Dissociation Between Mental
Workload, Performance, and Task
Awareness in Pilots of High

Performance Aircraft
Mansikka, H. P., Virtanen, K. & Harris, D.

Author post-print (accepted) deposited by Coventry University’s Repository

Original citation & hyperlink:

Mansikka, HP, Virtanen, K & Harris, D 2019, 'Dissociation Between Mental
Workload, Performance, and Task Awareness in Pilots of High Performance Aircraft
IEEE Transactions on Human-Machine Systems, vol. 49, no. 1, pp. 1-9.
https://dx.doi.org/10.1109/THMS.2018.2874186

DOl 10.1109/THMS.2018.2874186
ISSN  2168-2305
ESSN  2168-2291 [1]

Publisher: Institute of Electrical and Electronics Engineers (IEEE)

© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must
be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.

Copyright © and Moral Rights are retained by the author(s) and/ or other copyright
owners. A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge. This item cannot be reproduced or quoted extensively
from without first obtaining permission in writing from the copyright holder(s). The
content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the copyright holders.

This document is the author’s post-print version, incorporating any revisions agreed during
the peer-review process. Some differences between the published version and this version
may remain and you are advised to consult the published version if you wish to cite from
it.


https://dx.doi.org/10.1109/THMS.2018.2874186

THMS-17-12-0438 1

The Dissociation Between Mental Workload, Performance and Task Awareness in

Pilots of High Performance Aircraft

H. Mansikka, K. Virtanen, and D. Harris

Abstract— The purpose of this study was to demonstrate how the inclusion of a tactical task goal
awareness measure complemented mental workload and performance measures in a simulated air
combat mission. It was hypothesized that the evaluation of the tactical task goal awareness could
provide additional information concerning the cognitive demands a pilot is exposed to during a
complex air combat task. A nevel test setting was developed to test this hypothesis in a virtual flight
training device. To highlight the impact of task complexity, high performance aircraft pilots’ heart
rate (HR), inter-beat-interval (IBl) and performance in two simple flying tasks were first compared.
Then, a similar comparison, complemented with the tactical task goal awareness measure, was
made with two complex flying tasks. It was found that when the pilot’s awareness of the tactical
goals was low, a combination of low performance and low mental workload occurred. It was
concluded that when the pilots’ performance is evaluated on a complex air combat task, the
awareness of the tactical goals, performance and mental workload should be studied together as
the pilot’s awareness can explain some of HR/IBI responses that could be otherwise misinterpreted.
More generally, mental workload, performance and task goal awareness should all be considered

when the operator’s performance in any complex human-machine system is assessed.

Index Terms— air combat, aerospace simulation, mental workload, system performance, task goal

awareness.
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I. INTRODUCTION

The association between mental workload (MWL) and performance has gained a great deal of interest
among human factors scholars when operator’s performance is assessed in a human-machine system
[1]-[9]. In this study, a high performance aircraft pilot is considered as the operator in an air combat,
which in turn forms a complex human-machine system. The basic motivation for the investigation of
this association in a flying context is related to the potentially catastrophic effects that an excessive
task load during a flight can have on the pilot performance, safety and mission effectiveness [10]-[13].
Variations in a pilot’s task load tax limited cognitive resources [14], [15]. That is, each time a pilot’s
mental resources are expended, it is done at a certain cost [16]. The level of effort and the proportion
of resources invested to meet both the objective and subjective performance criteria — mediated by
the task demands — constitutes MWL [11], [17], [18]. If performance is not limited by insufficient
information, a pilot’s performance will eventually degrade when the resource demands of the task
exceed the mental resources invested on a task [14], [19]-[22]. Once the pilot has no more excess
cognitive capacity left, any increase in task demand will gradually degrade the pilots’ performance —
regardless of their willingness to invest more effort on the task [1], [11], [13]. In addition, the capacity
and quality of cognitive resources are not the same in all people; while delivering similar levels of
performance, people can have different amounts of spare cognitive capacity remaining, i.e., one
cannot be defined by measuring the other.

