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ABSTRACT

Previous research has rarely examined the combined influence
of anxiety and cognitive load on gaze behavior and perfor-
mance whilst undertaking complex perceptual-motor tasks. In
the current study, participants performed an aviation instru-
ment landing task in neutral and anxiety conditions, while
performing a low or high cognitive load auditory n-back task.
Both self-reported anxiety and heart rate increased from neu-
tral conditions indicating that anxiety was successfully manip-
ulated. Response accuracy and reaction time for the auditory
task indicated that cognitive load was also successfully manip-
ulated. Cognitive load negatively impacted flight performance
and the frequency of gaze transitions between areas of inter-
est. Performance was maintained in anxious conditions, with a
concomitant decrease in n-back reaction time suggesting that
this was due to an increase in mental effort. Analyses of in-
dividual responses to the anxiety manipulation revealed that
changes in anxiety levels from neutral to anxiety conditions
were positively correlated with changes in visual scanning en-
tropy, which is a measure of the randomness of gaze behavior,
but only when cognitive load was high. This finding lends sup-
port for an interactive effect of cognitive anxiety and cognitive
load on attentional control.

Index Terms: scanpath, entropy, eye-movement, anxiety,
workload, instrumentation, visuomotor performance

1 INTRODUCTION

Complex instrument displays are a common feature of high-
anxiety, high-workload environments such as in an aircraft
cockpit or chemical plant operation. Each instrument visu-
ally represents critical information that is constantly updated,
which has to be monitored by and communicated to the human
operator. In the case of aviation control, instruments provide
the only source of reliable information for flight control under
low visibility conditions. In this paper, we demonstrate how
instrument scanning planning can be compromised by a user’s
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state of anxiety and load. This reflects the role that cognition
plays in controlling eye-movement behavior for information
updating. Although we specifically investigated scanning be-
haviour in the context of a simulated fixed-wing landing task,
these results have general implications for the design of vi-
sual instrumentation for high-anxiety, high-workload environ-
ments.

How do we seek out visual information across multiple
regions-of-interest (i.e., instruments)? It has been argued that
two attentional sub-systems control information-seeking be-
havior, a goal-directed system and a stimulus-driven system
[1]. The goal-directed system directs attention based on cur-
rent goals, task knowledge and predictions. In contrast, the
stimulus driven system directs attention based on salient sen-
sory events. Attentional control theory (ACT) [2] suggests that
anxiety can result in an increased prioritization of the stimulus-
driven system over the goal-directed system. The effects of
anxiety on attentional control can be further exacerbated when
the goal-directed system is further burdened by cognitively de-
manding tasks [3], such as those that impose a working mem-
ory load (e.g., n-back matching task). In other words, anxiety
and cognitive load can severely hamper one’s goal to system-
atically scan instruments and retrieve critical information, re-
sulting in apparently random patterns of instrument scanning
behavior.

A number of studies have found supporting evidence for
the predictions of ACT on gaze behavior [4, 5, 6, 7, 8]. Anx-
iety has been shown to increase the frequency of fixations on
goal-irrelevant stimuli [8] and to reduce the duration of ordi-
narily long target-focused fixations [5, 9, 7]. Recently, two
studies have examined the effects of anxiety on gaze behavior
in aviation tasks [10, 11]. Allsop and Gray [10] asked partic-
ipants to perform a flight landing task in neutral and anxiety
conditions after extensive practice. They found that that anxi-
ety led to a higher proportion of eye-movement dwells on the
outside world and a lower proportion on cockpit instruments.
Also, anxiety increased the randomness of gaze behavior pat-
terns. Vine and colleagues [11] examined the stress appraisals
of commercial airline pilots before undertaking an important
periodic proficiency exam. Pilots who appraised the exam as
being more threatening exhibited higher search rates and more
fixations on unimportant regions of the cockpit. Such eval-
uations were also marginally related to increases in scanning
randomness.

Although a number of simple laboratory tasks have sug-
gested that the effects of anxiety are exacerbated when cog-
nitive load is high [12, 13, 14], relative few studies have ex-
plored this prediction in a complex environment wherein op-
eration performance relies heavily and continuously on instru-
ment scanning behavior. In this current work, we trained par-
ticipants to perform a simulated flight landing task under in-
strument flight rules in a fixed-base flight simulator. Under
foggy conditions, participants had to rely entirely on their abil-
ity to scan instruments for flight control and to do so in a sys-



tematic fashion. During testing, we induced anxiety and intro-
duced a secondary cognitive load task. The former manipula-
tion was validated with subjective and physiological measure-
ments. We predicted that instrument scanning behavior would
be more random as a result of both manipulations. Further-
more, individuals can react differently in anxiety-inducing sit-
uations, therefore we predicted that changes in anxiety would
correlate with changes in scanning randomness, and that a
stronger relationship would be found under high cognitive
load. This would suggest that one’s psychological state has
a significant impact on information-seeking behavior. We pro-
pose that patterns of information-seeking behavior on visual
instrumentation could be analyzed in the future as a metric for
assessing user anxiety and cognitive workload.

