience in which
trainees are active participants rather than
passive bystanders
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✴ Skill development requires practice. Trainees
should have opportunity for repeated practice
under operational conditions similar to the realworld.
✴ Simulator sickness may cause trainees to
disengage from the immersion, and should be
avoided as far as possible.
✴ Effective transfer to high stress operational
environments occurs in conjunction with higher
levels of perceived affective intensity within the
virtual environment, and consequently, the
virtual world should aims to recreate the same
stress levels.
✴ Fidelity may be necessary to ensure trainee
acceptance, however it is not necessarily always
required for effective cognitive skills training.
✴ Mixed fidelity approaches to the use of
simulation in which combinations of different
simulation technologies of varying degrees of
immersion, coupled with practice in real world
environments, may provide the most effective
training regime.
The use of virtual reality as medium for training in
the mining sector is currently largely still at
prototype stage, and rigorous and systematic
evaluations have not been undertaken. However, the
industry is in strong position to benefit from the
research and development undertaken by other
industries, and there are considerable potential
benefits of virtual reality as a training medium for
the mining sector. Virtual reality offers a means of
enabling staff to familiarise themselves with
hazardous situations without the risk of injury.
Immersive training in degraded or emergency
conditions targeting cognitive skills such as problemsolving, decision-making and hazard perception has
the potential to greatly reduce the impact of such
events.
This literature review provides a foundation for an
accompanying proposal for the evaluation of virtual
reality training programs for safety related training
provided by Coal Services Mines Rescue. The
proposed evaluation will provide a principled basis
for future training practice by Coal Services Mines
Rescue. It will also be one of the most
comprehensive evaluations of virtual reality training
undertaken in any industry, and will place Coal
Services Mines Rescue at the forefront of virtual
reality training evaluation research internationally.
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