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Tools that prowide continuous, objective measurements of human-system interactions can

augment measures obtained through subjective assessments and/or expert observation by

providing near—real time performance metrics. Two tools for the Test and Evaluation (TGE)

community will be discussed: eye-tracking applications that are viable for use in TE today
and electroencephalography-based metrics that hold promise for the future.
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ystem evaluation would be much easier if
testers could recruit the ideal operator:
someone who never gets fatigued, who
maintains a consistent level of concentra-
tion on the task, and who can accurately
recall their moment-by-moment experience of task
difficulty during the testing session. This would ensure
that any performance decrements during testing were
not a result of the operator being tired, not
concentrating, or simply not remembering what
happened at a particular point in time. Unfortunately,
these operators are hard to find! Instead, evaluators
must try and measure the operator’s mental state in
order to assess how that state affects performance
during system interaction, or alternatively, how the
system interaction influences mental state, which in
turn affects performance. Currently, to evaluate
operator mental state, evaluators must rely on self-
assessment questionnaires, such as the National
Aecronautics and Space Administration Task Load
Index (NASA-TLX) (Hart and Staveland 1988), that
interrupt the operator at discrete times throughout the
testing session to provide an introspective assessment.
Not only does the interruption break mental concen-
tration on the task, but self-reports are not sensitive to
fluctuations of cognitive state within a task; rather they
provide an average subjective estimate over a length of
time.
Self-assessment measures are not ideal because they
lack objective means to measure particular mental state
changes, what influenced the state change, and what

happened because of the state change. Consider a
scenario where the operator must perform several tasks
on a new system, and a self-assessment questionnaire is
administered at different intervals throughout the
study (i.e., discrete measurements). The operator’s
fatigue level may fluctuate over the course of the study;
however, since individuals must rely on memory to
recall past events and are not always accurate in their
self-assessment reports, discrete measurements can lead
to inaccuracies when trying to capture dynamic mental
state fluctuations during the test. The lack of a
continuous measure can lead to errors in system
evaluation, attributing the decrement in user perfor-
mance to system design rather than attributing it to
changes in the operator’s mental state (i.e., level of
fatigue). One solution to the problem of tracking
performance changes over time is to simply take
measurements more frequently; however, this comes
with the serious disadvantages of breaking continuity
of the task, not to mention the introduction of
additional task complexity created by the demands of
completing multiple surveys as well as performing the
task itself. A more efficient solution to this problem
would be the use of tools that permit continuous
measurement of task performance, eliminating inter-
ruptions for self-assessments.

This article discusses how two measurement tools,
eye-tracking and Electroencephalography (EEG), pro-
vide continuous measurements related to operator
performance without creating task disruption. Eye-
tracking provides numerous measures of user eye
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Eye-tracking camera

EEG electrodes under helmet

Figure 1. Integration of eye-tracking and
Electroencephalography (EEG) tools during operator-system
interaction. Eye-tracking and EEG provide continuous,
objective measurements of operator performance.

movements and visual scanning patterns, while EEG
provides a measure of electrical activity in the brain
that can be linked to many complex behaviors and
operator mental states. These two tools complement
one another and may eventually be used effectively
together in T&E environments. For example, Figure 1
shows an operator in a futuristic crew station, wearing
a helmet containing EEG electrodes to record brain
activity. In addition, a camera mounted within the
driving simulation continuously records operator eye
measurements. Both of these tools can capture
dynamic changes in the operator’s mental state
throughout the testing session, providing information
regarding how the operator interacts with the system
interface, without interrupting operator task perfor-
mance. In this article, potential applications of these
two tools to T&E environments will be discussed, with
an emphasis on eye-tracking applications that are ready
for use today, and EEG applications that provide
promise for the future.

Eye-tracking in T&E

Eye-tracking is the process of measuring either the
point of gaze (where the operator is looking), or the
motion of the eye relative to the head. There are a
number of methods for measuring eye movement,
including the use of video images from which the eye
position is extracted. Advances in computer and video
technology have lead to the development of eye-
tracking systems that are portable and simple to use
(Babcock, Lipps, and Pelz 2002). Eye-tracking offers
the evaluator an objective and unobtrusive means to
continuously measure human performance in a diverse
set of environments and field settings. After a quick
calibration, eye-tracking can provide several continuous
user measures that can be linked to operator mental
state. These measures include blink rate, frequency of
eye movement, pupil dilation, the amount of eyelid
closure over time (described as Percentage Eye Closure
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or PERCLOS), and the length of time spent looking
at a particular location. Although all of these
continuous measures offer advantages, we will high-
light just a few of them here to demonstrate how these
measures can augment a variety of T&E scenarios
today.

