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Abstract. This research describes an approach to objective assessment of men-
tal workload, by analyzing differences in pupil diameter and several aspects of
eye movement (fixation time, saccade distance, and saccade speed) under dif-
ferent levels of mental workload. In an experiment, these aspects were meas-
ured by an eye-tracking device to examine whether these are indeed indicators
for mental workload. Pupil diameter and fixation time both show a general sig-
nificant increase if the mental workload increases while saccade distance and
saccade speed do not show any significant differences. This assessment of men-
tal workload could be a trigger for aiding the operator of an information system,
in order to meet operational requirements.

Keywords: mental workload, adaptive automation, eye movement, pupil di-
ameter, saccade, fixation time.

1 Introduction

In 1988, in the straight of Hormuz, the USS Vincennes mistakenly shot down a com-
mercial Iranian airplane because it was misidentified as an Iranian F-14 combat air-
plane. Much is written [1] about contributing factors that lead to this tragic accident
and some authors summarize it as human error. This is a typical example of a high-
risk professional domain where humans carry large responsibility and where mistakes
result in tragic accidents and/or heavy losses. In these information-rich and dynamic
environments, a competition for the human’s attention is going on between numerous
different information items, at times leading to a cognitive overload. This overload
originates from the limitations in human attention and constitutes a well-studied
bottleneck in human information processing. If the human is getting overloaded, a
control mechanism capable of adjusting the balance of work between the human op-
erator and the machine might lower the cognitive burden of the human and in effect
optimize the performance of the human machine ensemble. A so-called adaptive sys-
tem [2] in which the division of labor between human and machine is flexible and
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responsive to task or human demands, is thought to represent a better solution to the
problem of function allocation than the static ones currently in use. Rouse [3]
introduced adaptive aiding as an initial type of adaptive automation and stated that
adaptive aiding is a human-machine system-design concept that involves using aid-
ing/automation only at those points in time when human performance needs support
to meet operational requirements [3]. Whether one uses the terms adaptive automa-
tion, dynamic task allocation, dynamic function allocation, or adaptive aiding, they all
reflect the dynamic reallocation of work in order to improve human performance or to
prevent performance degradation.

As a matter of fact, adaptive automation should scale itself down when things be-
come quieter again and the goal of adaptive automation could be stated as trying to
keep the human occupied within a band of ‘proper’ workload [see 4]. Periods of ‘un-
derload’ can have equally disastrous consequences as periods of overload due to slip-
ping of attention and loss of situational awareness.

As stated, an adaptive system changes the division of labor between the human
and machine as the effectiveness of a human operator is a concern in relation to the
task demands. Parasuraman [5], for example, found superior performance when the
control of a fault management task (i.e., to monitor an automated system and diag-
nose the problem in case the system halts) was allocated back to the human for some
time. Other studies shift control from the human to the machine in case the human is
incapable or indecisive to make a decision as seen in the (no)go decision in case of a
engine failure in the takeoff run of an airplane [6]. More recently, adaptive automa-
tion is applied to the domain of naval warfare [7] where part of the identification of
airplanes or vessels is executed by the system when the human starts to fall behind.
In synopsis, a number of studies have shown that the application of adaptive automa-
tion enhances performance, reduces workload, improves situational awareness,
and maintains skills that are deteriorating as a consequence of too highly automated
systems [5-9].

One of the challenging factors in the development of successful adaptive automa-
tion concerns the question of when changes in the level of automation must be effec-
tuated. Wilson and Russell [10] define operator psychophysiology as one of five
triggering strategies based on an previous division by Parasuraman et al [5]. Psycho-
physiological data from the operator are employed in various studies [9-13] and
prove an objective measure. Examples of these measurements are: heartbeat rate,
respiratory, facial expressions, perspiration, eye blink rate (see [14] for an overview).
Although various studies [9-13] indicate a mental workload effect on psychophysi-
ological characteristics, no single psychophysiological measure can be directly inter-
preted as such [15]. Variations in psychophysiological measurements, however, can
be assigned to a lot of different aspects, with mental workload just being one of
them. The main advantages of objective measurements are that they do not have to
interrupt the operator in task execution.

One popular type of psychophysiological data measurement involves workload ef-
fects on properties and movement of the eye [16-20]. Although a number of studies
found [17-19] empirical evidence in the favor of utilizing an increased pupil diameter
as an of increased mental workload, not all studies have obtained similar results.
Kramer [21], for example, relates the failure to find similar results to factors unrelated
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to the task that produce larger changes in pupil dilatation such as changes in ambient
illumination or screen luminance.

