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Background: The cognitive cockpit concept has been proposed as a
potential disorientation countermeasure. It involves monitoring the pi-
lot’s physiological, behavioral and subjective responses during disorn-
entation. This data 1s combined to provide a real time mode! of pilot
state, which 15 used as a basis for optimizing pilot performance. This
study attempts to investigate whether there are consistent behavioral or
physiological “markers” that can be momitored during a specihc disori-
entation scenario. Methods: An Integrated Physiological Trainer with
interactive aircraft controls and an eye-tracking device was employed
Fourteen subjects proficient in maintaining straight-and-level thght and
who have acquired the skills in changing attitude participated in the
study. They were exposed to a flight protile consisting of straight-and-
level fiying and change in attitude without exposure to a head roll
(control condition) and a profile with exposure to a head roll (experi-
mental conditions) during constant yaw rotation Fhght performance
parameters and subjects’ eye movements and pownt of gaze behavior
were monitored continuously Resufts: Immediately on the return to
upright head position, all subjects reported a strong apparent pitch
displacement that lasted = 20 s and a lesser sensation of lateral move-
ment Sigruficant differences (p < 0.01) were noted on a number of
scanming behaviors between the control and the expenmental condi-
tions. The appearance of nystagmus was apparent as indicated by the
number of involuntary saccades during disorientaton. Flight perfor-
mance decrement in the experimental conditions was reflected by a
significant deviation in maintaining airspeed (p < 0.01) Conclusion: It
appears that the pitch 1llusion consistently affects visual scanning be-
havior and 1s responsible for the decrement in flight performance ob-
served in the simulator.

Keywords: disorientation, Cornobss, tlight performance, eye tracking,
cognitive cockpit.

PATIAL DISORIENTATION (SD) in flight occurs

when a pilot fails to sense, or senses incorrectly, the
position, motion, and atttude of the aircraft or of him-
self /herself within the fixed coordinate system pro-
vided by the surface of the Earth and the gravitational
vertical (3). It remains a major cause of mishaps result-
ing in the loss of arrcraft and personnel (14). For the past
50 yr, efforts have been made to understand some of the
fundamental mechanisms of orientation, and initiatives
have been made to educate arrcrew. For example, con-
siderable progress has been made in understanding the
roles played by the visual, vestibular, and somatosen-
sory systems in spatial orientation. Thus has led to the
understanding of some of the visual and vestibular
dlusions that pilots may experience. While SD 15 a
proven “killer,” 1ts greatest effect 1s its degradation of
pilot performance, which has not been thoroughly in-
vestigated (6). It is suspected that non-mushap SD
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events could negatively affect aircrew performance and
reduce mussion effectiveness.

One of the proposed SD countermeasures mvolves
the cognitive cockpit safety net concept (18). This pro-
posed concept focuses on helping the pilot through the
coupling of adaptive automation and decision support
concepts with technologies that monitor palot behavior
and their physiological responses for detection of per-
formance degradation and mcapacitation. [deally, the
broad objective 1s to provide a system for task manage-
ment that retains the pilot’s executive control of critical
system functions while utilizing the computer for other
tasks during hugh workload or stressful situations. Al-
ternatively, the system can automatically assume con-
trol until the pilot is able to regain full control of the
system. One of the essential requirements of this con-
cept 1s the momitoring of physiological and/or behav-
ioral “markers” that are consistently displayed during
the period of disorientation. To our knowledge, inves-
tigations nto the possible physiological and behavioral
“markers” corresponding to the instances when the
subject experienced disorientation have not been car-
ried out. We have formulated a research program -
vestigating the above 1ssues. The first objective of this
study 1s to investigate whether there are consistent
behavioral and physiological responses at the onset and
throughout the duration of the disorientation period in
a simulator. Specifically, eye movements, pupil diame-
ter, and point of gaze behavior are addressed in this
paper. The second objective is to investigate the imme-
diate effect of disorientation on flight performance in
the sumulator and 1its possible correlation with the ob-
served responses. The third objective is to develop a
ground-based SD demonstration strategy that will fo-
cus on the effect of SD on task performance and to
provide immediate feedback to the trainee beyond the
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experience of subjective sensation of disorientation and
unpleasant symptoms of motion sickness.

