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A Multidimensional Method for Pilot Workload
Assessment and Diagnosis

Zhen Wang; Yanyu Lu; Shan Fu

Pilot workload assessment plays an important role on flight safety evaluation, interface design, and airworthiness

certification. The design of an effective and reliable workload assessment method is a difficult problem in the human

This study proposed to assess pilot workload from four dimensions: cognitive activity, control activity, stress, and flight

performance. A set of physiological, behavioral, and flight parameters were recorded and combined hierarchically to
achieve overall workload assessment. A simulated flight experiment consisting of three flight phases (standard
instrument departure, autopilot cruise, and nonprecision approach) was conducted to test the effectiveness of the

Experimental results determined the changes of each objective measure. The overall workload index could significantly

distinguish the difference in workload caused by changing task difficulty and the result was consistent with the
NASA-TLX. The four workload dimensions provided detailed differences about workload: during nonprecision approach
there were more control activities and stress than in other flight phases; during autopilot cruise there were the least
control activities and the highest flight performance. The correlation between workload dimensions provided extra
diagnostic information: the cognitive and control activities in the approach phase were more stressful than in the
takeoff phase; the correlation between control activity and performance was higher in the approach phase than in the

This study proposed an effective pilot workload assessment method which could also provide detailed and diagnostic

information. It could be used as an auxiliary tool for the development and evaluation of pilot-cockpit interaction.
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p to 70% of civil aircraft accidents are related to human

errors.!?? One of the major causes of human error is

excessive workload imposed on pilots.!” Workload can
be affected by various factors, e.g., task demand, cockpit inter-
face designs, expertise of the pilots, etc.” Comprehensive and
reliable assessment of pilot workload has great importance to
the evaluation of flight safety, as well as to the development and
certification of aircraft cockpits.

Conventionally, workload assessment techniques can be
classified into three categories.”® 1) Performance measures.
According to the resource-performance function, a more
demanding task requires more human resource and also results
in less remaining resource.”® When task performance (primary
task performance or secondary task performance) degrades,
the changes of workload can be reflected. 2) Physiological mea-
sures. They are based on the fact that the autonomic nervous

pilot workload, multidimensional assessment, simulated flight, diagnostic, objective measures.

t and diagnosis. Aerosp Med Hum Perform. 2020; 91(12):932-939.

system regulates the activity of organs when circumstances
change. Various physiological indices have shown sensitivity to
workload.>*** Also, physiological parameters are generic mea-
surements that could be applied in different fields, and they
could be recorded continuously and provide detailed informa-
tion for the entire task. 3) Subjective rating scales. These use the
operator’s own experience to reflect workload. Several subjec-
tive techniques have been validated in various areas.' Subjective
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rating scales are simple and convenient to perform. They are the
most widely used workload measuring techniques.

However, there are some inherent shortcomings in the exist-
ing workload assessment techniques. For example, the primary
task performance measures overlook the compensatory effort
invested by the operator.” It is not dependable when used alone.
The secondary task has to compete against the primary task for
human resources from the same resource pool.> For a complex
primary task which requires multiple resources, it is extremely
difficult to set up a satisfactory secondary task. Moreover, a sec-
ondary task would interfere with primary task performance
and become the source of workload itself. For physiological
measures, the sensitivity of physiological indices is often task
dependent.** The explanations of physiological parameters are
often ambiguous.® A single physiological index would be insuf-
ficient to provide a reliable workload assessment.'> For subjec-
tive measures, they can hardly be performed continuously.?®
When performed after the task, the participant might forget
their feelings in some important moment. When performed
intermittently during the task, they may affect the participant’s
task performance. Moreover, participants would find the ques-
tionnaire items confusing if they do not have human factors
research experience.