Alternatively, other relations between mental workload and properties of the eye
exist. During visual scanning, muscles direct the eye to interesting areas where fixa-
tions occur. A fixation is usually defined as a steady focus of the eye for 100 to 200
milliseconds, which provides the visual system with detailed input about the visual
stimulus. Simultaneously, parallel processes use peripheral visual information to de-
termine where the next fixation will be located [22]. The movement to another fixa-
tion stimulus is defined as a saccade. Tole, Harris, Stephens, and Ephrath [20] found
an increase in fixation time when the mental workload increased. However, saccade
measurements show no consequent results in relation to mental workload [16, 18].

The previous paragraphs clearly indicate a challenge in utilizing eye properties as
indicator for mental workload. One side of the scientific literature shows that pupil
diameter, fixation times, saccade distance, and saccade speed can be used as an indi-
cator of mental workload while other studies show counterarguments. We are inter-
ested how the properties of the eye respond in various workload conditions in a naval
warfare domain. Once successful, these properties of the eye can be used to trigger
adaptive automation.

We conducted an experiment where certain properties of eye movement and pupil
diameter were measured under different levels of mental workload. Consequently we
question whether fixation time, saccade distance, saccade speed, and pupil diameter
can be used as objective indicator for mental workload in such a task setting.

As the study evolves around a measure of mental workload, we will manipulate
mental workload using a validated model of cognitive task load. Therefore our first
hypothesis reads that:

1: three scenarios are generated having a predicted and different mental workload.

Using these differences in mental workload we can perform measurements on
properties of the eye. Following experimental effects on pupil diameter and fixation
times found in respectively [17-19] and [20], we hypothesize that:

2: if the mental workload of an operator increases, pupil diameter increases, and
3. if the mental workload of an operator increases, fixation time increases.

Furthermore, it is expected that saccade distance will decrease in response to an
increase of mental workload due to an effect called tunnel vision (i.e. the loss of
peripheral vision with retention of central vision, resulting in a constricted circular
tunnel-like field of vision). Also, saccade speed is expected to decrease due to fatigue
of the muscles, as evidence for fatigue in pupillary muscles exists [23]. Consequently,
we hypothesize that

4: if the mental workload of an operator increases, saccade speed decreases, and
5: if the mental workload of an operator increases, saccade distance decreases.

The next section discusses the method & materials used in this study and section 3
presents the results of the experiment. Section 4 discusses the results and draws con-
clusions from these results from the perspective of adaptive automation.
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2 Research Method

2.1 Participants

Eighteen subjects participated in the experiment and were paid to participate. The test
subjects were all university students, with a good knowledge of English. The partici-
pant group consisted of ten men and eight women. They had an average age of 25,
with a standard deviation of 5.1.

2.2 Experimental Tasks

The subjects were given the role of human operators of (an abstracted version of) a
combat management workstation (CMS) aboard naval vessels. The workstation com-
prised a schematic visual overview of the nearby area of the ship on a computer dis-
play, constructed from the data of radar systems. On the workstation the subject could
manage all the actions required to achieve mission goals.

More specifically, the goal of the human operator during the scenarios was to
monitor, classify, and identify every track (i.e. airplanes and vessels) within a 38
nautical miles range around the ship. Furthermore, in case one of these tracks showed
hostile intent (in this simplified case a dive toward the ship), they were mandated to
protect the naval vessel and eliminate the track.

To achieve these goals, the subject was required to perform three tasks. First, the
classification task gained knowledge of the type of the track and its properties using
information from radar and communication with the track, air controller, and/or the
coastguard. The subject could communicate with these entities using chat functional-
ity within the CMS. The experiment leader responded to such communications. The
second task was the identification process that labeled a track as friendly, neutral, or
hostile. The last task was weapon engagement in case of hostile intent as derived from
certain behavior. The subject was required to follow a specific procedure to use the
weapons.

2.3 Scenarios

We designed three different scenarios, each implying a different cognitive task load.
The task loads were under-load, normal load, and an overload achieved by manipulat-
ing two of the three cognitive task load factors as defined in Neerincx model [24] of
cognitive task load (CTL).

The CTL model is comprised of three factors that have a substantial effect on the
cognitive task load. The first factor, percentage time occupied, has been used to assess
workload for time-line assessments. The second load factor is the level of information
processing that addresses cognitive task demands. The model therefore incorporates
the skill-rule-knowledge framework of Rasmussen [26] where the knowledge-based
component involves the highest workload. To address the demands of attention shifts,
the model distinguishes task-set switching as a third load factor. It represents the fact
that a human operator requires time and effort to reorient himself to a different con-
text. These factors present a three-dimensional space in which all human activities can
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be projected as a combined factor. Specific regions indicate the cognitive demands
activities impose on a human operator.