A variety of methods to measure MWL have been developed. These include behavioral, subjective
and objective measures, each with their own strengths and weaknesses. For a review, see, e.g., [23].
While MWL cannot be measured directly, variations in arousal, effort and general activation level
create physiological changes which can be used as indexes of mental workload [24]-[28]. An increased
heart rate (HR) and decreased inter-beat-interval (IBl) are among the measures often used as indirect
indicators of an increased MWL [16], [29] and have been successfully utilized in a flying context on
many occasions [7], [30]-[41]. HR can be measured by detecting heart beats from the

electrocardiogram (ECG). Once HR has been determined, IBI can be analyzed by measuring the time
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intervals between the successive heart beats (typically the intervals between the peaks of the R wave).
In empirical studies of pilot MWL in a highly demanding applied setting, HR/IBI has been found to be
more sensitive to variations in task demand than some more sophisticated measures, such as the
square root of the mean squared differences between successive normal-to-normal (NN) heart beat
intervals, the number of successive NN interval pairs that differ by more than 50ms (or that number
divided by the total number of NN intervals), and the normalized low and high frequency components
of heart rate variability [7], [42].

When a pilot’s performance in a complex flying task, or an operator’s performance in any complex
human-machine system, is evaluated, the association between MWL and performance should be
approached with caution; any combination of high or low levels of MWL, high or low awareness of the
tactical task goals and high or low level of performance is possible [43]-[48]. Depending on the pilots’
level of awareness of the tactical task goals they may, or may not, be capable of selecting the most
appropriate responses [49]. For example, pilots who are unaware of the increased requirements of
their task may see no reason to invest more compensatory, voluntary cognitive effort to improve their
performance [16], [17], [50]-[53]. This can lead to a situation characterized by low actual awareness of
the task goals but high perceived awareness, hence low MWL and low performance. For additional
information regarding the concept of ‘unknown unknowns’, see [54]-[58]. As a result, an evaluation of
only a fighter pilot’s performance and MWL can provide an incomplete picture of the pilot’s mental
load and the safety margin of the flight.

For a fighter pilot to be able to make correct decisions and to perform effectively, s/he needs to have
sufficient understanding of the tactical situation and the associated task goals [49], [59], [60].
Awareness of the tactical task goals can be viewed as a pilot’s cognitive representation of task goal-
related information. As such, it is closely related to concepts like ‘awareness of the critical mission
requirements’ and ‘acquirement, assimilation and interpretation of (mission) critical information’ [61],
[62]. The awareness of the tactical task goals directs the pilot’s subsequent sampling of information

from the tactical environment, including attention allocation, decision making and task goal oriented
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responses [63], [64]. Based on this cyclical interaction between the pilot and the tactical environment,
the pilot’s responses to discrete events can be considered as manifestations of the pilot’s awareness
of the tactical task goals. In other words, it is possible to identify pilot responses which can only be
completed with a sufficient awareness of the tactical task goals. When such discrete responses are
identified, they can be used as an index of pilot’s awareness of the tactical task goals. These observable
pilot actions are called testable responses. For the testable responses to be effective, they should be
chosen to capture the essential actions related to the activity of interest, i.e., the observable pilot
responses should be dependent on the sufficient awareness of the tactical task goals [28], [65]-[69].
The aim of this study was to demonstrate how tactical goal awareness can complement MWL and
performance measures in a complex air combat task. It was hypothesized that an increase in task
demand during a relatively simple flying task would replicate the findings of earlier studies; MWL
increases while the performance eventually decreases. In comparison, it was hypothesized that such
an association between MWL and performance could not be directly transferred to a complex air
combat task. It was expected that the evaluation of tactical task goal awareness could provide
additional information concerning the cognitive demands a pilot is exposed to during the complex air

combat task.

Il. METHOD

A. Participants

Thirty-seven combat ready Finnish Air Force F/A-18C/D pilots volunteered to take part. All
participants were male and their average age was 31.9 years (Min=27, Max=40, SD=2.9). The
participants’ background varied from a wingman to a weapons instructor. Participants’ mean
experience with the F/A-18C/D was 686 flight hours (SD=329). Each participant had passed an
extensive aeronautical medical examination within the last 12 months and they were fit to fly at the
time of the study. A written, informed consent was collected from each participant. The consent was

formulated in accordance with the guidance of the Finnish National Board on Research Integrity. The
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study was submitted for ethical approval on 6 May 2014 and was approved on 29 May 2014. A
structured proforma was used to collect background data and information concerning participants’
relevant activities for the 12 hours prior to participating. Data from five participants were lost due to
corrupted ECG samples and flight training device malfunctions. As a result, the analysis was based on

data from 32 participants.