A way to improve general sensitivity and reliability is to inte-
grate a battery of indices. Researchers have proposed a number of
methods to combine different workload indices, such as subjec-
tive weighting,'” multiple regression analysis, and machine
learning method, e.g., Bayes network,” ANN,*>** SVM,® etc. The
integrated methods are thought to be more reliable than indi-
vidual measurement because they consider the concordant and
redundant information among the indices, and the models were
often determined with large data sets. However, there are still
some problems in these integrated methods. For the subjective
weighting method, their validity largely depends on the number
and experience of the experts. For the multiple regression and
supervised machine learning method, the weightings or the
structure of the model depend on a large amount of training data.
However, in some areas, such as aviation, it is extremely difficult
to acquire a training data set with satisfactory sample size.
Furthermore, combining multiple measurements directly into
a single index would lose a lot of useful information. It is hard
to extract diagnostic cues from a unidimensional result.?

In this study, we stated our understanding of workload, pro-
posed a multidimensional workload assessment and diagnosis
method, and tested the proposed method in a simulated flight
experiment. From our perspective, pilot workload is inter-
preted as the pilots interactive activities with cockpit compo-
nents in achieving a particular level of performance and under
a certain level of stress.

Specifically, a pilot’s interactive activities involve two major
aspects. In one aspect, pilots have a large amount of cognitive
activities to discern cues from the cockpit, evaluate the situation,
and make decisions. In another aspect, pilots have a series of con-
trol activities to provide inputs to the cockpit components to
change the status of the aircraft. More task demands often
requires more cognitive activities and control activities.

PILOT WORKLOAD ASSESSMENT—Wang et al.

Increasing levels of task demand would not only affect a
pilots interactive activities with the cockpit, it would also put
more stress on the pilot. Sometimes, even with the same opera-
tional procedure and task demand, the stress imposed on pilots
could be different. Yao et al.** has indicated that during the
takeoft phase, less experienced pilots were under higher stress
than more experienced pilots. Stress is one of the most impor-
tant aspects of workload.

When an aircraft is deviating from the route, but the pilot
still looks quite relaxed and does not take necessary actions to
correct the deviation, it could be deduced that the pilot is too
careless to maintain situation awareness and his workload is not
good for flight safety. Thus, just a statement of the pilot’s status
is meaningless unless flight performance is also taken into
account.!?

In this study, workload was considered a multidimensional
construct. We proposed to assess pilot workload from four
dimensions: cognitive activity (CGN), control activity (CTRL),
stress (STRS), and flight performance (PFM). To acquire satis-
factory sensitivity and reliability, each workload dimension is
described by integrating multiple objective parameters.

For the cognitive activity dimension, fixation duration, blink
interval, and saccade rate are selected and integrated. Yu et al.*
indicated that fixation duration can reflect a pilot’s information
processing pattern and situation awareness performance.
Veltman et al.** pointed out that blink interval increased as
more visual information had to be processed. Nakayama et al.'®
indicated that saccade rate decreased when there was higher
demand for information processing.

For the control activity dimension, the deflection speed
(angular changes between adjacent sample points) of the con-
trol column, control wheel, pedals, and throttle lever are inte-
grated to reflect pilot’s controls to the aircraft.? For the pilot
stress dimension, heart rate,”!>** respiration rate,?** respira-
tion amplitude,® and pupil diameter'®?° were selected and
integrated. These physiological indices have shown certain sen-
sitivity to an operator’s stress in previous studies. For the flight
performance dimension, lateral deviation, altitude deviation,
and airspeed deviation between actual flight and the flight plan
were selected and integrated.

The integration of multiple parameters is carried out with
the following steps:

 Synchronize all the measured date according to their sample
timestamps.

* Normalize the indices by calculating their z-scores.

» For each workload dimension, analyze the relevant objec-
tive parameters with principal component analysis. Princi-
pal component analysis considers the variation of each
parameter and the relationships among the parameters. It
can reveal the principal information included in a multi-
variate structure. Then multiple parameters are integrated
with Eq. 1:

w=)» ax (1)
P
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where w represents the value of a workload dimension. If the
workload dimension is described by n objective parameters,
then there would be » principal components. g, is the propor-
tion of the variance explained by the i component during the
task. x; is the score of the i component.

* An overall workload assessment index is also synthesized
from the four workload dimensions via principal compo-
nent analysis and Eq. 1. This overall assessment index can
help the evaluators to make general workload comparisons.