Figure 1: . Photograph of the experimental setup showing the
heads-down instrument panel, back-projection screen, control
devices and eye-tracking cameras

2 METHOD

2.1 Apparatus
X-Plane 10 (Laminar Research) was used to simulate all land-
ings, with flight data being recorded at 52Hz. The external
scene was displayed on the upper half (0.96 m) of a large
(2.20 x 1.92 m; 1400 x 1050 pixels) back-projected screen
(Christie Mirage S+3K DLP; 101 Hz). A TFT monitor (45
x 25cm; 1600 x 1900 pixels) was used to display an instru-
ment panel consisting of five electromechanical style instru-
ments, namely: attitude indicator (AI), altimeter (Alt), instru-
ment landing system course deviation indicator (ILS), heading
indicator (Hdg) and vertical speed indicator (VSI). The view-
ing distance for the projection screen and heads-down monitor
were 1.8 and 1.0 m, respectively (see Figure 5.1). The roll and
pitch axes of a simulated aircraft (Cirrus Vision SPF50) were
controlled by the participants right hand using a Thrustmas-
ter HOTAS Warthog joystick (Guillemot, Montreal, Canada).
Auto throttles maintained indicated airspeed at 51.4 m s-1 (100
knots). A remote video-based eyetracking (faceLAB; Seeing-
Machines) system was used to record eye movements (preci-
sion < 1.0◦ ) at a rate of 60 Hz. A pair of headphones (Bey-
erdynamic DT770 Pro) were used to deliver the cognitive load

task. To respond to the cognitive load task, participants used
their left hand to push a button on a custom-made USB collec-
tive joystick.

2.2 Task
The task required participants to land an aircraft by accurately
following an ideal approach path to the runway in instrument
meteorological conditions (visibility=1.2 km). Participants
therefore needed to use cockpit instruments in order to follow
the ideal path. The ideal path is comprised of both a 3◦ ver-
tical plane, and the lateral component is simply an extension
of the runway centreline. At the start of each landing trial, the
aircraft was positioned and orientated 6 nautical miles away
from the runway, on the ideal approach path. Wind speed was
set to 20 knots for all trials, however, the direction was var-
ied based on the experimental phase, as further detailed below.
Numerical and graphical error feedback was presented after
each trial.

2.3 Measures
State Anxiety and Heart Rate State anxiety was mea-

sured after each flight in the experimental phase using the
cognitive anxiety subscale (5 items) of the previously vali-
dated Competitive State Anxiety Inventory 2-revised [15].
Heart rate was measured using a chest-strap heart rate monitor
(Garmin Model HRM1G) to provide confirmatory physiolog-
ical evidence of the effectiveness of the anxiety manipulation.
Data was recorded during each experimental trial at a rate of 1
Hz.

Gaze Behavior Horizontal and vertical screen coordi-
nates on both the external world and instrument panel were
converted into fixations using a dispersion threshold identifi-
cation algorithm [16]. The minimum fixation threshold was
set to 150 ms as per similar research [17]. Fixations were as-
signed to six areas of interest (external world and the five in-
struments), based on the AOI screen coordinates. These data
were used to calculated AOI transiton frequency, and scanning
entropy, which indicates the randomness of scanning behavior,
for more information see [10, 18].

Performance Similar to previous studies studies [10, 19,
20] root mean square error (RMSE) of the vertical deviation
from the ideal 3◦ glideslope was used as the performance met-
ric. In X-Plane, one glideslope dot represents a 0.28◦ error.

2.4 Participants
Sixteen participants (11 Male, 5 Female; mean age = 26.6, SD
= 3.8) completed the experiment. Ethical approval was granted
by a university ethics committee and informed consent was
gained from all.

2.5 Procedure
Each participant visited the lab on two occasions separated by
a maximum of one week, with each session lasting approxi-
mately two hours. The experiment was split into an acquisition
phase which was then followed by an experimental phase.

Acquisition phase Participants completed a total of 22
acquisition trials. In order to ensure that participants used the
cockpit instruments, rather than adopting a similar movement
strategy for each trial, the simulated wind was randomly set
(chosen from one of 4 angles: 20, 160, 200 and 340◦), ex-
cept for the final three acquisition trials, where wind was set
to 160◦.