METHODS
Subjects

There were 14 healthy subjects (3 women, 11 men)
between the ages of 20 and 48 who participated in this
study. Approval for thus study was obtained from the
DRDC-Toronto Human Ethics Commuittee. Subjects
gave informed consent and completed a medical his-
tory questionnaire. They had no known history of oph-
thalmologic, oculomotor, or vestibular disorders. All
subjects were instructed to strictly abstain from over-
the-counter cold and flu medication and abstain from
alcohol for at least 36 h prior to each experimental
session. All subjects had no previous flight simulator
experience. These subjects were trained (for up to 3 h) to
be proficient in mamtaining straight-and-level (S&L)
flight and in the procedures for changing attitude. The
minimum proficiency required included the abulity to
control the aircraft while reaching a given target atti~
tude within a given time and mamtaining this attitude
(flying S&L) for a period of 3 mun within acceptable
deviations of = 100 ft in altitude and * 5° n heading. In
addition, the subjects were trained to perform a stan-
dardized procedure of visual crosscheck on the instru-
ment displays. They were trained to actively monitor
attitude direction indicator, altitude, heading, airspeed,
and engine torque in a systematic manner. This training
was to ensure that all subjects could demonstrate a
basic level of eye-hand coordination proficiency m fly-
ing the simulator and to famiharize them with the
expermmental procedures. Only subjects who could at-
tain the proficiency stated above as indicated by a sim-
ulated flight test were allowed to participate m the
study.

Motion Stimulus

An Integrated Physiological Trainer (GYRO-IPT,
ETC, Southampton, PA) provided all the necessary vi-
sual and motion flight simulation required in this
study. It has a three-axis (roll = 30°, pitch * 15°, and
yaw 360°) motion base and out-of-the-window visual
scene. A one-way visual and a two-way audio commu-
nication system allow the subject to interact with the
investigator, and allow the investigator to continuously
monitor the subject. The simulator is equipped with a
data acquisition system so that flight data in real-time
from the subject’s flight profile status are readily re-
corded for analysis. The closed loop control capability
creates an interactive environment so that the subject
can maintain control of the simulator while bemg ex-
posed to a number of somatogyral and some visual
illusions. For ease of experimental design in inducing
the desirable disorientation scenario, the GYRO-IPT
motion base can also be programmed to change its
position independent of the subject’s control (stick) in-
puts.

Eye Tracking/Point of Gaze Momnitoring

An eye tracking monitoring system (Vision 2000, El-
Mar In¢, Toronto, Canada) mounted onto the GYRO-
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IPT was used to monitor the subjects’ point of gaze
behavior and eye movements in real-time. Monocular
horizontal and vertical eye position estimates are de-
rived from the relative positions of two corneal and
pupil center reflections generated by illumination with
mfrared light emitting diodes (LEDs) mounted on the
eye-tracker. The recording unit uses adaptive real-time
image processing to obtain accurate measurements of
eye position. A video image of the subject’s forward
view from the visual scene camera 1s recorded simulta-
neously. The visual scene camera attached to the head-
mounted frame can be adjusted so that four given ref-
erence targets are balanced within the field of view
during calibration and analysis. The merged eye posi-
tion and visual scene image output provides the oper-
ator with an image of the subject’s point of gaze. The
resolution of the video eye tracking system is less than
0.1° with a range of * 40° and * 30° in the hornizontal
and vertical directions, respectively. Typical noise in
eye velocity records during pursut tasks was greater
than that of the search coil and was approximately
4-5° - s7'. During active head movement, the standard
deviation of the point of gaze estimate was typically
less than 1.63 mm (0.42° at 222 cm) and an average
deviation of 1 cm (0.69° at 82 cm). There 15 excellent
agreement between the video eye tracking system esti-
mates and data collected using the search coil method
(the so-called “gold-standard” in eve tracking tech-
nology). Further technical details regarding accuracy
and resolution can be found in Allison et al. (1).

Design and Procedure

At the beginming of each trial, subjects were given
5-10 min of “free-flight” to become re-acquainted with
the simulator and the pressure on the control stick.
Subjects with eyes opened were exposed to 120° - s '
yaw rotation during simulated flight at a prescribed
attitude. The out-of-the window visual scene was set at
nighttime. Some stars and city lights were visible but
the visual horizon was ambiguous. After the mutial
sensation of rotation subsided (60 s from the imtial
acceleration) with their head maintaimning erect, subjects
were instructed to change thewr flight path to a new
altitude and heading. At the prescribed power setting,
rates of climb and bank, the transition took approx-
mately 30 s to reach the new attitude. This 30 s transi-
tion m the profile served as the control condition (Fig.
1). After maintaining S&L flight for another 120 s at the
new attitude, they were instructed to voluntarily make
a head roll (either right or left) to 35 * 2° from vertical
(head erect position) withun 0.5 s, and to maintain the
head tilt for 20 s. The subjects were randomly assigned
so that half of them rolled their head to the right and the
other half rolled their head to the left only. During this
period, they were asked to stare straight ahead and the
operator at the console mamtamed S&L flight. On the
return to upright head position, subjects were in-
structed to initiate either an ascent or descent to another
prescribed altitude and heading, which took another
30 s. Thus portion of the profile served as the experi-
mental conditions (Fig. 1).