It is important for a workload assessment method to have
diagnostic capability, because the ultimate aim of workload
assessment is to find out the cause of inappropriate workload
and provide guidance to system design, operational procedure
optimization, and personnel training.”® In this study, we not
only studied workload assessment from multiple dimensions,
we also supposed that these dimensions are not independent,
and the interactions among them could reveal additional
diagnostic information. For example, by comparing the
CGN-STRS correlation with the CTRL-STRS correlation, we
might infer which kind of activity is more likely to put stress
on a pilot. From the CGN-PFM correlation, we might infer
whether changes in flight performance catch a pilot’s attention.
From the CTRL-PFM correlation, we might infer whether a
pilot’s controls are effective. Pearson product-moment corre-
lation coefficients between the workload dimensions are cal-
culated. The absolute value of the correlation coeflicient is
used to describe the relationship between relevant workload
dimensions.

It has to be noted that in the model of human information
processing stages,?® information perception and control execu-
tion are not directly linked; neither are attentional resources
occupancy (stress) and system feedback (performance). Thus,
the diagnostic meanings of CGN-CTRL correlation and STRS-
PEM correlation are not so straightforward. These correlations
are not considered in this study.

So far, the structure of the proposed pilot workload assess-
ment method can be illustrated with a multidimensional pat-
tern as in Fig. 1. In this pattern, the pilot-cockpit interactions
(cognitive activity and control activity) lie in the vertical direc-
tion; pilot’s stress and flight performance lie in the horizontal
direction. The diagonal directions represent the correlations
between adjacent workload dimensions. This octagon pattern
provides an intuitive description of pilot workload.

METHODS

Subjects

To test the proposed workload assessment method, 10 male
graduate students from Shanghai Jiao Tong University (mean
age = 24.6, SD = 2.2) took part in a simulated flight experi-
ment. None of the subjects had any flight experience before.
None of them suffered any illness or took medications at
the time. All the subjects were informed of the purpose and
procedure of the experiment and signed informed consent

forms before participation. The research was approved by the
Institutional Review Board of Shanghai Jiao Tong University
(Approval number: 2,017,033).

Apparatus

The experiment was performed in a Boeing 777-200ER flight
simulator which was built up based on FlightGear. The simula-
tor can record the flight data (e.g., longitude, latitude, attitude,
airspeed, etc.) and the control data (e.g., position of the control
column, control wheel, pedals, throttle lever, etc.) in real time
with a sample rate of 30 Hz. It has to be noted that the simulator
did not have a nose wheel tiller; therefore, the pedals were used
to control both the rudder and front wheel.

Two sets of physiological status monitors were deployed to
record participants’ physiological parameters. The SmartEye
desk mounted eye tracker (Smart Eye AB, Gothenburg, Swe-
den) was used to capture each participants pupil and gaze with
a sample rate of 60 Hz. Blink interval, fixation duration, saccade
rate, and pupil diameter were then extracted from the raw data.

The Bioharness system (Bioharness, Zephyr Technology
Corp., Annapolis, MD) consists of a sensor embedded chest
strap and a portable data acquisition module. It measures heart
rate from the ECG signal at a sample rate of 250 Hz. By detect-
ing the size differential of the thorax with the sample rate of 18
Hz, respiration rate and amplitude (voltage on the pressure sen-
sitive sensors) can also be detected.

Procedure

The simulated flight task consisted of a complete flight from
takeoft to landing. The aircraft would take oft from the San Jose
International Airport (ICAO code: KSJC), runway 30R. After
passing five waypoints, it would land at San Francisco Interna-
tional Airport (ICAO code: KSFO), runway 28R. The top view
of the flight profile is illustrated in Fig. 2.

The flight task can be divided into three phases: takeoff,
cruise, and approach landing. The takeoff phase started when
the aircraft began to taxi along the runway and ended at way-
point SUNNE. In this phase, participants were required to
perform the standard instrument departure. The cruise phase
started from waypoint SUNNE and ended at waypoint CEPIN.
In this phase, participants were asked to engage autopilot
(LNAV + VNAV mode) and auto-throttle so that the aircraft
was completely controlled by automatic systems. Meanwhile,
the function of the participants was to monitor the automatic
systems and maintain situation awareness. The approach
landing phase started from waypoint CEPIN and ended when
the aircraft had landed and stopped on the runway. In this
phase, autopilot and auto-throttle were disengaged by the
experimenter, and participants had to perform a nonprecision
approach with manual control. Therefore, the task difficulty
level for different flight phases would be: approach landing >
takeoff > cruise.