B. Test Design

An F/A-18C/D Weapon Tactics and Situation Awareness Trainer (WTSAT) was used for a flying task.
WTSAT is a non-motion virtual flight training device with a 135-degree visual and fully functional
cockpit and avionics. While the lack of moving-base simulation does not allow WTSAT to be classified
as a flight simulator per se, it replicates the F/A-18C/D flying characteristics with such a high accuracy
that Finnish Air Force F/A-18C/D pilots can use it to fly basic and advanced training missions as well as

instrument and combat check rides. Figure 1 shows WTSAT in a typical training configuration.

FIGURE 1

WTSAT IN A TYPICAL TRAINING CONFIGURATION
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The flying task was a typical defensive counter air mission which started from ground and progressed
as a continuous, non-stop combat mission consisting of take-off, ingress, air combat, egress and
instrument approach segments. The first three segments of the mission were flown as a flight. A “flight’
in standard Air Force usage refers to a unit of four aircraft, which is composed of two ‘elements’ with
two aircraft in each. Each participant was designated as the wingman of the second element.

The egress and instrument approach segments included both two-ship and single-ship operations.
To standardize the mission flow between the participants, all other aircraft in the simulation were
constructive simulation entities and followed a predefined script; the enemy aircraft followed
predefined trajectories whereas the friendly aircraft maneuvered in accordance with established
tactical procedures. The radio transmissions were prepared as an audio file which was time-
synchronized with the flight trajectories and activities of the constructive simulation entities. The
simulated radio communications included transmissions from three different air traffic controllers
(tower and two radar controllers), two different fighter controllers and the transmissions from
simulated members of the friendly flight, i.e., the leader of the lead element, the wingman of the lead
element and the leader of the second element. All simulated communications were recorded using the
real tower, radar, fighter controller and aircraft radios. To increase the sense of authenticity, the radios
were operated by real air traffic controllers, fighter controllers and F/A-18C/D pilots. In addition to the
normal radio traffic, the audio file included radio jamming and radio noise. The participants were given
directive and informative calls on the radio and they were expected to reply to them. The participants’
missile shots had no effect on the threat aircraft. Instead, the threat aircraft were removed from the
aerial picture based on the predefined script. The participants were not aware of their missiles’
probability of kill being set to zero as this might have affected their willingness to invest effort on the
task. Because of the scripted test setting, the mission evolved similarly for each participant and the
only variations to the mission complexity, and to the flight's performance resulted from the

participants’ own actions.
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Before the trial the participants had 15 minutes to study the mission briefing material, which was
provided as hard copy. To provide each participant with equal detail of the mission, no clarifications
were given, and no questions were answered during the briefing. After the participants had studied
the briefing material, the simulation was activated. The participants did not receive any kind of mission
specific training prior to the trial because the mission was planned to be used as a check ride where
the participants’ proficiency in their current duty was to be evaluated. The mission consisted of tasks
that the participants were expected to be familiar with, and any mission specific training would have
destroyed the inherent nature and purpose of the check ride. Also, as the mission was designed to
comprise a whole, logical air combat mission, any variations in the sequence of the events would have
compromised the tactical and spatial immersion. The mission duration from the engine start-up to final
landing was approximately 45 minutes.

The study had a within-subject design. Participants’ HR/IBI and performance data were retrieved
from two instrument landing system approach segments (or ‘Approaches’) and from two beyond-
visual-range (BVR) attack segments (or ‘Commits’). There were low difficulty (LO) and high difficulty
(HI) Approach segments and Commit segments. In addition, the participants’ awareness of the tactical
task goals during the Commits was recorded and used as testable responses. The Approaches
represented simple, routine flying tasks, whereas the Commits represented complex, highly dynamic
tasks. The task demands of the Approaches and Commits was used as an independent variable.
Participants’ HR/IBI values, performance scores and testable response values were used as dependent

variables.