Table 1: Mean (SD) n-back percentage correct, n-back reaction time, flight performance, transition frequency and scanning entropy
in neutral and anxiety conditions and low and high cognitive load conditions

Neutral Conditions Anxiety Conditions

Low Cognitive Load High Cognitive Load Low Cognitive Load High Cognitive Load

N-back: Percentage Correct 91.33 (2.50) 74.56 (3.40) 91.0 (4.03) 76.06 (4.76)
N-back: Reaction Time (ms) 766.87 (44.51) 778.98 (32.60) 686.35 (24.14) 723.79 (30.89)
Glideslope RMSE (Dots) 0.46 (0.27) 0.53 (0.35) 0.44 (0.23) 0.53 (0.26)
Transition Frequency 187.81 (27.45) 169.63 (36.53) 188.88 (33.68) 166.50 (34.59)
Scanning Entropy (Bits) 1.38 (0.18) 1.41 (0.18) 1.44 (0.20) 1.40 (0.19)

Experimental phase In the experimental phase, both
state anxiety and cognitive workload was manipulated in a 2
cognitive load (Low, High) x 2 anxiety condition (Neutral,
Anxiety) within-subjects design (for further details, see the
cognitive load and anxiety manipulation sections below). The
order of these trials was counterbalanced across participants.
The ordering of cognitive load conditions was also counterbal-
anced across participants, the ordering was the same in neutral
and anxiety conditions. It was emphasised that both tasks were
of equal importance. Wind direction was set to 160◦ for all tri-
als.

Cognitive load manipulation An auditory n-back task
[21] was used to manipulate cognitive load. This task con-
sisted of a series of stimuli (spoken consonants) that were se-
quentially played at an interstimulus interval of two seconds
[22]. For each stimulus, the participant was instructed to re-
spond as quickly and accurately as possible if it was a target.
In the low cognitive load condition, n was set to 0. In the
high cognitive load condition, n was set to 2. Across both
conditions, 25 % of stimuli were targets. Reaction time and
percentage accuracy were measured.

Anxiety Manipulation Anxiety was manipulated using a
combination of monetary incentives and ego-threatening in-
structions, similar manipulations have previously been shown
to successfully increase anxiety in a variety of other exper-
iments [10, 23, 24]. Briefly, for neutral, low-anxiety trials
the instruction to participants was simply to perform the best
they can. For high-anxiety trials, the manipulation consisted
of three components. Firstly, a leaderboard and e50 monetary
prize for the best combined performance across both anxiety
trials. Participants were told that the leaderboard would be e-
mailed to other participants at the end of the study. Secondly,
a video camera (Sony DCR-TRV890E) was overtly set-up be-
hind the participant, they were informed that recordings of
their trials could potentially be used in upcoming presentations
and lectures based on their performance. Thirdly, participants
were also told that they would be flying in an online virtual
environment called the Virtual Air Traffic Simulation Network
(www.vatsim.net). A custom-made program was made to give
the appearance of ’logging-in’ to the network and world map-
ping program was integrated, this showed a top-down view of
the airport and was populated with aircraft.

3 RESULTS

A subsection of the data are presented in this paper, separate
(2 Anxiety condition x 2 Cognitive load) repeated measures
ANOVAs were carried out with partial eta squared used an
indicator of effect size, significant effects were explored using
Tukey’s HSD post-hoc procedures (p<0.05).

In line with our hypothesis and previous research [10, 25]
we examined whether individual responses to the anxiety ma-
nipulation may be related to scanning entropy, and whether
cognitive load may moderate this relationship. Similar to
within-subject moderation procedures [26], difference scores
between neutral conditions and anxiety conditions for both
low- and high cognitive load conditions, were created for
the state anxiety and entropy data. A correlated but non-
overlapping comparison procedure (see [27]) was used to de-
termine if cognitive load moderated the relationship between
change in entropy and change in anxiety.
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Figure 2: Mean state anxiety (left panel) and heart rate (right
panel) plotted as a function of cognitive load in neutral (dashed
line) and anxiety (solid line) conditions. Error bars represent
standard errors of the mean

Anxiety manipulation check Anxiety manipulation
check data are displayed in Figure 2. For heart rate data, the
analyses revealed a significant main effect for anxiety condi-
tion F(1,15)=18.07, p=.001, η2

p=.55. Post-hoc tests revealed
that heart rate was significantly higher in anxiety conditions.
For state anxiety data, significant main effects for anxiety con-
dition, F(1,15)=10.19, p=.006, η2

p=.41, and cognitive load,
F(1,15)=6.62, p=.02, η2

p=.31. Participants experienced sig-
nificant increases in state anxiety in both the anxiety and high
cognitive load conditions.