There was a training session before the experiment for par-
ticipants to familiarize themselves with the simulator and pro-
cedure. During this session each participant accumulated 6 h of
flight experience.
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Fig. 1. The framework of the proposed workload assessment and diagnosis method.

During the formal experiment, after device calibration and
testing, there was a 10-min rest period for participants to relax.
Then the experimenter started the simulation and all the objec-
tive parameters were recorded concurrently.

When each flight phase ended, the experimenter froze the
simulator and paused recording. Participants had 5 min to
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Fig. 2. Top view of the flight profile.
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complete the NASA-TLX subjective rating scales followed by a
5-min rest. After that, the experimenter unfroze the simulator
and resumed recording. Participants proceeded to perform the
next task in the next flight phase.

Statistical Analysis

Statistical analyses were performed to test the means of the
indices among different flight phases. Specifically, one-way
ANOVA (analysis of variance) was applied to test the means of
NASA-TLX scores among different flight phases.

For the objective measurements and the synthetic param-
eters (workload dimensions and overall workload assessment
index), MANOVA (multivariate analysis of variance) was
applied to test the multivariate population means among
different flight phases. It is a good option to use MANOVA
when there are more than two dependent variables because
it considers the intercorrelations of the dependent variables,
and it is robust to minor violations of the normality
assumption.'”
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Additionally, the means of each parameter among differ-
ent flight phases was examined by one-way ANOVA. For
correlation analysis, the absolute value of the Pearson prod-
uct moment correlation coefficients (and the corresponding
P-value) between CGN and PFM, CTRL and PFM, CTRL
and STRS, and CGN and STRS were calculated in each flight
phase, respectively.

RESULTS

The NASA-TLX scores showed significant difference among
the three flight phases [F(2, 27) = 6.65, P = 0.004]. A Tukey
post hoc test revealed that the experienced workload was sig-
nificantly higher in the approach landing phase (46.57 = 14.56)
than in the takeoff phase (26.90 * 13.48, P = 0.005) and cruise
phase (31.12 = 9.51, P = 0.029). The difference between the
takeoft and cruise phases was not significant (P = 0.740).

For objective measurements and their synthetic parame-
ters, the MANOVA result showed that there were significant
overall differences among the flight phases [Wilk’s A = 0.000,
F(38, 18) = 253.42, P < 0.001, partial 1> = 0.998]. Specifically,
the ANOVA results and the post hoc pairwise comparison
(Turkey HSD) results are shown in Table I for objective mea-
surements and Table II for synthetic parameters, respectively.

Fixation duration, blink interval, and saccade rate did not
show significant differences among flight phases. These param-
eters were integrated into the CGN dimension. The CGN did
not show significant difference among flight phases either.

The deflection speed of the control column was highest in
the approach landing phase and lowest in the cruise phase. The
deflection speed of the control wheel and throttle were both
lower in the cruise phase than in other phases, and they did not
have significant differences between takeoff and approach land-
ing. The deflection speed of the pedals was higher in approach
landing than in other phases and it did not have significant
differences between takeoff and cruise. These four parameters

Table I. Differences of the Measurements Among Flight Phases.

were integrated into the CTRL dimension, and it was highest in
the approach landing phase and lowest in the cruise phase.

Respiration rate was higher in approach landing than in
other phases. It did not have any significant differences between
the takeoff and cruise phases. Respiration amplitude was lower
in the approach landing phase than in the cruise phase. Heart
rate and pupil diameter did not have significant differences
among flight phases. These four parameters were integrated
into the STRS dimension of workload. STRS was significantly
higher in the approach landing phase than in other phases.
It did not have significant differences between the takeoff and
cruise phases.

