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Abstract. Virtual environments (VE’s) and simulations are being employed for 
training applications in a wide variety of disciplines, both military and civilian. 
The common assumption is that the more realistic the VE, the better the transfer 
of training to real world tasks.  However, some aspects of task content and 
fidelity may result in stronger transfer of training than even the most high 
fidelity simulations. A physiologically-based system capable of dynamically 
detecting changes in operator behavior and physiology throughout a VE 
experience and comparing those changes to operator behavior and physiology 
in real-world tasks, could potentially determine which aspects of VE fidelity 
will have the highest impact on transfer of training.  Thus, development of 
training assessment and guidance tools that utilize operator behavior and 
physiology to determine VE effectiveness and transfer of training are needed. 
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1   Introduction 

Virtual environments (VE’s) and simulations are being employed for training 
applications in a wide variety of disciplines, both military and civilian. Technological 
advances are enhancing the ability of developers to create VE’s with visual, auditory, 
haptic, and even olfactory realism.  Such VE’s allow the military to train skills that 
are too costly, too dangerous, or are otherwise impossible to practice. The common 
assumption is that the more realistic the VE, the better the transfer of training to real 
world tasks.  However, some aspects of task content and fidelity may result in 
stronger transfer of training than even the most high fidelity simulations.  This has 
traditionally been determined by performance measurements compared before and 
after design iterations. Each time design modifications are made, end users are tested 
on the VE and their performance is compared to performance on the prior VE design.  
In such study, improved performance is assumed to be related to improved design.  
However, the specific aspects of design improvement that directly relate to transfer of 
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training improvements have yet to be identified.  Furthermore, this method of design 
focuses on trial and error, and is therefore, time consuming, undirected, and may 
result in false associations between performance and VE parameters.  For example, 
unless each aspect of the new simulator design is introduced separately, it will not be 
known which design improvements bear the strongest significance to performance 
improvements.  Thus, a more comprehensive assessment of the quality of interaction 
with a simulation based on changes in recordable brain and peripheral bioelectrical 
signals is needed to effectively identify the specific aspects of simulation that bare 
relevance to real world tasks. 

2   Simulation Fidelity 

One of the major questions simulation designers must address is the notion of “how 
much fidelity is enough?” Advances in sensor technology, automated data collection 
techniques, and the increased number of research and training questions requiring 
answers have helped drive the simulation industry to increased simulation fidelity. In 
theory, the notion is that the higher the simulation fidelity the more likely an operator 
is to behave in a similar fashion within the simulation as they would in the real world. 
Researchers using simulation techniques are limited in practice to the potential 
benefits of increased simulation fidelity due to: 

• Cost and practical restrictions   
• Simulation development resources (e.g. hardware, software, space 

requirements, etc) 
• No guarantee that a particular level of simulation fidelity is sufficient 

enough to accurately depict the operating environment 
• A limited understanding of the trade-offs between increases in simulation 

fidelity and operator behavior 

2.1   Cost and Practical Restrictions 

Simulation costs vary widely depending on the simulation requirements. Simulation 
costs can include those related to development; recruitment and compensation of 
operators; test plan development, management; simulation training; data collection, 
refinement, and analysis; and simulation validation and testing. Almost all of these 
factors increase overall project costs in conjunction with simulation fidelity increases. 
Very often higher fidelity simulations allow researchers to collect large amounts of 
data (e.g. terabytes in the case of physiological data). The complexity of these high 
fidelity simulations increases the requirements on data collection, refinement, and 
analyses of such projects.  

2.2   Simulation Development Resources 

Another factor potentially affecting the use of simulation design is the required 
developmental resources. Independent of the type of simulation (e.g. virtual 
environment (VE), human-in-the-loop (HITL) simulation, or fast-time simulation), it 
is most likely that the higher levels of simulation fidelity will require increases in 
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development resources to run the simulation. These resources might include 
simulation hardware, software, training materials, confederates, simulation 
management, and/or simulation planning activities.   