C. Independent Variable Manipulation

Participants flew two Approach and two Commit segments, both with HI and LO scenarios. The Hl
Approach (Approach- HI) was designed to have a higher task demand than the LO Approach (Approach-
LO). This was achieved by manipulating the temporal demand just before the participants commenced

the approach, and the distracting factors before and during the approach. Approach-HI was flown to a
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planned landing field immediately after the mission’s combat phase and high-speed egress. Approach-
1 was flown as a wingman in a two-ship radar trail. This meant that while flying the normal approach
profile, the participants had to maintain the radar track of the leading aircraft and maintain a
predefined separation to it. The lead aircraft in the two-ship radar trail reduced its airspeed from
tactical speed to approach speed at the last possible moment, thus limiting the time the participants
had available for approach preparations. During Approach-HI, the participants were also required to
respond to tactical radio calls. In summary, these additional tasks and the increased temporal demand
made the task demands of Approach-HI higher than those of a typical approach with a similar profile.
While the individual tasks during Approach-HI were simple, together they had the potential to seriously
compromise the participants’ performance if their attention was not divided properly.

In each trial, Approach-LO was flown to an alternate airfield following a diversion decision after
Approach-HI. The lower task demand of Approach-LO was achieved by allowing the participants to fly
it as a single-ship, letting them choose their airspeed and flight profile before starting the actual
approach and excluding any external distractions during the approach. Both Approach-HI and
Approach-LO had almost identical, standard approach profiles. Both approaches were flown in
instrument meteorological conditions (IMC) with 0 m (0 ft) IMC visibility. For Approach-HlI, the cloud
base was set below the landing minimum, hence forcing a go-around. For Approach-LO, the cloud base
and runway visibility were set to allow a full stop landing.

Both Commits (Commit-LO and Commit-HI) were flown as a flight with the participants flying as the
wingman of the second element. While Commit-LO and Commit-HI were both BVR attacks, they had
different threat presentations and thus required different actions from the friendly four-ship. Commit-
LO was designed to have a lower task demand, to be less dynamic and complex and to have lower
demands for the tactical task goal awareness than Commit-HI. This was achieved by manipulating the
scripted enemy formation and maneuvers, the flow of the friendly aircraft, timing of radio
transmissions and the quality of available sensor information. During the pre-testing, it was verified

that in both Commits there was enough information and time available to achieve a satisfactory



THMS-17-12-0438 9

outcome. The duration of each Commit was approximately five minutes. Both Commits were flown in
full IMC. Figure 2 summarizes the flow of the flying task. The triangles depict the friendly aircraft and
the solid lines represent their general flight path. The circles represent the planned and alternate

airfields.

FIGURE 2

SUMMARY OF THE FLOW OF THE FLYING TASK WITH DIFFERENT SEGMENTS

Diversion and
Approach-LO

v Takeoff and Ingress
A 'S
Egress and A Commit-LO :‘
Approach-HI

D. Dependent Variable Measures

ECG recording, analysis and reporting were conducted in accordance with the recommendations by
the Task Force of The European Society of Cardiology and the North American Society of Pacing and
Electrophysiology [70]. Mind Media Nexus-10 MKII system was used for the ECG recording. Three
electrodes were placed below the left (negative) and right (ground) clavicle and the left costal cartilage

(positive). Data were first recorded using Biotrace+ software (version V2012C) from where the samples
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were exported to Kubios HRV 2.2 software for artefact removal and further analysis. As recommended
by [70], the artefacts were manually identified and removed from the ECG samples. The artefacts in
the ECG may cause significant errors to analysis, especially when short (two to five minute) ECG
samples are used. Baseline wander, atrial fibrillation, ectopic beats, irregular heart rate and multiplied
or masked heart beats, erroneous detections of heart beats and line interference are among the typical
artefacts [71]. For each participant, a five-minute average of HR/IBI were recorded and used for the
analysis. A sampling rate of 1024 Hz was used for all samples.

The participants’ discernible and identifiable reactions to their targeting responsibilities were used
as the testable responses for the measuring of the awareness of tactical task goals. Targeting is a
directive task to locate a specified enemy group from the aerial picture, to allocate on-board sensors
and weapons against it and to eventually commit against the group. The following pilot reactions were
used as testable responses: adjusting the on-board sensors to search the correct area in space,
identifying the correct target from the aerial picture, creating an attack geometry against the correct
target and employing weapons against it. The targeting command was provided to the participants as
a radio call within the audio file. In addition to the radio call, the participants could determine their
targeting task by relying on a number of pre-determined decision criteria, e.g., the flow and targeting
of other friendly aircraft, enemy formation and maneuvers, and vertical/horizontal separation
between friendly and enemy aircraft. As a result, the testable responses were an aggregate of various
aspects of tactical goal awareness.