The altitude deviation was significantly greater in the
approach landing phase than in the takeoff phase. The cruise
phase did not differ from other phases. The lateral deviation
was higher in the cruise phase than in the takeoff phase. The
approach landing phase did not differ from other phases. The
airspeed deviation was lower in the cruise phase than in other
phases. It did not have differences between the takeoff and
approach landing phases. These three parameters were inte-
grated into the PFM dimension. It was lower during cruise
than in other phases and did not have significant differences
between takeoff and approach landing.

The four workload dimensions were integrated into an
overall workload assessment index. The overall workload
assessment index showed significant differences among the
three flight phases. It was higher in approach landing than in
other phases. It did not have significant differences between
takeoff and cruise. The absolute value of the Pearson product
moment correlation coeflicient between CGN and PEM,
CTRL and PFM, CTRL and STRS, and CGN and STRS are
shown in Table III.

In the takeoft phase, 20% of the participants had a signifi-
cant correlation for CGN-PFM. In the cruise phase, none of
the participants showed any significant correlations. In the
approach landing phase, 40% of the participants showed sig-
nificant correlation.

MEAN DIFFERENCE BETWEEN FLIGHT PHASES (TUKEY'’S HSD)

PARAMETERS F(2,27) TAKEOFF-CRUISE APPROACH-CRUISE TAKEOFF-APPROACH
FD (ms) 131 5250 —19346 245.96

Bl (ms) 2.08 —29.82 —47.29 1747
SR (saccades/min) 0.04 551 —1.29 6.79
CS (°/min) 28.95%** 35.85* 107.70%** —71.84***
WS (°/min) 8.22%* 43.96** 48.46** —4.50

PS (°/min) 12.13%%* 222 12.75%** —10.52**
TS (°/min) 24.95%%* 69.21%** 76.72%** —751
PD (mm) 1.72 0.05 —06 06

HR (beats/min) 1.04 —357 6.27 —984
RR (breaths/min) 7.84%* 240 833* —5.93*
RA (V) 477* —0.006 —-0.011* 0.005
AD (ft) 444% —42.16 6940 —111.56*
LD (m) 745%* —183.39** —110.03 —73.36
ASD (kts) 26.01%%* 20.08*** 16.15%%* 393

*P < 0.05;**P < 0.01; **P < 0.001.

FD, fixation duration; Bl, blink interval; SR, saccade rate; CS, control column deflection speed; WS, control wheel deflection speed; PS, pedals deflection speed; TS, throttle deflection speed;
PD, pupil diameter; HR, heart rate; RR, respiration rate; RA, respiration amplitude; AD, altitude deviation; LD, lateral deviation; ASD, airspeed deviation.
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Table Il. Differences of the Synthetic Parameters Among Flight Phases.
MEAN DIFFERENCE BETWEEN FLIGHT

PILOT WORKLOAD ASSESSMENT—Wang et al.

that workload in the approach landing phase was significantly
higher than in other phases. Neither of them showed differ-

PHASES (TURKEY HSD) ences between the takeoff and cruise phases. It is noteworthy
TAKEOFF- APPROACH-  TAKEOFF- that, compared to NASA-TLX, the proposed method is based on
PARAMETERS  F(2,27) CRUISE CRUISE  APPROACH objective measuring which can continuously record the detailed
CGN 078 008 -008 0.17 information of the entire task process. It would not be affected by
CTRL 117247 032 0.69% —0.38™ a participant’s emotion or experience. It is not necessary to worry
STRS 2345%% 0.07 1.37%x* —1.24%% b ‘s > deviati
PEM 851% 038 042+ e about participants memory deviation.
Wi 15974 004 0.7g 055% Experimental results showed that the PCA-based integra-

*¥P < 0.01;**P < 0.001.
CGN, cognitive activity; CTRL, control activity; STRS, stress; PFM, flight performance;
WI, overall workload assessment index.

For the CTRL-PFM correlation, in the takeoff phase, 10%
of the participants had a significant correlation. In the cruise
phase, the Pearson correlation coeficients did not exist because,
during this phase, the aircraft was completely controlled by
automatic systems. Therefore, pilots did not have any control
activities. In the approach landing phase, 50% of the partici-
pants showed significant correlation.