Creating scenarios using the CTL mode has been applied successfully in a number
of experimental [27] and realistic [28] settings. We applied the model to implement a
certain cognitive load. First, the total number of tracks in a scenario was changed. If
many tracks are in the observation range, the percentage of the total time that the
human is occupied is high. Second, a larger amount of tracks that show special behav-
ior and more ambiguous properties increases the operator’s cognitive workload due to
applying more rule and knowledge based reasoning. It forces the human operator to
focus attention and to communicate more in order to complete the tasks.

2.4 Variables and Experimental Design

In order to control for intra-individual variability in cognition, we chose to use a
within-subject design. In order to limit the potential for individual differences on any
experimental condition and to filter out sequence effects, we applied a Latin square
design to the combination of independent variables and the sequence of scenarios.

The independent variable was the workload as manipulated in a scenario (see pre-
vious section). Furthermore, five dependent variables were measured:

e Mental workload was measured and controlled using an adapted version of a
workload watch [25] that signaled the subject every 100 seconds to rate his/her
perceived workload on a scale (one to five), by clicking on the corresponding
button present on the lower right of the screen. Button 1 indicated low workload,
button 3 normal workload and button 5 high workload. The buttons in between
indicate intermediate levels of workload.

e Pupil diameter in micrometers during the trials (averaging both eyes).

e Fixation time: the time that fixations lasted within a radius of 40 pixels and a
minimum of 100 milliseconds. The fixation times were divided by the total num-
ber of fixation to derive the average time a fixation lasts and only the fixations on
a track were accounted to get a reliable representation of cognitive processing
time.

Saccade distance: the distance in pixels between one fixation and the next.
Saccade speed defined as the saccade distance divided by the saccade time.

2.5 Apparatus

The CMS application was run on a computer connected to a 17-inch monitor, with a
resolution 1280x1024. The eye-tracking device Tobii X50 was connected to another
computer. The experimental leader was situated behind a desk with a third computer
running the same scenario as the test person to ensure good communication.

The Tobii X50 recorded the required aspects of eye movement and pupil diameter
of the subjects during the task. The Tobii X50 was placed in front and underneath the
monitor that the subjects used for the task. This was approximately 60 cm in front of
them.
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2.6 Procedure

Before the experiment, the subjects were given a clear description of the various tasks
to be executed during the scenarios and various test round were offered to the sub-
jects. Before every scenario, a description about the position of the naval ship and its
mission was provided. The experiment was conducted in a closed room where the
subjects were not disturbed during the task. During the experiment, an experimental
leader was situated roughly two meters behind the subject to assist when necessary.

3 Results

For each dependent variable a repeated-measures analysis ANOVA with within-factor
scenario was used to analyze the data as the subjects are exposed to each condition in
turn. In all cases, an alpha level of .05 was used to determine statistical significance.
The data were analyzed using SPSS. For post-hoc analysis, the least significant dif-
ference (LSD) test was used and the partial eta square statistics mpz) was adopted to
describe the estimated proportion of variance explained by the factors. The partial eta
square has the advantage that it is independent on the number of factors.

Verification of the mental workload used data of all but one subject due to a failure
in logging (N = 17). The rest of the statistical tests utilized N = 13 because the eye-
tracker data from four subjects could not be used due to a technical failure of the eye-
tracking device in one of the three scenarios.

3.1 Workload Verification

Repeated-measures ANOVA reveals a significant effect in subjective (indicated)
mental workload between the three scenario’s (F(2, 33) = 190.632, p < .001,
np2 = .923). Least square difference post-hoc analysis reveals that all three means
were significantly different (p < .05). Compared to the under-load scenario, the per-
ceived mental workload was significantly higher in the normal workload scenario. In
turn, the perceived mental workload in the overload scenario was significantly higher
again than in the normal-workload scenario (see Fig. 1).

T
1

average workload error bar +- 15D
T

104
0. T T T
underload normal overload
scenario scenario scenario

Fig. 1. The subjective workload per scenario as indicated every 100 seconds on a five point
scale
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3.2 Pupil Diameter

Repeated measures one-way ANOVA reveals that there are significant differences in
pupil diameter between the three workload scenario’s, F (2, 69) = 3.720 , p < .005,
np2 = .237). A post-hoc LSD comparisons revealed that the underload scenario and
the overload scenario were significantly different. Compared to the underload sce-
nario (M = 4957.42, SD = 511.164), the average pupil diameter was significantly
higher in the overload scenario (M = 5094.90, SD = 547.797). Furthermore the nor-
mal scenario (M = 5069.84, SD =152.676) had a significant higher average pupil
diameter in comparison with the underload scenario. However, no significant differ-
ences were found between normal scenario and the overload scenario.