Figure 2 shows an example of how an eye-tracker
could be used to plot the gaze path of an operator using
a crew station computer interface with multiple display
screens. In this example, the operator scanned several
displays showing urban environments and system
status, searching for images of people who could pose
a threat to the security of their vehicle. The operator
used the touch-screen interface on the center console
to complete a threat report anytime a threatening
person was seen. The red circles indicate where the
operator fixed their gaze on the screen, with the
numbers inside the circles indicating the order in
which the operator’s eyes traveled across the multiple
display screens. The size of the red circles describes the
relative amount of the time spent looking at each
location, with larger circles representing longer gaze
fixation times. As can be seen, the operator searched
from left to right, starting first with the exit points on
the corner building at the left-most display, continuing
to the right across the center, and ending at a point
between the right-most display and the status display.
We can see that the operator spent time looking at the
threat report console (circle 3) before scanning the
other two buildings (circles 4 and 8). These continuous
measures show operator scanning patterns used to
perform the task, as well as which system interface
features are used most frequently.

Eye-tracking measures have been used successfully
to reveal differences between novice and expert
operators. Ottati, Hickox, and Richter (1999) com-
pared eye movement patterns of novice and experi-
enced pilots in a flight simulator that required the use
of electronic maps for navigation. Traditionally, pilots
use printed maps for this task. However, in Ottati’s
task, the pilots were required to identify critical terrain
navigation landmarks from electronic instrumentation.
The eye-tracking data revealed search path differences
between novices and experts. Unlike the experienced
pilots, novice pilots gazed longer and more frequently
outside the cockpit instead of at the cockpit instru-
mentation. In addition, when the novice pilots did look
at the mapping instrumentation, they gazed much
longer than the experts, suggesting that they struggled
to identify the critical landmarks on the electronic map.
These differences, revealed by eye-tracking measure-
ments, can be useful for developing training procedures
to teach novice operators to use expert-like strategies in
reading electronic maps.
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Figure 2. Eye movements superimposed on a crew station computer interface. Numbers indicate the order of eye fixations, and the

size of each circle represents the total fixation duration.

Eye-tracking measures such as PERCLOS can help
characterize dynamic changes in the operator’s mental
state owing to factors such as fatigue. In a study by
Dinges et al. (1998), operators were intentionally sleep
deprived for 42 hours and were then required to
monitor a system for target events and to report when
the events occurred. The operators completed ques-
tionnaires to monitor how sleepy they felt, and an eye-
tracking system was used to monitor their visual search.
Results of the study indicated that PERCLOS reliably
predicted when operators were fatigued more effec-
tively than the questionnaires, and the measure
revealed points in time in which operators experienced
changes in their level of fatigue. Performance decre-
ments can be linked to the operator’s state by capturing
these dynamic changes.

This short review only touches the surface of the
current-day capabilities of incorporating eye-tracking
measures into T&E assessments. The examples
presented here highlight potential applications of
continuous measures to assess and/or compare how
operators interact with system interfaces, as well as
monitor dynamic changes in the operator’s fatigue
level. However, many other applications have been
identified in several commercial applications, including
the automobile and aviation industries. With their
portability and ease-of-use, eye-tracking systems can
easily be incorporated into T&E environments to
identify additional assessment capabilities.

EEG in T&E

EEG provides a measurement of electrical activity in
the brain using recordings from electrodes on the scalp.

These measurements have been linked to dynamic
changes in behavior and factors related to an operator’s
mental state. Traditional EEG systems have been very
bulky, entailing set-up time to attach electrodes to the
scalp with gel, and requiring the operator to minimize
any head or body movement while physically tethered
to the EEG recording devices. Traditional EEG
systems are also highly susceptible to electrical artifacts
from nearby equipment and other non-brain sources of
electrical activity. System calibration must be per-
formed for each operator before each testing session
because the day-to-day variability of operator EEG
measurements can be high (East, Bauer, and Lanning
2002). These attributes make traditional EEG systems
impractical for current T&E environments; however,
in the past few years, EEG systems have been
developed that minimize these limitations. These
newer systems are light-weight, often incorporating
the electrodes into a hat or helmet, and are designed
for use in real-world, operational environments. They
contain advanced amplification and wireless transmis-
sion technology to minimize the impact of electrical
interference. One such system is shown in Figure 3. As
technology develops, these newer EEG systems will
likely evolve to be as portable and easy-to-use as the
eye-tracking systems in use today.