The combined action of head roll and simultaneous
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Expenment
{tlusion of cimb or dive}
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A of athitude
Control
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A of attitude return HM
nigal HM
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Time —

Fig. 1. The timeline of the experimental design and the timeline for
objective data analysis (S&L = straight and level, A of attitude = change
of attitude, Return HM = Return head movement).

constant velocity rotation mnduces the classic Coriolis
vestibular cross-coupling effect. To control the possible
bias of the direction of rotation and direction of head
movements, we used different directions of yaw motion
and head roll to achieve the patch up (ascent) and pitch
down (descent) sensation (Fig. 2). For each trial, there
were two different tasks with the subject either ascend-
ing or descending 2000 ft to a new altitude accompa-
nied by a 60° change in heading (which requires bank-
ing either to the right or left). Therefore, each of the
subjects was exposed to 8 test trials (4 disorientation
profiles X 2 assigned tasks). The order of these trials
was randomized across the subjects and each of the
trials was separated by at least 1 wk. During each tnial
subjects were asked to concentrate on the flying task
and follow the instruction of the pre-recorded an-
nouncement on when to change athtude and initiate
head roll. At the end of the trial, subjects were invited to
describe in writing their sensation of motion and any
perceived difficulty in their performance.

Data Analysis

MANOVA with a = 0.05 was employed with three
repeating factors: conditions (control vs. experimental),
tlight tasks (ascent or descent), directions of yaw rota-
tion (right vs. left), and time mterval (three consecutive
5-s intervals). As identical Coriolis sensation was elic-
ited between different directions of head roll (4), these
data were combined for the final analysis. All post hoc
analyses were completed using Tukey’s H5D (Statistica
by Statsoft, Tulsa, OK). An automated fixation analysis
program (FAST, El-Mar Inc) was used to quantify in-
formation regarding the subject’s point of gaze. In this
study the objects of interest included five basic flight
instruments: air speed indicator (ASI), attitude indica-
tor (ADI), directional gyroscope (DG, heading), altime-
ter (ALT), and engine torque as indicated by pounds
per square mch (PSI). During data analysis the video
images of the reference points were continuously
tracked and the position of the objects of interest was
continuously redefined for each video frame. Using eye
position information and the calculated coordinates of
the objects of interest, the program provided the dura-
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tion of the time spent (or fixation duration) and fre-
quency of fixation on each object of interest, over a
pre-set time interval. In addition, it also provided the
total number of saccadic eye movements, pupil diame-
ter, number of eye blinks, horizontal and vertical eye
positions within the head. Finally, the latency to fixate
on an object of interest immediately after the return to
upright head position was also derived from the eye
tracking data. Due to technucal complications inherent
with the eye tracker design, such as shippage of the head
assembly (less than 1%), msecure electrical connections
for signal transmission (eight trials from one subject),
and artifacts caused by excessive blinking (two trials
from two separate subjects), the final eye tracking and
flight performance analyses were based on 12 and 13
subjects, respectively. One subject did not complete the
sertes and these data were not included in the analysis.
The duration of the subjective Coriolis vestibular
cross-coupling reaction can be predicted on the basis of
the effective Cortolis cross-coupling on the semicircular
canals (9). Using the second differential equation that
describes the canal dynamics and the long time con-
stants for the respective semicircular canals, the dura-
tion of the sensation of pitchung following the mutial
head roll and following the return head movement can
be estimated to be within 10 and 20 s, respectively. In a
separate study, we measured the duration of the pitch
illusion by subjective indication. Illusion of pitch after
the return to upright head position lasted about twice as
long as the imitial head roll, with a range of 15-18 s and
7-9 s, respectively As a result, three consecutive 5-s
intervals (0-5 s, 6-10 s, and 11-15 s) were chosen for
analysis starting immediately after the subject com-
pleted the return head movement. Flight performance
data acquired through the on-board data acquisition
system were subjected to identical statistical analysis
described above. Deviations from the target flight pa-
rameters, the RMSE (root mean square error) of air-
speed, and the latency to the controlled input of power
setting were compared across all test conditions.