2.3   Simulation Fidelity Metrics 

Historically, simulation fidelity has been described in subjective terms such as high, 
medium, or low which may or may not be related to the effectiveness of the 
simulation. For example, you can have low fidelity simulations which are highly 
effective for training and you can have high fidelity simulations which are ineffective 
for training purposes. Inherent within the use of simulations is the fact that 
simulations are just that – simulations, and therefore one can never simulate all 
aspects of the operating environment.     

2.4   Limited Understanding of Simulation Trade-Offs and Operator Behavior 

Today’s simulations can include a very high level of realism based on technological 
advances in the areas of visual, auditory, haptic (e.g. motion), and olfactory systems. 
The research community is just beginning to understand the relationships between 
these simulation factors and the effects on operator behavior. In many cases, changes 
in simulated environments occur via trial and error and include multiple changes 
across any number of these perceptual and sensory systems. While this haphazard 
method might be justified within any single simulation, experimental confounds are 
created which limit the ability of researchers to determine the individual effects of any 
one simulation system change. For example, if a simulator’s visual and haptic systems 
are “upgraded” to increase simulation realism, it is impossible to determine if operator 
performance changes (e.g. behavior, transfer of training, etc.) can be accounted for by 
the changes in the visual system, the haptic system, or both. The only valid conclusion 
that can be drawn from this example is that the operator performance changes 
occurred when both systems were altered. There is also evidence to support the notion 
that a sensitive change in a simulation system is required to elicit changes in operator 
behavior. For example, Burki-Cohen et al. (2003) reported that while an initial study 
of the potential benefits of adding motion to flight simulators had no effect with 
respect to pilot training and evaluation, a subsequent study reported that if the motion 
was of a particular type (enhanced hexapod motion), benefits of motion were 
observed.    

3   Physiological Measures 

The use of physiological measures in understanding human behavior has made 
significant progressions over the last few decades. The ability to collect multiple 
sources of physiological data, the advances in computing power, the decrease in 
physical size of apparatuses, and the ability to tie the scientific knowledge represented 
in the areas of human physiology with behavior and cognitive functioning have all 
contributed to these advances. Physiological measures can be categorized with respect 
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to the particular human nervous system with which they are associated. Table 1 
provides a breakdown of some of the more common physiological measures and their 
associated nervous system (Andreassi, 1995). 

Table 1. Common Physiological Measures 

Central Nervous System Somatic Nervous System Autonomic Nervous 
System 

EEG (electroencephalogram) EMG (electromyogram) Heart Rate 

ERP (event-related potential) EOG (electroculography) Blood Pressure 

  Electrodermal Activity 

  Pupil Response 

  Blood Volume 

 
To overcome some of the simulation fidelity issues discussed in Section 2, we 

propose the use of physiological measures to support the determination of simulation 
fidelity requirements. Many of the approaches used to date have focused on 
attempting to maximize the transfer of training during simulations based on the ability 
to elicit desired behaviors from operators during simulations with the notion that these 
behaviors would transfer to the real world applications. Our approach hypothesizes 
that transfer of training will be maximized and simulation fidelity requirements best 
determined by trying to match operator’s physiological responses in the simulated 
environment with those collected in the real environment. 

3.1   Characteristics of Physiological Measures 

There are several important characteristics of physiological measures which can affect 
their use in both real-world and simulated environments. These include: 

• Invasiveness – to what degree can the physiological measure be collected 
in a noninvasive manner? 

• Cost – what is the cost of data collection? Required equipment? Data 
reduction and analysis? 

• Sensitivity – how sensitive is the measure to changes in the environment? 
Operator behavior? Artifacts? 

• Validity – does the physiological measure have validity (face, construct, 
etc.)? 

• Practicality – can the physiological measure be accurately measured in 
both the real-world and simulated environments? 

• Reliability – does the physiological measure provide repeatable results? 

Each of these characteristics must be considered when collecting data using 
physiological measures. Any measure which is significantly lacking a desired level of 
even one of these factors should be used with caution during research. 
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3.2   Use of Physiological Measures in Simulated and Real-World Environments 

Scientists and researchers have been collecting physiological measures in a variety of 
simulated environments at an increasing rate. These studies speak not only to the 
ability to reliably collect such data but also the feasibility within simulated 
environments.  

