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SHORT COMMUNICATION

Cognitive Workload and Psychophysiological
Parameters During Multitask Activity

in Helicopter Pilots

Sophie Gaetan; Erick Dousset; Tanguy Marqueste; Lionel Bringoux; Christophe Bourdin; Jean-Louis Vercher;

Patricia Besson

BACKGROUND:

Helicopter pilots are involved in a complex multitask activity, implying overuse of cognitive resources, which may result
in piloting task impairment or in decision-making failure. Studies usually investigate this phenomenon in well-controlled,
poorly ecological situations by focusing on the correlation between physiological values and either cognitive workload

or emotional state. This study aimed at jointly exploring workload induced by a realistic simulated helicopter flight
mission and emotional state, as well as physiological markers.

METHOD:

The experiment took place in the helicopter full flight dynamic simulator. Six participants had to fly on two missions.

Workload level, skin conductance, RMS-EMG, and emotional state were assessed.

RESULTS:

Joint analysis of psychological and physiological parameters associated with workload estimation revealed particular

dynamics in each of three profiles. 1) Expert pilots showed a slight increase of measured physiological parameters
associated with the increase in difficulty level. Workload estimates never reached the highest level and the emotional
state for this profile only referred to positive emotions with low emotional intensity. 2) Non-Expert pilots showed
increasing physiological values as the perceived workload increased. However, their emotional state referred to either
positive or negative emotions, with a greater variability in emotional intensity. 3) Intermediate pilots were similar to
Expert pilots regarding emotional states and similar to Non-Expert pilots regarding physiological patterns.

DISCUSSION:

Overall, high interindividual variability of these results highlight the complex link between physiological and psycho-

logical parameters with workload, and question whether physiology alone could predict a pilot’s inability to make the

right decision at the right time.
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iloting a helicopter is a complex multitask activity involv-

ing highly demanding decisional processes which need

to occur in a minimal amount of time. Thus, many sub-
tasks compete for limited processing capacity.'* Piloting is part
of extreme iterative practices, meaning that conditions may
generate intense emotions and require substantial adaptation to
the situation, potentially perceived by the participant as beyond
his/her means."* This adaptive process is related to cognitive
workload, which corresponds to the cognitive resources mobi-
lized for processing information, memorizing it, and making a
decision. However, a too high level of cognitive workload can
exceed resources and adaptive capacities, traditionally defined
as a cognitive overload,’ corresponding to a mismatch between
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cognitive resources mobilized and available and cognitive
resources required by the task. To reduce the risk of overload,
efficient aiding systems should be able to assess the psycho-
physiological state of pilots to help them to allocate cognitive
resources adapted to the current situation.!
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The potential use of physiological measurements to
determine cognitive workload and emotional state was poorly
explored in the specific context of helicopter piloting.” Ang
et al. stressed the difficulty of estimating psychological and cog-
nitive states based on physiological measurements, since varia-
tions in physiological signals are primarily related to changes in
pilots physical state.! Therefore, all these measurements appear
to be sensitive to huge variations in psychophysiological states
without being specific to particular psychophysiological states.
Thus, using a single physiological marker cannot be sufficient to
characterize cognitive workload and the emotional state of a
pilot.

Several authors suggested that a combination of several
physiological markers could be used as an efficient indicator of
cognitive workload and emotional state of the pilot,*!® and rec-
ommended mission flight analysis combined with physiologi-
cal measurement.” However, Philip et al.!? established that
those predictive models made in-lab are not transferable to
more ecologically realistic situations. The latter enhance indi-
vidual variability expression. Indeed, emotional state may affect
the adaptive capacity of the participants, and thus their
workload, and may also influence decision-making.” Similarly,
workload and emotions induce neurovegetative and neuroen-
docrine interactions, resulting in sudden changes in physiologi-
cal markers.'