A total of four targeting tasks were used for the measuring of the awareness of tactical task goals.
Each Commit included two targeting tasks used as testable responses. That is, the pilot’s overt
responses to discrete targeting tasks were used as manifestations of the pilot’s awareness of these
tactical task goals. The pilots’ overall awareness of the tactical task goals in each Commit was
calculated as a sum of the individual targeting scores. For each testable response, the participants’

actions were rated either as correct (value of 1) or wrong (value of 0). The testable responses were
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communicated as a percentage value of the maximum score. The responses were scored by a subject
matter expert (a qualified F/A-18C weapons instructor) as suggested by [72].

The performance scores of Commits were based upon the participants’ reactions and the mission’s
outcome. As long as the agreed tactical procedures were followed and the mission’s outcome met the
mission objectives, the participants were free to use the maneuvers they considered most appropriate
and they had the liberty to use the sensors and weapons as they considered proper. Therefore, only
the items that were tactically mandatory, were clearly observable and that could be unambiguously
defined as correct or incorrect were scored. Tactical reactions were scored based on whether they
were conducted correctly and safely. Unsafe, incorrect or missed tactical reactions were given a score
of ‘0" whereas each safe and correct response was given a score of ‘1’. The participants’ overall
performance score in each Commit was formed by summing up the respective scores. The minimum
performance score was ‘0" whereas the maximum performance score was ‘60’. The participants’
performance scores in Commits were communicated as percentage values of each Commit’s maximum
performance score.

The Approach performance was based upon deviations from the predefined target speed along with
the localizer (horizontal) and glideslope (vertical) errors from the optimal approach trajectory. Each
error component was scored independently and their values ranged from ‘5’ (best performance) to ‘0’
(worst performance). The deviations from the target values were recorded and scored every 0.5 nm
(0.9 km) between 5.5 nm (10.1 km) and 0.5 nm (0.9 km) from the runway threshold. Participants’
Approach performance scores were generated by calculating the mean of the performance scores
from each data collection point. Both Approaches were scored using an official instrument check ride
rating scale. The scores were communicated as percentage values of each Approach’s maximum

performance score.
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Il. RESULTS

Data were analyzed using IBM SPSS Statistics software (version 22). Data values more than
1.5 interquartile ranges below the first quartile or above the third quartile were excluded from the
analysis. Normality of the distributions of the data was verified using the Shapiro-Wilk test.

A repeated-measures nested ANOVA with Approach/Commit and high/low difficulty as main effects
was performed on the performance data. There was a significant overall difference between
performance in the Approach and Commit segments (F131=154.053, p<0.001). Overall, Approaches
(M=75.6) elicited superior performance to Commits (M=50.9). There was also a main effect of difficulty
(F1,31=62.378, p<0.001). As may be expected, LO segments (M=69.6) produced better performance
than HI segments (M=56.9). There was no significant interaction term (F13:=0.021, p=0.886).

The performance data were further analyzed with paired t-tests. Table 1 presents the descriptive
statistics of the performance scores. The pairwise comparisons of performance means indicated a
significant difference between Approach-HI (M=69.1, SD=17.4) and Approach-LO (M=82.1, SD=8.3);
1(31)=-3.886, p<0.001. The minimum performance on Approach-HI was 4.0%, as one participant almost
completely missed the approach profile after being severely distracted by the additional tasks. A
significant difference in performance was also found between Commit-LO (M=57.0, SD=10.4) and
Commit-HI (M=44.8, SD=8.0); t(31)=5.561, p<0.01. All pairwise comparisons are summarized in Table

4.
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TABLE |
MINIMUMS (MIN), MAXIMUMS (MAX), MEANS (M) AND
STANDARD DEVIATIONS (SD) OF PERFORMANCE SCORES IN

DIFFERENT MISSION SEGMENTS (N=32).