A recent effort (Meehan et al., 2002) was conducted to determine which 
physiological measures could induce presence within a virtual environment.  
Participants were placed into a virtual environment which induced a particular level 
of stress associated with the fear of falling through a hole in the floor. The authors 
hypothesized that this stressful environment should evoke significant changes in the 
three physiological measures monitored during their experience in the virtual 
environment (heart rate, skin conductance, and skin temperature) compared to the 
training room (baseline condition). In this study, heart rate was the most effective 
objective physiological measure for detecting changes in presence. Another study, by 
Baumgartner et al (2006), recorded the EEGs of adolescents and adults searching for 
changes in brain activity associated with being placed in a virtual environment. 
Differences in brain activity and reported spatial presence levels were higher for the 
children than for the adults based on differences in brain development between the 
two groups. 

NASA has been conducting research using physiological measures for the 
application of adaptive automation for pilots. The notion is that measurement of EEG 
can be correlated with attention levels. This research also has been extended to 
include the measurement of ERPs (Prinzel et al, 2001). Backs (1999) has conducted 
work examining heart period changes between low- and high-workload flight tasks to 
determine which physiological measures of cardiovascular activity are most related to 
changes in pilot performance. Ahlstrom and Friedman-Berg (2006) recorded eye 
movement activity for air traffic controllers during simulation to predict cognitive 
workload levels. Specifically, this effort examined two different weather-display 
designs and measured blink rate and pupil diameter to determine which display design 
was causing increases in cognitive workload. 

Based on the difficulty of collecting physiological measures outside of the lab, 
there has not been as much reported data for real-world physiological studies as there 
has been for simulation studies. One exception is the work conducted by Healey and 
Picard (2004) in which drivers’ stress levels were recorded using electrocardiogram 
(EKG), electromyogram (EMG), skin conductance and respiration measures as 
drivers followed a set route. The results found that skin conductivity and heart rate 
correlated best with stress levels. Results from real-world studies such as this can help 
simulation designers determine which physiological measures are best correlated 
between simulated and real-world environments to maximize the likelihood of 
transfer of training and to aid in determining simulation acquisition decisions.  

One of the large programs related to this area of work is called Augmented 
Cognition or AugCog. The AugCog program, initially funded by DARPA in 2001, 
focuses on determining an operator’s cognitive state in real-time through continuous 
physiological measures. The development of systems to detect an operator’s cognitive 
state through physiological measures can provide researchers with an understanding 
of when operator’s are stressed, overloaded, or receiving information in a medium 
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(visual, auditory, tactile, etc) which is not optimal for task completion. The notion is 
the computer can adapt based on the operator’s physiological state and adjust its 
operations to best support the operator. This might be in the form of automating a 
task, allocating a task to another operator, or altering the information flow or medium 
in which the data is conveyed to the operator. One contractor is working with the US 
Army and has begun to test the augmented cognition concept in the field. One field 
study monitored 8 soldiers as they performed three tasks. These tasks, identifying 
targets, monitoring mission tasks, and maintaining radio counts of mission 
participants, were completed under three conditions (low workload, high workload 
with no aiding, and high workload with the communications scheduler). The 
communications scheduler was a decision aid designed to present pre-programmed 
messages to the soldiers based on their cognitive state measured by physiological 
indices. Early findings illustrated that use of the communications scheduler was 
responsible for a 94% increase in monitoring mission tasks and a 36% increase in 
recalling radio counts of mission participants (Lawlor, 2006). Readers who are 
interested more in the AugCog program and its related concepts are directed to see 
Schmorrow (2005). 

4   SISO Simulation Framework 

SISO (Simulation Interoperability Standards Organization) met in 1999 to discuss 
how to address issues associated with simulation fidelity and its historically subjective 
nature. The group aimed at developing more objective measures by which simulation 
fidelity could be defined, measured, and discussed. One of the outputs from the SISO 
Fidelity Experimentation Implementation Study Group (Roza, Gross, and Harmon, 
2000) was a conceptual framework for understanding and applying fidelity. This 
original framework is presented in Figure 1. 

Roza et al. point out some interesting facts regarding this framework which are 
worth mentioning.  
 

• The framework is centered on the notion that a physical reality is the basis 
from which all of the known reality can be obtained. 