Correlation between psychology, physiology, and workload
has been poorly explored so far in the helicopter pilot. To the
best of our knowledge, no specific indicator linking workload
to emotional state could be brought out. Thus, describing the
relationships between emotional, physiological, and psycho-
logical states and workload would represent a promising way to
improve aiding systems. Since we wanted to focus on a better
understanding of interindividual differences, we analyzed
physiological markers jointly with emotional states on a subject-
by-subject basis to extract useful information about cognitive
workload. Thus, the purpose of our study was to investigate the
way physiological and psychological markers may refer to indi-
vidual levels of workload using the paradigm of helicopter
piloting in a ultra-realistic dynamic simulator used to train
experienced pilots to a new model of helicopter.

METHODS

Subjects

Six trained pilots capable of handling flight with a 10-ton class
helicopter simulator were selected and informed about the
study, its design, and the advantages/disadvantages of partici-
pation. The study protocol was approved in advance by Aix-
Marseille Université Ethical Committee in accordance with the
declaration of Helsinki. Each subject provided written informed
consent before participating.

Procedure
The experiment took place in the helicopter full flight dynamic
simulator at the Helisim Corporation (Marignane, France). The
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participants had to fly on two offshore missions, taking off from
Marseille Provence airport and reaching in turn different off-
shore platforms. Each mission lasted up to 30 min separated by
15 min. Mission 1 (M1) was the reference mission; mission 2
(M2) involved facing extreme situations (cockpit and/or system
and/or engine failure, critically low fuel level, stormy weather...)
requiring high cognitive resources and adaptation capacities.
For each mission, scenarios were defined so as to induce differ-
ent degrees of difficulty and workload levels through the addi-
tion of different incidents.

During the simulations, participants were asked to verbally
rate their workload level every 1.5 min using a rating scale from
1 (very low) to 4 (very high). Then, for each participant and
for each mission, we calculated the time spent at each level of
workload. These segments were expressed as a percentage of
the total duration of the mission.

Before the experiment, participants remained quiet in a dark
room in order to record basal values of skin conductance (SC).
The latter was assessed using two electrodes positioned at the
extremities of the right index and auricular fingers. Root mean
square of the electromyogram (RMS-EMG) of the right com-
mon finger flexor (CFF) and both descendent trapezius muscles
(DT) were calibrated with respect to their minimal and maxi-
mal values. All the signals mentioned hereafter were acquired
according to SENIAM recommendations.'® Signal synchroni-
zation was done using Captiv Software (TEA, Paris, France).

Emotional states were evaluated using the Izard differential
emotions scale® divided into 3 dimensions: positive (score
range from 0 to 24); neutral (from 0 to 12); and negative (from
0 to 84). We evaluated emotional state before the flight (Time 1),
after M1 (Time 2), and at the end of M2 (Time 3).

RESULTS

We aimed to better understand interindividual responsiveness
of physiological markers with respect to psychological individ-
ual characteristics. Thus, we could not perform a classical statis-
tical analysis, but rather looked at specific patterns for each
participant in light of his personal profile. In line with this pur-
pose, we successively present workload, and physiological and
psychological results separately for each participant (Table I,
Fig. 1). We rather consider as strength and as proof of robust-
ness that results are as close as possible to those which could be
recorded in flight during real operations.

Participant 1 (P1) remained mostly at the lowest workload
level during 73% of M 1. He spent the rest of the mission at level
2. During M2, P1 showed the lowest workload level during 18%
of the mission. He remained mostly at a low workload level,
reaching level 3 during only 35% of the time. This participant
never reached the highest workload level. SC tended to exhibit
a slight decrease when perceived workload increased (Fig. 2).
RMS-EMG values increased with the perceived difficulty of the
task (Fig. 3). However, RMS-EMG changes remained at a low
level, particularly for both trapezes muscles. P1 only felt positive
emotions, with a moderate intensity, which tended to decrease.
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Table I. Emotional State (Negative, Neutral, and Positive Dimensions) According to the Three Measurement Times

(from Time 1 to Time 3) f or Each Participant (from P1 to P6).