Performance (%)

Min Max M SD
Commit-LO  40.0 75.0 57.0 104
Commit-Hl 32.0 68.0 44.8 8.0
Approach-
HI 4.0 87.1 69.1 17.4
Approach-
LO 62.4 93.9 82.1 8.3

Table 2 presents the descriptive statistics for the IBI and HR values. Further repeated-measures
nested ANOVAs with Approach/Commit and high/low difficulty as main effects was performed on the
workload data. There was no significant overall difference in HR between the Approach and Commit
segments (F1,3:=2.760, p=0.107). Mean HR value for Approach segments was 95.5; mean HR value for
Commit segments was 93.6. There was also no overall significant difference in HR values between Hl
and LO segments (F131=2.275, p=0.142). Mean HR values for LO segments was 95.1; mean HR values
for HI segments was=94.0. There was, however, a highly significant interaction term (F131=32.316,
p<0.001) — see Table 2 for mean values. Further decomposition of the interaction term using post-hoc
t-tests showed that for mean HR values, there was a significant difference between Commit-LO and
Commit-HI; t(31)=7.608, p<0.001.

There was no significant overall difference in IBl values between the Approach and Commit segments

(F1,31=2.583, p=0.118). Mean IBI value for Approach segments was 651.7ms; mean IBI value for Commit
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segments was 665.0ms. There was also no overall significant difference in IBI values between HI and
LO segments (F1,31=2.624, p=0.114). Mean IBI value for LO segments was 654.6ms; mean IBl value for
HI segments was 662.7ms. The interaction term was significant (F1,3,=40.653, p<0.001) — see Table 2
for mean values. Further decomposition of the interaction term using post-hoc t-tests showed that
there was a significant 1Bl value difference between Approach-HI and Approach-LO; t(31)=-2.099,
p<0.05. A significant IBI value difference was also found between Commit-LO and Commit-HI; t(31)=-
7.356, p<0.001.

The descriptive statistics of the testable responses are given in Table 3. A pairwise comparison
revealed a significant difference in the means of correct testable responses between Commit-LO

(M=43.8, SD=50.4) and Commit-HI (M=12.5, SD=33.6); t(31)=2.743, p<0.05.

TABLE Il
MINIMUMS (MIN), MAXIMUMS (MAX), MEANS (M) AND STANDARD DEVIATIONS (SD) OF HR AND IBI VALUES IN

DIFFERENT MISSION SEGMENTS (N=32).

MEAN HR (1/min) / MEAN IBI (ms)

Min Max M SD
Commit-LO 72.7/435.2 138.1/830.8 95.7/649.8 17.5/110.7
Commit-Hl 69.9/460.2 130.7/864.2 91.5/680.2 17.3/118.5
Approach-HI 76.7/446.4 134.6/787.1 96.5/644.1 17.8/108.0
Approach-LO 71.4/448.2 134.4/848.1 94.5/659.3 17.3/112.0
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TABLE Il
MINIMUMS (MIN), MAXIMUMS (MAX), MEANS (M) AND STANDARD DEVIATIONS (SD) OF TESTABLE RESPONSES IN

DIFFERENT MISSION SEGMENTS (N=32).

Testable responses (%)

Min Max M SD

Commit-LO 0.0 100.0 43.8 50.4

Commit-HlI 0.0 100.0 12.5 33.6
TABLE IV

SUMMARY OF TEST STATISTICS AND CHANGES IN PAIRWISE COMPARISONS BETWEEN MISSION SEGMENTS.

*#*p<0.001; **P<0.01; *P<0.05 (N=32).

Commit-LO - Approach-HI -
Commit-HI Approach-LO
M SE t M SE t
Performance (%) -12.3 2.2 5.561** -13.0 3.3 -3.886***
Mean HR (1/min) 41 05 7.608*** 21 1.1 1834
Mean IBI (ms) -30 4.1 -7.356%** -15 7.2 -2.099*
Testable Responses (%) 31 11 2.743* - - -

A Pearson product-moment correlation was run to determine correlations between HR, IBI,
performance and testable responses both in Commit-LO and Commit-HI. Only HR and IBI were
correlated in Commit-LO (r=-0.984, p<0.01) and in Commit-HI (r=-0.985, p<0.01). Similarly, correlations
were determined between HR, IBl and performance in Approach-HI and Approach-LO. HR and IBl were

significantly correlated in Approach-HI (r=-0.989, p<0.01) and in Approach-LO (r=-0.987, p<0.01).
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IV. DISCUSSION