For the CTRL-STRS correlation, in the takeoff phase, none
of the participants had any significant correlations. In the
cruise phase, the Pearson correlation coeflicients did not exist
since the aircraft was controlled by automatic systems. In the
approach landing phase, 50% of the participants showed sig-
nificant correlation.

For the CGN-STRS correlation, in the takeoff phase, 20% of
the participants had a significant correlation. In the cruise
phase, 10% of the participants showed a significant correlation.
In the approach landing phase, 60% of the participants showed
significant correlation.

DISCUSSION

The NASA-TLX technology has already been validated with
a number of studies in various fields. In this study, it served as
criterion measure of workload. The experimental results
indicated that generally the proposed integrated method and
the NASA-TLX had similar results. Both of them showed

tion method can inherit the sensitivity of the elementary
objective measurements. Sometimes not all the measurements
of a workload dimension had significant difference among
flight phases. As shown in the STRS dimension, only respira-
tion rate and respiration amplitude showed a difference. Heart
rate and pupil diameter did not have significant differences.
After integration, the STRS dimension can still distinguish the
workload difference among flight phases.

Integrating multiple parameters into a workload dimen-
sion could also bring reliability to the assessment. In some
dimensions, although all the measurements had significant
differences among flight phases, they varied with different
patterns. For example, in the CTRL dimension, the deflection
speed of the control column differed between every two flight
phases. The deflection speed of the control wheel and throttle
did not have differences between the takeoff and approach
landing phases. The deflection speed of the pedals did not
have differences between the takeoff and cruise phases. If we
only consider one of these parameters when evaluating a
pilot’s control activity, the result could be one-sided and inap-
propriate. Integrating all these parameters could provide an
overall evaluation of a pilot’s control activity.

Assessing pilot workload from multiple dimensions could
reveal more details regarding a pilot's workload. For example,
although the overall workload assessment index did not have any
significant difference between the takeoff and cruise phases, the
four workload dimensions indicated many differences between
the two phases. The CTRL dimension showed that pilots had
more control activities in the takeoff phase than in the cruise
phase. The PFM dimension showed that the performance devia-
tion was greater in the takeoff phase than in the cruise phase.

Table lll. Correlations Between the Workload Dimensions in Different Flight Phases.

CGN-PFM CTRL-PFM CTRL-STRS CGN-STRS
SUBJECT T C A T C A T C A T C A
1 0.39 0.24 0.26 0.06 / 0.01 0.33 / 0.51% 0.03 0.07 0.60*
2 0.08 0.36 0.36 0.23 / 032 0.10 / 0.61** 0.55% 0.63* 0.21
3 0.24 0.57 0.65** 0.13 / 0.08 0.06 / 0.28 0.1 0.18 0.26
4 0.06 0.22 0.10 0.17 / 0.22 0.04 / 0.59* 0.12 0.50 0.82%**
5 0.55% 0.55 041 0.09 / 0.72%* 0.31 / 0.38 0.17 040 0.49*
6 043 0.05 0.05 0.27 / 0.78* 0.22 / 0.83*** 041 0.14 0.74**
7 033 0.21 043 0.55% / 0.34 0.14 / 043 0.32 0.19 048*
8 0.34 0.36 0.73*** 0.05 / 0.53% 0.31 / 0.15 0.01 0.20 0.10
9 0.08 0.57 046* 0.08 / 0.63** 0.06 / 0.22 0.09 0.27 0.14
10 0.57%* 046 0.63** 0.39 / 0.75%** 0.16 / 0.55% 0.67%* 048 0.85%**