He reached level 2 during 22.8%
of the mission and level 3 during

NEGATIVE NEUTRAL POSITIVE 33.7% of the time. P4 remained
TIME1 TIME2 TIME3 TIME1 TIME2 TIME3 TIME1 TIME2 TIME3  mostly at the highest workload
P1 0 0 0 0 0 0 15 13 12 level during 43.5% of the mis-
P2 0 0 0 0 0 0 10 8 5 sion. P4, as P3, exhibited multiple
P3 1 ! ! 2 2 ! 12 1 12 variations. Indeed, SC appeared

P4 0 1 1 0 1 4 22 22 21 :
to greatly oscillate. CFF RMS-

P5 8 5 11 5 7 7 18 18 15 :

P6 5 5 3 0 0 ' 7 7 17 EMG increased from level 1 to 3

As for P1, participant 2 (P2) remained mostly at the lowest
workload level during 54% of M1 and he spent the rest of the
mission at level 2. During M2, this participant also returned to
the lowest workload level during 19% of time. Like P1, he
remained mostly at a low workload level and he reached level 3
during 40% of time. The highest workload level was never
reached. SC values remained stable with workload level. Simi-
larly to P1, P2 RMS-EMG values increased with the perceived
difficulty of the task. However, absolute values of RMS-EMG
remained at a low level. P2 felt only positive emotions, like P1,
with a low intensity (from 5 to 10), which tended to decrease.

Participant 3 (P3) remained at the lowest workload level
during 38% of M1. He remained mostly at level 2. During M2,
P3 was not able to return to level 1. He remained at level 2 dur-
ing 13% of the mission and remained mostly at level 3 during
53% of the mission. He reached the highest workload level dur-
ing 34% of the mission. SC in P3 decreased with the increase in
perceived workload. CFF RMS-EMG had a tendency to increase
from levels 1 to 3 and decreased from levels 3 to 4. DT RMS-
EMG remained at very low level with a decrease from level 2 to
4. P3 felt positive emotions at a stable and moderate intensity.
He felt neutral and negative emotions at a stable and very low
intensity.

Participant 4 (P4) remained at the lowest workload level
during 20.9% of M1. Like P3, P4 remained mostly at level 2.
Then he reached level 3 during 8.6% of the time. During M2, P4
was, like P3, not able to return to the minimum workload level.

and then, as with P3, decreased
from levels 3 to 4. Right DT
RMS-EMG slightly decreased from level 1 to 4 while left DT
RMS-EMG remained at a very low level, indicating a possible
disengagement of this particular muscle. P4 felt positive emo-
tions at a stable but high intensity. He felt neutral emotions at a
low intensity, which tended to increase at Time 3. Like P3, he
felt negative emotions at a stable and very low intensity.
Participant 5 (P5) remained at the lowest workload level
during 28% of M1. Like P3 and P4, P5 remained mostly at a
level 2. Then, like P4, he reached level 3 during 19% of the time.
During M2, P5 returned to the lowest workload level during
15.8% of the mission. He remained mostly at level 2 during
45.6% of the time. He reached level 3 during a third of the time
and the highest workload level during 9% of the mission. Some-
times this participant did not respond to the verbal workload
level request. P5 exhibited a profile similar to P4. Indeed, SC
decreased from levels 1 to 3 and then increased from levels 3
to 4. CFF RMS-EMG increased from level 1 to 3 and then
decreased from levels 3 to 4. Right DT RMS-EMG decreased
from level 1 to 3 and then slightly increased from levels 3 to 4.
Left DT RMS EMG remained at a very low level, as for P4. P5
felt positive emotions with a high intensity, but these emotions
tended to decrease at Time 3. He felt neutral and negative emo-
tion at a variable and moderate intensity. The neutral dimen-
sion tended to increase at Time 2 and the negative dimension
tended to decrease at Time 2 and to increase at Time 3.
Participant 6 (P6) remained at the lowest workload level
during 35.5% of M1. Like P3, P4, and P5, P6 remained mostly

O Levell © Level2 @ Level3 @ Leveld

S1 82 S3

s4 ss s6

Fig. 1. Workload changes for each participant (from P1 to P6; labeled as S1 to S6 in the figure). Each graph indicates time spent (% total time) at each self-assessed
workload (from Level 1 to Level 4) for each mission; M1 and M2 are Mission 1 and Mission 2.