RESULTS

A four-way (condition, flight task, yaw direction, and
time interval) MANOVA was applied to saccadic re-

Yaw L
Head roll R dive
Return HM climb
Figure 2b

Yaw R
Head roll R ciimb
Return HM dive
Figure 2a

Yaw L
Head roll L climb
Return HM dive
Figure 2d

Yaw R
Head roll L dive
Return HM ciimb
Figure 2¢

Fig. 2. Different combinations of yaw rotation direction and head roll
direction used to achieve the Coriolis vestibular cross coupling induced
ilusions of climb or dive (R = nght; L = left; HM = head movement).
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TABLE 1. MULTIVARIATE RESULTS FOR THE CONDITION X
TIME INTERVAL INTERACTION

MANOVA performed Wilks’
on Lamda Rao R (df1,2) p-Value
Saccades, pupil
diameter & time
away from
designated display
mstruments 0.172646 4.79218 6,6 0039054
Fixation duration on
designated display
mstruments 0.136534 885385 57 *0 006169
0002664 74.86401 10,2 0013251
Frequency of fixations
on designated
display
mstruments 0.009179 21.58807 10,2 0 045062
Fhght performance
(rms) (IAS, PSI)
Condition 0.352809 1008919 2,11 0003247
Interval 0.22360 1311675 10,3 0028590
Interaction 0036624 780246 10,3 0 058797

* Main effect for Condition.

sponse, pupil diameter, time spent away from the des-
ignated mstrument displays, and flight performance
(indicated airspeed and PSI). Simularly, a four-way
MANOVA with five dependent variables was applied
to the frequency of fixation and time spent on objects of
mnterests such as PSI, ASI, ADI, ALT, and DG. Multi-
variate followed by univanate results showing statisti-
cal significance are summarized in Table I and IT and
are described as follows.

Saccadic Responses and Pupil Diameter

Sigruficant interaction between conditions and inter-
vals is illustrated in Fig. 3; the mean total number of
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Fig. 3. The analysis of the mean total number of saccades across the
three designated time intervals during transition to the prescribed atti-
tude *Significant difference between the experimental and control con-
ditions The mean total number of saccades was significantly greater,
p < 00002 in the experimental conditions during the tirst 5 5 after the
return head movement.

saccades was greater in the experimental vs. control
conditions during the first mterval (p = 0.0002). On
examination of the horizontal and vertical eye position
during the same time interval, it was apparent that the
saccadic eye movements during the first 5 s on the
return head movement were affected by the quick
phase of the involuntary nystagmus that was induced,
as opposed to voluntary change of gaze. Within the
control condition there was no significant difference in
the mean total number of saccades across the time
intervals. However, within the experimental conditions
the mean total number of saccades decreased signifi-
cantly in the second (p = 0.005) and the third (p <
0.001) ntervals. In general, pupil diameter is larger

TABLE II UNIVARIATE RESULTS FOR THE CONDITION x TIME INTERVAL INTERACTION

Dependent Varnable Mean Sqr Effect Mean Sqr. Error (df 1, 2) F p-Level
Saccades, pupil diameter, and time away from designated display instruments
Total number of saccades 303 0423 18 83646 2,22 16 08807 0 000050
Pupil diameter 01935 028592 2,22 0.67678 0518522
Time spent on
designated display instrument 6.3626 0.55260 2,22 1151393 0000379
PSI Gaze latency 85.11012 6.807417 1,11 12 50256 *0 00466
PSI Response delay 252.3773 11.21579 1,12 22 50196 *0 00047
Time spent on designated display instrument
PsI 14 35817 1117179 2,22 12 85217 0.000201
IAS 062154 0 149665 2,22 4 15289 0.029503
ADI 122351 1591394 2,22 7 68848 0 002938
ALT 297516 0.248657 2,22 11 96492 0.000305
DG 0.23202 0.172625 2,22 134409 0.281354
Frequency of fixations on designated display instrument
PSI 4 837067 0 305562 2,22 15 83009 0.000555
1AS 0926312 0.134973 2,22 6 86293 0004829
ADI 1079601 0.453745 2,22 2.37812 0.116138
ALT 4.048404 0.326099 2,22 12.41463 0 000246
DG 0.173873 0 305562 2,22 057302 0572015
Flight performance (RMS)
1AS 30 4591 12 04780 5, 60 2.52819 003837
PSI 1498 940 16 91788 5,60 88.60097 **0 00000
5.59295 13 88447 5, 60 0402821 0 844985

* Mamn effect for Condition.
** Mamn effect for Interval.
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Fig. 4. The mean total time spent away from the designated mstru-
ment displays, which was higher during the experimental conditions
and was statistically significant at the first (p < 0 0002) and the second
(p < 0001) interval.

during the experimental conditions than the control,
(p = 0.03). Within each condition, the pupil diameter
decreased across the 15-s transition period to new atti-
tude.

Time Spent Away from Designated Instrument Displays

Fig. 4 illustrates that the time spent away from des-
ignated instrument displays was significantly greater in
the experimental vs. the control condition 1n the first
(p = 0.0002) and second (p = 0.001) intervals. Withun
the control, there was virtually no difference across the
three intervals; whereas in the experimental conditions,
the time spent away from designated targets was
greater in the first time interval compared with the
second (p = 0.017), and the second compared with the
third (p = 0.026), and also sigruficantly greater in the
first when compared with third interval (p = 0.0002).