In this study, the participants’ HR/IBI and performance were measured during two Approaches and
two Commits included in a simulated air combat mission. The participants obtained significantly higher
performance scores in Approach-LO (the easier approach) compared to those in Approach-HI (see
Tables 1 and 4). There was no significant difference in MWL (as assessed by IBI values) between the
main effects of Approach/Commit or HI/LO segments. However, there was a highly significant
interaction term. Following the de-composition of the interaction term, it can be seen that as the IBI
values in Approach-HI were significantly lower than in Approach-LO, it was concluded that Approach-
HI had a significantly higher task demand than Approach-LO (see Tables 2 and 4). The tactical, high
speed radar trail egress preceding Approach-HI increased the temporal demand during the Approach
preparations, increased the amount of distracting information and generated potential for an incorrect
attentional focus during the initial approach. In addition, the radar trail approach itself increased the
participants’ task loading; the on-board radar had to be adjusted to maintain a radar track of the
preceding aircraft and the separation to the lead aircraft had to be kept within acceptable limits. These
factors were enough to generate a significantly higher task demand between otherwise similar
approaches, as was reflected in the workload measures.

Despite these distracting elements during the initial phase of Approach-HI, the participants were
highly familiar with the task and had flown the same approach numerous times both in a virtual flight
training device and in real aircraft; they knew the approach profiles and procedures, they knew what
information was needed to execute the approach and they knew where the information could be
acquired. It can be thus assumed that any observed performance degradations were not caused by the
participants not being aware of the task requirements or tactical task goals. As a result, the IBI values
and the performance scores during Approach-HI and Approach-LO followed the expected pattern and
replicated the findings of earlier studies [7], [30]-[41]; an increased task demand was reflected in

decreased performance and increased MWL as indicated by the lowered values of IBl (see Tables 2 and
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4). A similar association between operator’s performance and MWL has been reported not only in the
high performance aircraft domain, but in other human-machine systems as well [73], [74].

When the participants’ performance scores in Commit-LO and Commit-HIl were compared, Commit-
LO had a significantly higher performance score average than Commit-HI (see Tables 1 and 4). As a
reminder, Commit-LO and Approach-LO were designed to have a lower task demand than Commit-HI
and Approach-Hl, so this result is as expected. However, the HR and IBI values of Commit-LO and
Commit-HI did not follow the same pattern as they did during the Approaches. Following the
decomposition of the interaction term, it can be seen that the IBI values during Commit-HI were
significantly higher (and the HR values were significantly lower) than during Commit-LO (see Tables 2
and 4). In other words, Commit-HI had lower performance scores and lower MWL. Unlike the
Approaches, the Commits were highly complex and dynamic tasks with rapidly and unexpectedly
changing tactical situations. These conditions generated extremely high demands on participants’
ability to collect and process relevant information, to build a coherent mental representation of the
tactical situation and to select their responses accordingly. The results of this study indicated that the
lower value of awareness of the tactical task goals, measured using the testable responses, was
associated with lower performance and lower MWL (see Tables 1-4). It is possible that as the
awareness of the tactical task goals was lower, the participants failed to allocate their attention to
effectively sample the tactical environment [63], [64]. As a result, the participants may not have
obtained the necessary information related to the tactical situation and may have had difficulties in
conducting the higher level mental processing required for the establishment of the mental
representation of the tactical situation [10], [12], [49], [51], [54], [56]. In other words, when the
participants were unaware of the tactical task goals, they probably did not excessively consume their
mental processing capacity and thus their MWL remained low.

If MWL were to be evaluated during day-to-day operations, measuring HR/IBI alone would probably
not be appropriate. Since various physiological measures provide unique information about the

various aspects of operator’'s MWL, any single measure is unlikely to reflect all the task demands



THMS-17-12-0438 18

relating to the different cognitive resources of the pilot [35]. That said, while HR and IBI are unable to
distinguish the exact phase or modality of information processing that is being loaded, they provide an
assessment of the overall workload [22], [23]. If a certain modality, phase or cognitive resource would
be of interest, some other physiological measure would likely to be more diagnostic. Alternatively,
physiological measures of MWL can be supplemented by post-task interviews or the administration of
multi-dimensional subjective measures, e.g. the NASA-TLX [75] or SWAT — Subjective Workload
Assessment Technique [76]. Furthermore, if it is required to measure MWL in real flight, physiological
measures might become insensitive altogether as factors like extreme cockpit temperatures, exposure
to direct sunlight and high G-loads can generate physiological responses which can be falsely
interpreted as MWL responses. The question whether MWL should be measured using multiple
physiological measures, behavioral measures or subjective measures (or any combination of them) is
dependent on the test environment and operational context. As the objective of this study was to
show how the tactical task goal awareness measure can complement MWL and performance
measures, the use of HR/IBI was considered appropriate.