1054

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 86, No. 12 December 2015



O Levell [J Level2 [l Level3 I Leveld

Skin conductance, % basal values

160 T =
120 +
80 +
40 +

, [l

-40

S1 S2 S3 S4 S5 S6
Fig. 2. Skin conductance results. Related to level of workload, changes in skin
conductance are expressed as percentage of the baseline values.

at level 2. During M2, like P1, P2, and P5, P6 returned to the
lowest workload level during 13.5% of the mission and he
remained mostly at level 2. He reached level 3 during 28.5% of
time. He reached the highest workload level during 17% of the
mission. Sometimes, like P5, this participant did not respond to
the verbal workload level request. His SC increased from levels
1 to 3 and then decreased from levels 3 to 4. CFF RMS-EMG
increased from perceived workload levels 1 to 4. Right DT
RMS-EMG exhibited a profile similar to CFE Left DT RMS-
EMG remained at a very low level, but remained stable. Like P3
and P4, P6 felt positive emotions at a stable and high intensity,
and neutral and negative emotions at a stable and very low
intensity.

O Levell O Level2 M Level3 I Leveld

A Common Flexor Digitorum B
18 T 12 T
135 t 9 T
9 6
45 + 3 9
0 []
S1 S2 S3 S4 S5 S6 S1 S2
C Left Trapezius Descendens
12 T
9 =
6 -
3 <+
0
S1 S2 S3 S4 S5

Fig. 3. RMS-EMG results from A) the common flexor digitorum, B) the right trapezius descendens, and C) the left tra-
pezius descendens. Related to level of workload, changes in RMS-EMG are expressed as percentage of maximum vol-

untary force.
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DISCUSSION

Many systems have been designed in order to prevent cognitive
overload during real flights, either by helping the decision-
making process or by automatizing tasks. However, these pro-
cesses can be sources of risk by themselves, resulting in cognitive
overload or in a lack of vigilance, which could be considered an
emotional risk of misbehavior."® Secondly, these systems are
mainly generic despite the fact that interindividual differ-
ences may exist at the physiological and psychological levels.
For these reasons, this study aimed at individually exploring
the evolution of workload induced by the multitask activity
required in helicopter piloting in relation to emotional state and
physiological markers. In our experiment, combined analysis of
physiological and psychological markers related to workload
provided a more precise analysis of helicopter pilots’ adaptive
abilities during missions.

Low changes in physiological data combined with positive
emotions felt at low intensity and at a low level of perceived
workload suggest that P1 and P2 were able to adjust their
motor behavior to the level of difficulty, keeping self-control
and capacity to handle stress induced by the task, hence making
appropriate decisions. These psychological and physiological
considerations establish that these two participants remained
analytical and were not, or very little, emotionally affected dur-
ing the flight. Indeed, P1 exhibited a cold but precise analysis
of the situation whatever the difficulty and was never over-
whelmed or in a state of difficulty. He remained calm and
always selected the adapted solution to the different problems.
P2 exhibited a behavior similar to P1. In addition, he always
justified his decisions and his workload self-evaluations, dem-
onstrating his ability to take a
global view of situations.

Physiological and psycholog-
ical data suggest that P3 and P4
were overwhelmed by high levels
of difficulty and were unable to
continue the mission. It is not
surprising since flying a helicop-
ter requires great coordination
due to the simultaneous appli-
cation of forces to the cyclic,
collective, and pedal controls.’
Consequently, we can consider
that P3 and P4 felt more than
they analyzed, contrary to P1 and
P2. Indeed, during the first mis-
sion, P3 crashed the helicopter
several times before successfully
landing. During the second mis-
sion, distance between the heli-
copter and the platform pylon
55 was underestimated, resulting in
collision. He was unable to focus
on all details and did not detect a
low level of fuel. Despite apparent

S3 S4 S5 S6
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relaxation and happiness, P4 reported a high level of fatigue. He
did not succeed in analyzing multiple sources of information
during the task, resulting in an inability to detect failures such
as low level of fuel or engine failures. Another manifestation of
this inability was erratic flight.