Engine Torque (PSI)

The mean latency to direct gaze in the control and
experimental conditions were 0.34 = 0.11 s and 2.22 =
0.4 s, respectively (Fig. 5). It suggests that subjects had
a significant delay in directing their gaze toward the

N W »
] 1 —

Latency to Direct Gaze on PSI (s)

0 I ]

Control

Experimental

Fig. 5. The significant (p < 0.005) delay in directing gaze toward the
torque indicator 1n the experimental conditions.
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Fig. 6. The significant delay in directing gaze toward the torque
indicator as reflected by the significant (p < 0 004) delay in adjusting the
throttle to the appropnate position for the prescribed pronile on the
return head movement.

engine torque in response to Coriolis cross-coupling
stimulation. This latency in directing gaze on the torque
mdicator was consistent with the physical delay ob-
served in changing the power setting (Fig. 6). It took
sigruficantly longer for the subjects to react in the ex-
permmental vs. the control condition (p < 0.004). Fig. 7a

g
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0.0 [ l I |
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‘u: I Experimental
o4 4
- 1.0
Q
=
w *
g_ «
g o5 i
A
w
c
]
= [ 1]
0.0 0-5 5-10 10-15

Time Interval (s)

Fig. 7a and 7b. The mean total time spent (a) and mean frequency of
fixation (b) on the torque indicator respectively (PSI = pounds per
square inch, unit measurement of the engine torque) *Significant dif-
ference between the experimental and control conditions.
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illustrates the significant differences between the total
time spent on the PSI in the control and the experimen-
tal conditions at both the 0-5 s (control > experimental,
p = 0.018) and 6-10 s (experumental > control, p = 0.04)
intervals. Within the control condition, time spent on
PSI was significantly greater in the first interval than in
the second (p < 0.0002) and third (p = 0.0002) intervals.
In the first interval, subjects spent significantly less time
(p = 0.018) on the torque indicator during the expen-
mental conditions which is consistent with the finding
(Fig. 5) that there was a significant delay in directing
gaze at the torque indicator. During the second mnterval,
the findings appeared to be the reverse of the first
interval. Subjects spent more time on the torque indi-
cator, perhaps in an attempt to correct for the error
made during the imihal delay in directing gaze toward
the torque indicator. There was no difference over the
three intervals in the experimental conditions. Fig. 7b
illustrates that significant differences were found be-
tween the frequency of fixation on the PSI in the control
and the experimental conditions at the first (control >
expermmental, p = 0.011) and thurd (experimental >
control, p = 0.029) time intervals. Withun the control
condition, the mean frequency of fixation was signifi-
cantly greater in the first interval than in the second
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Fig. 8a and 8b. Mean total time spent (a) and mean frequency of
fixation (b) on the airspeed indicator between the control and exper:-
mental conditions (IAS = indicated awspeed) *Significant difference
between the expenmental and control conditions
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Fig. 9. Comparison of the flight performance during transition to
prescribed attitude between the control and experimental conditions
There were no significant differences between the control and exper:-
mental conditions 30 s after the prescribed attitude was attained (not
tlustrated in this diagram)

(p = 0.0001) or third (p = 0.0001) intervals. The mean
frequency of fixation on the torque indicator shows
sumilar pattern to that in Fig 7a. There was no signifi-
cant difference across all three intervals in the expen-
mental conditions.

Time Spent on I[ndicated Airspeed (IAS)

In general, after an mutial delay, the total time spent
on the [AS was greater in the control (0.207 = 0.043)
than the experimental (0.061 = 0.015) condition (Fig.
8a). Time spent on IAS was greater during the second
(p = 0.025) and thurd (p = 0.14) intervals in the control
vs. the experimental conditions. As illustrated in Fig.
8b, the frequency of fixation on the IAS was greater in
the control vs. experimental conditions during the third
(p = 0.007) intervals compared with the first. In addi-
tion, within the control condition, the frequency was
significantly greater in the thuird than the first interval
(p = 0.002), there was no difference within the experi-
mental conditions.

Performance i Mantaiming Airspeed

Fig. 9 illustrates that subjects were able to mamntamn
airspeed sigmificantly better during the control than the
experimental conditions. Specifically, the performance
in maintaming airspeed was sigruficantly better (p =
0.01) during the second to the fifth interval. The ability
to maintain airspeed between the two conditions was
comparable toward the end of the transition period to
new attitude. There were no significant differences be-
tween the two conditions during the last 5-s mterval of
the transition phase to prescribed attitude.