Cognitive load Table 1 displays data from the n-back
task. Data from two low workload trials were lost due to a
computer malfunction, these participants were removed from
the analyses. For percentage correct data, a main effect for
cognitive load was found, F(1,13)=49.59, p<.001, η2

p=.79.
The high cognitive load (2-back) was more difficult, with sig-
nificantly more incorrect responses being made. Analysis of



reaction time data revealed a significant main effect for anx-
iety condition F(1,13)=7.64, p=.016, η2

p=.37. Reaction time
was significantly shorter in anxiety conditions.
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Figure 3: Regression lines showing the relationship between
change in state anxiety and change in entropy, in high (solid
line) and low cognitive load (dashed line) conditions

Gaze behavior Transition frequency and scanning en-
tropy data are presented in Table 1. Analysis of transi-
tion frequency revealed a significant main effect for cogni-
tive load, F(1,15)=22.78, p<.001,η2

p=.60. Less transitions be-
tween AOIs were made in high cognitive load conditions. No
significant main or interaction effects were found for scanning
entropy data. However, Figure 3 shows the individual differ-
ences in reaction to the anxiety condition, and the moderating
effect of cognitive load. Raghunathan and colleagues’ statis-
tic [27] revealed a significant difference between the correla-
tions coefficients of change variables in high and low cognitive
load conditions, z=1.72, p=.028. Linear regression analyses
showed that ∆Cognitive anxiety only significantly predicted
∆Scanning entropy when cognitive load was high, b=.015,
95% CI[.001,0.3], t=2.32, p=.036, explaining 28% of the vari-
ance. Taken together, these results suggest that high cognitive
load exacerbates the effects of state anxiety on the randomness
of gaze behavior.

4 DISCUSSION

The present study aimed to investigate how instrument scan-
ning can be influenced by a user’s state of anxiety and load.
Participants trained to perform an instrument landing task in
foggy conditions, where relevant information for task perfor-
mance must be obtained from spatially separated cockpit in-
struments. Afterwards, during testing, both cognitive load and
anxiety were manipulated. Increases in self-reported state anx-
iety and heart rate validated the effectiveness of the anxiety
manipulation. Self-reported anxiety also increased during the
high cognitive load conditions, suggesting that participants be-
came more uncertain of their ability to successfully perform
the task in such conditions. Results from the n-back match-
ing task showed that cognitive load was successfully manipu-
lated, with participants providing more incorrect responses in
the 2-back condition. Reaction time remained constant across
cognitive load conditions, which negates any concerns about a
potential speed-accuracy trade-off. Interestingly, reaction time
was quicker in anxiety conditions, with response accuracy re-
maining consistent. The most parsimonious explanation for

this finding is that, in-line with previous research [23, 2], anx-
iety served a motivational function, leading to more on-task
effort and an enhanced capability to expediently respond to
the n-back task.

Previous investigations of scanning behavior across instru-
mented AOIs have focused on the information content and rate
of presentation (e.g., [28, 29].These are factors that can be eas-
ily manipulated in visualization design. In contrast, the cur-
rent work emphasises the importance of the user’s psycholog-
ical state in dictating changes in planned gaze behavior. High
cognitive load was accompanied by a decrease in transitions
between AOIs and, consequently, flight control performance
deteriorated. This suggests that the sampling rate of informa-
tion from the instruments was not sufficient to maintain perfor-
mance. The current findings provide evidence to suggest that
cognitive load may moderate the relationship between infor-
mation seeking behavior and state anxiety. Specifically, only
in high cognitive load conditions were individual responses to
the anxiety manipulation positively related to changes in the
randomness of gaze behavior. This finding is in-line with the
predictions of ACT, and also supports interaction effects found
in previous experiments [12, 13, 14].

Visualizations that are intended for use in high-anxiety,
high-load environments should take note of the current find-
ings. Although increasing the rate and channels of informa-
tion presentation can deliver more information to the user, this
remains limited by the user’s ability to retrieve information
efficiently and meaningfully with purposeful eye-movements.
Cognitive load and anxiety can significantly limit a user’s abil-
ity to seek out information, independent of a visualization’s
design. How many instrumented regions-of-interest can a user
effectively scan, given the cognitive requirements and experi-
enced anxiety of a given work environment? This is a concern
that should factor into the design of an instrumented work-
station. Future research should seek to formalize the cost-
function of the factors (i.e, anxiety and cognitive load) that
influence scanning efficiency. In doing so, we might be able
to make informed decisions on the number of instruments that
should be allowed for in a given workspace.
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