Results from EEG-based measurements collected in
controlled environments show potential for application
in operational settings. For example, Pope, Bogart, and
Bartolome (1995) utilized a real-time index of operator
task engagement, based on the power of EEG spectra,
in an adaptive system to mitigate the effects of fatigue.
EEG was collected while operators performed several
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Figure 3. An example of an electroencephalography system
designed to be worn under a helmet. A wireless base station
receives and decodes the neural signals from several meters
away, allowing the operator to be fully mobile. While this device
shows promise in controlled environments, there is still work to
be done to increase reliability in operational settings.

tasks including monitoring, resource management, and
compensatory tracking. The tracking task was either
automated by the system or manually controlled by the
operator, and the system dynamically switched between
the two modes based on the changes in the EEG-
based index in order to minimize the effects of fatigue.

Similarly, Wilson, Lambert, and Russell (2000) also
used an EEG-based measure in an automated system
that adapted its functioning based upon changes in
operator mental state. As in the Pope, Bogart, and
Bartolome (1995) study discussed above, operators were
required to perform multiple tasks. When the operator
could not complete all assigned tasks, the system assisted
with the monitoring task, requiring operators to solely
focus on the remaining two tasks—resource manage-
ment and tracking. The system switched into this assist
mode only when the EEG-based measure of operator
state indicated that they were overloaded and struggling
to complete all tasks simultaneously (referred to as “high
workload” by the authors). Of importance, by using the
EEG measure to dynamically adapt the system, the
number of errors decreased significantly in both the
resource management task (33 percent) and in the
tracking task (44 percent).

Other EEG findings obtained in controlled, labo-
ratory settings show promise for future application in
T&E environments. For instance, EEG-based mea-
sures have revealed neural signatures that are sensitive
to error detection. The error-related negativity (ERN)
produces a distinct pattern of brain activity when an
individual makes an incorrect response or error.
Monitoring operator errors in near-real time would
allow testers the ability to identify when certain errors
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occur during system interaction as well as the ability to
adapt system components based on errors committed.
The ERN is not only sensitive to when an operator
makes a known error, but it is also seen when an
operator witnesses someone else making an error (van
Schie et al. 2004). Preliminary applications of the ERN
are currently being employed during the testing of
brain-computer interfaces (Ferrez and Millan 2008).
The ability to detect operator errors in real time could
substantially augment T&E assessment capabilities.

Another laboratory-based finding demonstrates the
utility of EEG for detecting predefined targets or
identifying sudden changes in the environment with-
out relying on overt responses from the operator. Using
EEG in this way may provide testers with the ability to
detect anomalies or unexpected changes that occur
during system interaction. One instance of using this
approach comes from image classification where an
operator must detect a target of interest embedded in a
series of rapidly presented images. Systems have shown
their ability to accurately identify particular images for
turther analysis based on EEG measurements alone
even though the images were shown for 100 millisec-
onds (Gerson, Parra, and Sajda 2006). This approach
proved to be highly accurate in discriminating between
target and nontarget images, and much faster than
simply relying on self-reports from the operator
performing the target-scanning task. The potential of
EEG to rapidly identify what information is critical to
the task at hand could greatly enhance how operator
performance and system evaluation are analyzed in
T&E environments.

These examples highlight the potential of EEG-
based measures to index factors related to operator
mental state. The examples described here are just a
subset of the laboratory-based EEG findings that may
have direct relevant applications to T&E. EEG-based
measures can greatly augment the types of continuous
operator assessments currently available with eye-
tracking, and the combined use of both eye-tracking
and EEG measurements may improve real-time
assessment of operator mental states across many tasks,
systems, and environments above and beyond using
each method alone.

Conclusions

Eye-tracking and EEG are two tools that provide
continuous measurements of operator performance,
and both provide powerful analysis tools to the T&E
community. Eye-tracking systems are simple to use,
portable, and provide measurements related to operator
mental state, such as blink rate and PERCLOS, that
can be applied in a T&E setting today. Although they
are not ready for use in all field settings, EEG systems
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have the potential to provide additional measures
related to operator mental state that may be of use to
testers and evaluators. Studies using EEG have
successfully adapted systems and improved operator
performance, and other more preliminary studies using
laboratory-based EEG measures such as the ERN
show how real-time assessment of operator perfor-
mance can be augmented in applied settings. As
additional research is conducted, EEG-based measures
obtained in controlled settings can be applied to the
complex and dynamic environments of T&E. Future
research should explore the combined use of eye-
tracking and EEG systems to create a broad-based
measure of changes in operator performance, expand-
ing assessment capabilities to a diverse set of tasks and
environments. |
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