Attitude Direction Indicator (ADI)

Fig. 10a illustrates that fixation on the ADI was sig-
nificantly higher in the confrol than the experimental
conditions with p < 0.001 and p < 0.0003 in the first and
second interval respectively. Across the time intervals
there was no difference in fixation duration during the
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EYE TRACKING & DISORIENTATION—CHEUNG & HOFER

I 4

B 1 Control

g HE Experimental

c

o 34

T T
2

a T

Q 5]

£? .

[

s .

e 1

c

@

O

=

0
0-5 5-10 10-15
Time Interval (s)

5 4+
<

c

o

s ¥ =3 Control
E R Experimental
&

k] 21

Fry T
c

[

=

e 1

T

w

c

©

s 0

= 0-5 5-10 10-15

Time Interval (s)

Fig. 10a and 10b. Mean total time spent (a) and mean frequency of
fixation (b) on the Attitude Direction Indicator {(ADI) between the control
and experimental conditions.*Significant difference between the exper-
imental and control conditions

control; but an increase from the first to the last interval
(p = 0.0003) mn the experimental conditions was ob-
served. There was no significant difference in the mean
frequency of fixation between the control and experi-
mental conditions (Fig. 10b).

Altitude (ALT) and Heading (DG)

During the first interval, mean total time spent on
ALT was significantly less in the control vs. experimen-
tal conditions (p = 0.003); in the second interval there
was no difference, and during the third interval, though
not significant, fixation duration on ALT was greater in
the control than experimental (p = 0.253) condition
(Fig. 11a). In addition, within the control condition,
time spent on the ALT in the first mterval was signifi-
cantly less compared with the third interval (p = 0.009);
whereas within the expernnmental conditions, ime spent
on the ALT was almost the reverse, subjects spent
longer on the ALT during the first than the second (p =
0.03) and third (p = 0.08) interval.

In the first interval (Fig. 11b), the frequency of fixa-
tion was significantly less in the control vs. the experi-
mental conditions (p = 0.002). In the second interval
there was no difference; and mm the third interval,
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though not significant, frequency of fixation was greater
in the control vs. the experimental conditions (p = 0.12).
Within the control conditions the frequency of fixation
on the ALT m the first interval was significantly less
than during the third interval (p = 0.001); whereas in
the experimental conditions, frequency of fixation on
the ALT in the first interval was greater than during the
second and third interval, but they did not reach sig-
nificance. The sigruficant mmcrease in mean total time
spent and frequency of fixation on the ALT in the
experimental condition during the first 5 s mterval
might have been contributed by the sudden apparent
illusion of pitch on the return head movement.

The results of the DG analysis for fixation duration
revealed no sigmficant interaction at the @ = 0.05 level.
However, it is noteworthy to report the trends for both
condition (F (1,11) = 7.96, p = 0.016). In general, the
fixation duration on the DG was less during control vs.
expermmental conditions throughout the three time in-
tervals, although not statistically significant. Similarly,
analyss for frequency of fixation on the DG revealed no
significant effects.

Subjective Sensation of Disorientation

On the return to uprnight head posttion, subjects ex-
perienced disorientation and difficulty in focusing on

-
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Fig. 11a and 11b. Mean total tume spent (a) and mean frequency of
fixation (b) on the altitude indicator (ALT) hetween the control and
expenimental conditions. *Significant difference between the experi-
mental and control conditions.
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the instrument display. Some subjects reported dizzi-
ness and slight but brief nausea; however, there were
no lasting symptoms of motion sickness. All of the
subjects described the disorientation sensation as “tum-
bling backward or forward” or that the cockpit and
himself/herself were “rising up, similar to a climbing
maneuver in an aircraft” or “falling down, similar to a
diving maneuver in an aircraft.” The direction of the
false sensation of pitch also depended on the direction
of yaw rotation and direction of head roll as predicted
in Fig. 2. During yaw rotation to the right, head roll to
the right produced sensations of apparent backward
displacement (sensation of climb) accompanied by lat-
eral displacement to the right. The return to upright
head position resulted in sensations of apparent for-
ward displacement (sensation of dive) with a lateral
displacement to the rnight (Fig. 2a). The subjects re-
ported simuilar sensations during yaw rotation to the
left, with initial head roll to the left (Fig. 2d). During
yaw rotation to the left, initial head roll to the right
elicited a sensation of dive and the return to upright
head position elicited a sensation of climb with a lateral
displacement to the left (Fig. 2b). The subjects reported
sumilar sensations during yaw rotation to the right and
mitial head roll to the left (Fig. 2c). However, not all of
the subjects reported the apparent lateral displacement
in each of the above stimulus conditions. Some subjects
consistently rated the apparent pitch down sensations
as stronger and more disturbing than the apparent sen-
sation of pitch up, regardless of whether 1t was nduced
by the initial head roll or return to upright head posi-
tion.