• The known reality is the source from which simulation requirements are 
known and is the source from which the simulation’s fidelity is known. 

 

These two facts highlight the fact that the current framework is based on concepts 
that are primarily related to the physical features of the simulation and the ability of 
the simulation designers to understand both the physical reality and known reality to 
best determine the appropriate level of simulation fidelity required. It also highlights 
the separation of the simulation requirements and the simulation capabilities. As will 
be explained in the next section, our approach marries these two together to maximize 
the likelihood that the simulation requirements and simulation capabilities are 
equivalent – thus reducing the risk that the simulation designers spent resources on 
simulation capabilities that are not required. 
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Fig. 1. Simulation Fidelity (from Roza et al., 2000) 

4.1   Current Simulation Design Approach Versus Physiological-Based 
Simulation Design Approach 

Table 2 provides both a linear breakdown of the general steps involved in current 
simulation design and requirements definition and our proposed approach based on 
physiological measurement. There are some very major differences between these two 
approaches beyond the obvious stated difference between simulation design based on 
physical characteristics only and simulation design based on operator physiology. 
These inherent pros and cons are provided in Table 3 for the two approaches.   

Table 2. Comparison on Current Simulation Design Approach and Proposed Physiological-
Based Simulation Design Approach 

Current Simulation Design Approach Physiological-Based Simulation 
Design Approach 

• Observe real-world environment • Measure physiology in real world 
environment under varying conditions 

• Design simulated environment as close to 
real-world as possible 

• Design simulated environment as close to 
real-world environment as feasible focusing 
on both physical and physiological aspects 

• Validate simulated environment through 
testing (primarily face validity) 

• Validate simulated environment through 
operator testing 

• Conduct simulations • Determine which simulation characteristics 
are correlated with physiological measures 

• Measure operator performance differences in 
simulation 

• Redesign simulation as needed 

• Measure transfer of training to real world • Conduct simulations 

• Redesign simulation as needed • Measure transfer of training to real world 

 



 Simulation Fidelity Design Informed by Physiologically-Based Measurement Tools 193 

Table 3. Pros and Cons of Two (2) Simulation Design Approaches 

 Pros Cons 

Current 
Simulation 

Design Approach 

• Design based on observable physical characteristics 

• High face validity 

• Simulator 
redesign is 
costly 

• Based on trial-
and-error 
approach 

• Relationship of 
simulation 
design to 
transfer-of-
training is 
unknown 

• Easy to alter 
behavior 

Physiological-
Based Simulation 
Design Approach 

• Design based on observable physical characteristics 
and physiological measurements 

• High face and construct validity  

• Outcome of simulation redesigns is known 

• Relationship of simulation design to transfer-of-
training is known 

• Allows for better allocation of simulation resources  

• Difficult to alter physiological responses results in 
more accurate data 

• More difficult 
to measure 
physiology in 
the real world 

• Data collection 
complexity is 
increased 

5   Summary 

This paper outlines a new approach to determining fidelity simulation design using 
physiological-based measures. A physiologically-based system capable of 
dynamically detecting changes in operator behavior and physiology throughout a VE 
experience and comparing those changes to operator behavior and physiology in real-
world tasks, could potentially determine which aspects of VE fidelity will have the 
highest impact on transfer of training. We have outlined many of the pros and cons to 
using the current simulation design approach compared to a physiological-based 
approach. We understand that a comparative analysis between the two simulation 
design approaches is required to measure the actual differences in performance 
outcomes. Such performance outcomes could include: 1) cost, 2) transfer of training, 
3) return on investment (ROI), 4) program risk, and 5) reliability and validity 
measures.    

The development of training assessment and guidance tools that utilize operator 
behavior and physiology to determine VE effectiveness and transfer of training are 
needed. Successful development of the proposed training assessment technologies 
have application within commercial and industrial training facilities where a 
decreased time to transition untrained employee to trained employee has significant 
cost savings, as well as training positions in which performance errors could result in 
injury to a human, such as the medical field (i.e. surgical simulation training) and jobs 
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involving operation of dangerous or expensive equipment. Similarly, provided the 
developed system is affordable and easy to use, students at all levels would benefit 
from an accelerated learning system. 
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