The traditional assumption is that when task demands are increased, and pilots are capable and
willing to invest more mental effort, MWL gradually increases [22] and this increase in MWL is
manifested by increased HR and lowered IBI [7], [16], [30]-[41]. However, as indicated by the results
of this study, the association of MWL and performance is more complex. Based on the mean values
for performance, IBI/HR and testable responses in Tables 1-3, and significant differences in the
pairwise comparisons in the post-hoc t-tests between the mission segments (see Table 4), the
following combinations of task demands, MWL, task goal awareness, and performance were found:
lower task demands, lower MWL and higher performance (Approach-LO); higher task demands, higher
MWL and lower performance (Approach-HI); higher task demands, lower MWL, lower awareness of
the tactical task goals and lower performance (Commit-Hl); lower task demands, higher MWL, higher
awareness of the tactical task goals and higher performance (Commit-LO). As suggested by [43]-[48]

other combinations can also exist. That is, high performance can encourage a sense of low (perceived)
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MWL and high (perceived) awareness of the tactical task goals and tactical situation. Alternatively, low
performance can encourage a sense of high (perceived) MWL and low (perceived) awareness. As
suggested by the findings of this study, it is not possible to draw conclusions about one by measuring
the other; pilots with overtly similar performance may experience significantly different levels of MWL
and their awareness of the tactical task goals can also be significantly different. This conclusion is also
supported by the finding that the performance data, the workload data and the testable responses did
not correlate within single segments of the flying task. In fact, any combinations of these three factors
are possible, and if any of the factors falls below a satisfactory threshold, mission effectiveness and
flight safety may become compromised.

If just MWL and the performance are being evaluated during a complex air combat mission, or any
complex human-machine system operation, a dissociation between the two may be found which is
difficult to understand [77]-[80]. But when the pilot’s tactical goal awareness is considered as an
additional measure, the conclusion may be very different; low performance could result from the pilot
working at the upper limits of his/her cognitive resources thus being unable to perceive and process
mission critical information. When the fighter pilot’s performance in a complex air combat task is
evaluated, it is therefore necessary to measure not just MWL, awareness or performance, but all of
them. Put simply, from a cognitive perspective you work as hard as you think that you need to. If you
are not aware of the true demands of the task, MWL may be relatively low — but ultimately so too will
be performance. MWL is a product of perceived tactical task goals, not objective requirements (of
which the pilot may be unaware).

Despite the previous research efforts [6], [8], [74], [78], [80], future research is still needed to assure
that our understanding of the association between operator’s performance, MWL and awareness
remains aligned with rapidly evolving human-machine systems. For instance, emerging 5™ generation
fighters are likely to expose pilots to new types of tasks and cognitive demands. As demonstrated in
this study, when an operator’s performance is evaluated in a complex human-machine system, it is not

just the operator’s performance, MWL or awareness that should be measured, but all of these factors.
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Therefore, the comparison and evaluation of the performance of complex human-machine systems
could be approached as a multicriteria decision analysis problem [81], [82]. Multicriteria decision
analysis tools and techniques have great potential as an approach for the evaluation of future human-

machine system designs or operating procedures.

V. CONCLUSIONS

A test setting was developed to investigate the high performance aircraft pilots’ performance, MWL
and tactical task goal awareness in a virtual flight training device. During the relatively simple approach
tasks, increased task demand was associated with lower performance and increased MWL. During the
complex air combat tasks, the association between performance and MWL was less straightforward;
when the pilot’s awareness of the tactical goals was low, a combination of low performance and low
MWL occurred. When the pilots’ performance is evaluated on a complex air combat task, or when any
complex human-machine system performance is being evaluated, the awareness of the tactical task
goals, performance and MWL should be studied together. The pilot’s awareness of the tactical task
goals can explain some of the HR/IBI responses that could be otherwise misinterpreted. The findings
of this study could, and should, be utilized in the evaluation of any complex human-machine system.
That said, future research efforts should further validate the association between operator’s
performance, MWL and awareness, which can be seen as multiple conflicting criteria for the
measurement of human-machine performance. Thus, multicriteria decision analysis may provide new

and innovative ways to support the performance evaluation of future human-machine systems.
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