DISCUSSION

In this study we employed classic Coriolis vestibular
cross-coupling stimulation to generate a disorientation
scenario (an unexpected perceived change in body/
aircraft orientation) during simulated flight. Although
there have been numerous studies on Coriolis vestibu-
lar reachon, most studies have been concerned with
motion sickness symptoms, subjective sensations, atti-
tude perception (4,17), and vestibular nystagmus
(7,9,15) with limited attention to performance during
the period of disorientatron (13). 1t 1s often inferred that
Corolis acceleration can adversely affect pilot’s effi-
ciency (12); however, direct evidence of how the com-
bination of these adverse effects may degrade flight
performance is unavailable.

Our analysis suggests that the false sensation of pitch
as induced by Coriohs cross-coupling significantly af-
fected visual scanning behavior and flight performance
independent of the direction of yaw and direction of
head roll or whether their assigned task was to ascend
or descend. The increase in the number of saccades on
the return to upright head positions was affected by the
quick phase of the involuntary vestibular nystagmus
both 1n the vertical and horizontal plane. The magni-
tude and direction of the Coriolis-induced nystagmus
were predictable from analysis of the kinematics of the
vestibular end-organs. This has been reviewed exten-
sively by Guedry (8). The peak slow phase eye velocity
among our subjects was =< 3° - s”!. Although visual
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acuity was not measured, the majority of the subjects
reported that they had trouble reading the instruments,
or that the images of the instrument display were mov-
ing rapidly. However, the duration of this visual dis-
turbance was brief and was confirmed by the disap-
pearance of the nystagmic (saw-tooth) pattern within
the first 5-s interval on the return to upright head
position. The much shorter duration of the vestibular
nystagmus observed was probably attributed to the
visual suppression mechanism as the subjects were in-
structed to fixate on certain instruments while disori-
ented in the lighted cockpit.

Task-evoked pupillary response (changes in pupil
diameter) has been shown to be a reliable index of
cognitive processing. It was reported that pupil dilation
is correlated more strongly with demanding task (2),
whether judged behaviorally, subjectively, or by an
analysis of task requirements. In contrast, the results
obtained by Dunham (5) suggest that changes in pupil
diameter reflect the actual amount of processmg accom-
plished rather than the processing load imposed. Our
results indicated that subjects” pupil diameter increased
substantially (significant at the 0.05 level) during dis-
orientation when compared with the control condition.
Whether this increase in pupil diameter is due to cog-
nitive demands, anxiety or arousal, requires further
investigation during which pupillary responses as well
as heart rate and skin conductance activity can be mea-
sured simultaneously.

The initial visual disturbance described above may
have contributed in part to the significant delay mn
directing gaze and the delay in appropriately adjusting
the throttle for the climb or dive maneuver. The delay 1s
also reflected by the sigmficantly less fixation duration
and less frequent visits to the torque indicator during
the first 5 s. In changing altitude, the power setting as
reflected by the engine torque measured mn PSI, 1s the
first control parameter that requires adjustment. During
training, the subjects were instructed to adjust the throt-
tle prior to setting the pitch and bank angle for the
respective maneuvering task. Therefore, the torque in-
dicator should be the first mnstrument to be fixated on.
Our results suggest that during the period of disorien-
tation flight performance in preparation for the in-
tended maneuvers decreased.

In general, our data suggest that subjects paid less
attention to the ASI and the ADI while disoriented.
Indicated airspeed 1s a reflection of control inputs to
other flight parameters, such as power setting, rate of
climb or dive, and the rate of banking. Therefore, we
chose the airspeed RMSE from 210 kt, as a measure-
ment of flight performance between the control and
experimental conditions. Our results demonstrate that
subjects’ ability in maintaining airspeed was signifi-
cantly decreased within the period of subjective sensa-
tion of disorientation as estimated by the subjects {(ap-
proxmmately 20-25 s after the return head movement). It
1s interesting that during the first 5-s interval, no sig-
mificant difference was observed between the two con-
ditions, which could be due to the inherent delay within
the simulator. The ADI, being a key instrument provid-
ing information about the degree of pitch and roll, s
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essential for carrying out proper changes in attitude.
The overall results suggest that subjects spent the most
time on the ADI and had the most frequent fixations on
the ADL In particular during the control condition,
subjects were able to maintain about equal length of
time on the ADI across the time mntervals whereas the
subjects spent significantly less time during the first two
intervals while disoriented.