3.3 Fixation Time

SPSS repeated measures one-way ANOVA displays a significant effect of fixation
time on the different types of scenario (F (2, 69) = 13.411 , p < .05, np2 =.528). LSD
comparisons revealed that all scenario’s were significantly different from each other.
Compared to the underload scenario (M = 249.177, SD = 113.192), the average fixa-
tion time was significantly higher in the normal scenario (M = 287.992, SD =108.710)
and on its turn the normal scenario differed significantly from the overload scenario
(M =334.838, SD = 130.823).

3.4 Saccade Distance and Speed

No significant differences are found with a repeated measures one-way ANOVA in
saccade distance between the three scenario’s (F (2, 69)= 0.388, p = .683, np2 =.031).
In addition, no significant differences are found with a repeated measures one-way
ANOVA in saccade speed between the three scenario’s (F (2,69) = 1.768, p = .192,
n, =.128).

4 Conclusion and Discussion

In high-risk professional domains, like a naval warfare, it is preferred to keep humans
in control to handle unanticipated novel situations. However, increased mental work-
load might decrease human performance resulting in endangering mission goals.
Therefore it is important to detect such situations. Various studies suggest that the
machine should aid the human operator in those situations to meet operational re-
quirements [3]. However the measurement of such situations is much debated and this
research describes an approach to assess mental workload objectively by analyzing
differences in pupil diameter, fixation time, saccade distance, and saccade speed un-
der different levels of mental workload. We consequently conducted an experiment to
measure these four aspects under various workload conditions to ascertain their utility
as an objective mental workload indicator.

The results show that the manipulation of the scenario’s worked as expected in that
the manipulation of two of the three CTL model variables resulted in significant dif-
ferent subjective mental workload. The results not only confirm hypothesis 1 but also
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extend the knowledge [27, 28] on the successful application of the CTL model to
design scenarios with an intended mental workload.

Although the results reveal a general significant effect of pupil diameter on work-
load manipulations, the results fail to discriminate between all workload manipula-
tions. We therefore partly accept hypothesis 2 because of the general nature to utilize
pupil diameter as an indicator of workload. Consequently we agree with [21] that the
pupil diameter responds to many factors with workload being one of them in contrasts
other research that found pupil diameter effects [17-19].

Results show, on the other hand, a significant and discriminatory effect of mental
workload manipulations on fixation time. This means that we accept hypothesis 3
because fixation time can be used to distinguish between workload conditions. The
results comply with research by Tole [20] who found an increase in fixation time
when the mental workload increased and [29] found a negative correlation between
fixation time and performance. This complies with the findings in this research, given
that higher fixation times indicate a higher level of mental workload and mental work-
load has a negative effect on performance.

Saccade distance and saccade speed show no significant differences when the men-
tal workload increases and we therefore reject hypothesis 4 & 5. These results comply
with research [16] that failed to find a relation between saccade measures and mental
workload. However, [18] did find a decrease in saccade distance if mental workload
increases but stated that many properties of the eye, including saccades, are highly
task dependent.

Much research has been done to find a relation between operator psychophysiology
and operator workload. As stated before, no single psychophysiological measure can
be interpreted as a workload indicator. Therefore, in order to obtain a reliable objec-
tive indicator for mental workload, it is necessary to work towards a model that inte-
grates several psychophysiological measurements. The construction of such a model
is complex because the reliability and relative importance of the different measure-
ments are hard to define. The results of this research contribute to this model by ex-
amining the effects on pupil diameter, fixation time, saccade distance, and saccade
speed under different levels of mental workload in a naval warfare setting.

As this research shows that measurements of properties of the eye with an eye-
tracking device can provide a valuable addition to the determination of the level of
aiding, problems arise when it comes to the practical application of the concept. As
indicated throughout the paper, many factors influence workload and properties of the
eye. In an experiment, these aspects can be kept as constant as possible. In a practical
application, for example with defense tasks on a navy ship, it cannot be expected of
the human operator to refrain from drinking caffeine-holding beverages. These as-
pects make the deduction of mental workload from for example pupil diameter unreli-
able. However, if a combination of psychophysiological measurements is used and
they all indicate a similar operator workload, this indication can be very usable.
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