It is noteworthy to indicate that physiological analyses con-
firmed P5 and P6 status as similar to P3 and P4 while psycho-
logical analysis suggested that P6 followed the profile of P1
and P2, contrary to P5. Interestingly, contrast of the psycho-
logical to physiological analyses suggested that P5 and P6 did
not have the adaptive capability to manage a situation and the
associated workload with information flow. Clearly, these
pilots were able to face and handle the flight until a given
threshold of workload was reached. Indeed, the higher the
cognitive effort, the lower the performance and the higher the
risk for the pilot. Moreover, when the cognitive cost required
by the task became too high and exceeded the participant’s
capacity, “cognitive presence” seemed to disappear and the
participant “let go”® In other words, the participant might
become overwhelmed by the task or the situation and no lon-
ger be able to control or organize his actions in order to adapt
and face the situation. This is confirmed by the observed
behavior of these two participants. P5 explained that he was
able to analyze security problems by compartmentalizing and
prioritizing the different information. However, as the diffi-
culty increased, he could no longer cope with the situation
and was overwhelmed. As a consequence, he showed difficul-
ties in performing and managing multiple tasks and informa-
tion that resulted in a crash. P6, despite a lack of knowledge
about this 10-ton class helicopter specificity, took oft and flew
successfully, showing his piloting abilities. He successfully
managed different information as far as low levels of difficulty.
With the increase of difficulty and failures, he became unable
to handle simultaneous visual and instrumental flight. At the
end of the second mission, he was overwhelmed and he did
not realize that he rotated several times around the landing
target. At the end of the experiment, he expressed total
exhaustion. Taken together, P5 and P6 had knowledge and
some expertise in piloting, so that they at first seemed able to
handle the mission. However, they were quickly overwhelmed
by the task difficulty.

Noticeably, our scenarios were specifically designed to
induce the highest levels of workload, including rare and dra-
matic events, probably leading to overwhelming situations.
Opverall, our results suggest that high variability of physiologi-
cal values is associated to more emotional than analytical
management of a situation. Consequently, a risk of overload
and of wrong decision making during a flight mission could
occur. Complementarily, when slight changes in physiological
values were concomitant to slight changes in emotional state,
these pilots remained analytical all through the flight. Even if
these results should be explored in a larger population to be
refined, they have the merit to question through physiological
measurements whether pilots are able or not to make the right
decision at the right time. Even if helicopter pilots have to
handle multitasking activity in a limited amount of time, the
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question still remains as to whether the impairment of pilots'
psychophysiological state reduces piloting performance or
not.” Indeed, according to Sarter et al.,'> a pilot could have
inappropriate reactions following blindly automated proce-
dures displayed on their multifunction screens because of a
lack of analysis of the situation and of a too high a level of faith
in the automated process. Further studies will be necessary to
assess the level of changes in physiological markers which
characterizes a nonoptimal emotional state for the pilot to
handle his/her workload.

In summary, individualized joint analysis of psychological
parameters and physiological parameters associated with work-
load estimates reveals particular dynamics, allowing us to
describe three profiles. 1) Expert pilots who demonstrated a
slight increase of measured physiological parameters associated
with the increase of difficulty level. Workload estimates, how-
ever, never reached the highest level and emotional state for this
profile only referred to positive emotions, with a low emotional
intensity. 2) Non-Expert pilots demonstrated increasing physi-
ological values as the perceived workload increased. However,
their emotional state referred to both positive and negative
emotions, with a greater variability in emotional intensity. 3)
Intermediate pilots were close to Expert pilots regarding
emotional states and close to Non-Expert pilots regarding
physiological patterns. Overall, these findings emphasize the
impossibility of establishing an accurate prediction of cognitive
workload without taking into account individual specificities
and crossed analyses of multiple psychophysiological data. In
line with these observations, it appears that the development of
a generic crew assistant for helicopter pilots, based on a few
physiological or psychological measures, remains rather a uto-
pia at this stage.
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