Analysis of the ALT data demonstrates that there is
an inverse pattern between the control and the exper:-
mental conditions for both duration and frequency of
fixatton on the ALT. The duration and frequency of
fixatton on the ALT were significantly hugher on the
return head movement. In the control condition there
was a gradual increase in hime spent on the ALT. Sim-
larly subjects also spent sigruficantly more time on the
DG (heading) in the experimental conditions, although
the frequency of fixation on the DG did not reach sig-
nificance at the 0.01 level. These observations could be
attributed to the fact that the subjects were adversely
affected by the strong apparent sensation of pitch and
lateral displacement and, as a result, paid more atten-
tion to the ALT and DG indicators during this period.

At a constant rate of yaw rotation, the relative inten-
sity of disorientation induced by one head movement as
opposed to another depended on the direction of head
movement. In this study, the subjective sensations re-
ported during disorientation were virtually consistent
with previous studies on the quantitative evaluation of
the Coriolis vestibular cross-coupling reaction. With
eyes open, our subjects experienced a visually remn-
forced sensation of displacement in that the out-of-the
window visual scene appeared to simply move with the
mstrument displays and the window frame of the cock-
pit, eliciting a strong apparent sensation of pitch and a
less distinct lateral displacement. Comments from the
subjects include: “when I bring my head back it seems
everything is out of focus, blurry vision and 1t seemed
to last for 30 s;” “the plane was gomg down, the instru-
ment reading told me otherwise, banked the wrong
way;” and “maneuvers seemed harder after the head
movement.”

The much stronger sensation of disorientation expe-
rienced by the majority of our subjects on the perceived
pitch down 1llusion 1s consistent with previous findings
(3,8). The reason(s) behind this response asymmetry
have not been satisfactorily explained. It has been at-
tributed to the fact that the relative stimulation of the
several canals is different for the initial head tilt and
return head movements producing vestibular reactions
in different planes while the otoliths (gravity sensors)
respond more or less the same regardless of the yaw
rotation (8). Further mvestigation dealing exclusively
with the subjective aspects of the reaction and 1ts asym-
metry is warranted.

Previous studies have suggested that there is a gen-
eral deterioration of cogrutive performance as reflected
by a sigruficant increase in reaction time in typing a
three-digit number on announcement at the end of
vestibular cross-coupling stimulation (10) and attention
as measured by digital symbol substitution and letter
cancellation tests (15). Despite the performance decre-
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ment as demonstrated by the increased error m main-
taining airspeed, all of the subjects were able to even-
tually reach and maintain the prescribed attitude within
the allotted time. Comparison between the control and
experimental conditions for the 30-s period after the
subjects had reached the new attitude did not reveal
significant differences in any of the parameters that
were measured.

The Coriolis illusion is one of the most frequently
demonstrated SD illusions, as it is easy to reproduce.
These demonstrations prove to aircrew that under cer-
tamn circumstances our sensory organs are inadequate.
Unfortunately, most trainees recall only the unpleasant
sensation of nausea and other motion sickness symp-
toms. It has also been suggested that the sustained turn
rate of aircraft is not often of sufficent magnitude to
generate a strong cross-coupled stimulus to the semi-
circular canals during head movements, and that some
disorientation incidents previously attributed to the Co-
riolis effect were probably engendered by the G-excess
effect. Nevertheless, accelerative forces in flight are
complex, and some combinations may yield strong dis-
orienting effects with head movements. We acknowl-
edge that our study employed a ground-based arhficial
situation and that our subjects were not piots. Mea-
surements of oculometric variables have been done un-
der highly constramed conditions. There 1s at least
suggestive evidence that when these constramnts are
removed, the system 1s found to operate somewhat
differently. Therefore, observational skills are required
to augment conclusions drawn from laboratory-based
studies.

The procedure described in this paper may serve as
an effective means of disorientation demonstration
when combined with eye tracking and the monitoring
of fight performance. This could be beneficial to under-
graduate pilot training or refresher traiming where the
candidates can observe the direct effect of disorienta-
tion on their ability to control sumulated flight. Further-
more, this type of training may reduce their tendency to
underestimate disorientation, and to provide them with
a more realistic understanding of the effects of disori-
entation in a safe environment. In conclusion, our re-
sults extend the behavioral and physiological response
to operational relevance. It appears that the observed
eye tracking behavior 1s affected by the induced illusion
and 1s reflected by performance decrement in maintain-
ing airspeed. Our findings provide impetus to continue
further research using eye tracking in other disorienting
scenarios and for in-flight studies. Our second study
will focus on the correlation between eye-tracking,
other physiological responses such as electrodermal 1m-
pedance, heart rate variability, and performance during
disorientation m an attempt to inveshgate further on
the feasibility of cognitive cockpit as a potential disori-
entation countermeasure.
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