*P < 0.05;**P < 0.01;***P < 0.001.
CGN-PFM: cognitive activity-flight performance; CTRL-PFM: control activity-flight performance; CTRL-STRS: control activity-stress; CGN-STRS: cognitive activity-stress; T: takeoff; C: cruise;
A: approach landing.
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It has to be noted that some workload dimensions did not
show significant differences between certain phases. For
example, STRS was significantly higher in the approach landing
phase than in the other two flight phases. This result complies
with the task difficulty settings (the task in the approach land-
ing phase is more complex than the takeoft and cruise phases).
Comparing the takeoft and cruise phases, the mean value of
STRS is higher in the takeoff phase (see Table II); however, this
difference did not show statistical significance. Actually, although
there are more manual controls in the takeoff phase than in the
cruise phase, these controls are standard step-by-step procedures
which do not require too much mental or physical resource. For
the CGN dimension, it did not have significant differences
among the three flight phases. Little flight experience might be
one reason for this result. In a previous study, it was found that
more experienced pilots had lower saccade rates in emergency
tasks than in normal tasks. However, for less experienced pilots,
their saccade rate did not have significant differences between
normal tasks and emergency tasks.? It shows that experienced
pilots could flexibly adapt their visual perception strategy
according to task demand. The subjects in this study had only
6 h of flight training, so it was hard for them to acquire such
an ability.

The correlation between workload dimensions could bring
additional diagnostic information. Sometimes the amount of a
workload dimension did not differ between tasks. Experimen-
tal results indicated that the CGN dimension did not have dif-
ferences between the takeoff and approach landing phases.
However, it was found that a comparable amount of cognitive
activities would have a different impact on pilots. The correla-
tion analysis results in Table III illustrated that, in the takeoff
phase, only 20% of the participants showed significant correla-
tion between cognitive activity and stress. In the approach land-
ing phase this number rose to 60%. Meanwhile, considering
that the STRS dimension was higher in the approach landing
phase, it revealed that the cognitive activity in the approach
landing phase might cause more stress than that in the takeoff
phase. There were also more pilots that showed significant
CTRL-STRS correlation in the approach phase than in the take-
off phase (50% vs. 0%). Therefore, the control activities were
also more stressful in the approach landing phase. More pilots
showed significant CTRL-PEM correlation in the approach
landing phase than in the takeoff phase (50% vs. 10%). It
seemed that more pilots pay particular attention to flight per-
formance when making control decisions in the approach land-
ing phase than in the takeoft phase.

The correlations between workload dimensions also had
important significance to cockpit design evaluation. For exam-
ple, if a newly developed cockpit is to be compared against a
reference model. If the CGN-PFM correlation in the newly
developed cockpit is significantly higher than that in the refer-
ence model, we might deduce that the new design is more
salient in catching a pilot’s attention.

Some previously developed integrated workload assessment
methods determined their model structures based on super-
vised machine learning. In implementation of these methods,

model training is essential, and the model structure is com-
pletely based on the training dataset. Considering that a human
operator introduces too much uncertainty,” it is extremely
hard to acquire a satisfactory training dataset. In this study, the
principal component analysis was applied for each trial inde-
pendently. It used the information contained in the covariance
matrix of the measured data and can adaptively determine the
model structure. This method does not need an extra training
process and is flexible to different types of task.

This study proposed a framework to assess pilot workload.
Although in the implementation several objective indices
were measured, these indices are not immutable. They can be
extended and optimized. For example, according to Wickens’
multiple resource theories,” besides visual activity, humans
have mental resources for other kinds of activity such as audi-
tory activity and tactual activity, etc. The validity of the work-
load dimensions could be improved by including other kinds of
objective measurements.

Apart from the above characteristics of the proposed
method, it has to be recognized that the study still has some
limitations. Since this was a preliminary study, the experiment
was conducted in a simulated environment (specifically in a
fixed-base simulator) instead of actual flight. In this situation,
control error and performance deviation will not really cause
serious consequences. The subjects would be less sensitive to
stress. Wilson et al. studied fighter pilots’ physiological reac-
tions under varying task demand in both actual flight and
simulator conditions, and found that performing tasks in a
simulator with six degrees of motion hardly influenced heart
rate; however, significant heart rate changes were observed
when the same tasks were performed in real flight.>! Magnus-
son found that lack of sense of motion (changes of attitude and
acceleration) would also influence physiological reactions. In
his study, pilots” heart rate level in a fixed-base simulator was
lower than in real flight.!* This is also a potential reason for the
insignificant difference of some parameters in our study. In a
future study, it is necessary to validate the proposed method in
actual flight with pilots of different levels and with various task
scenarios.

In conclusion, this study developed a top-down approach
to assess pilot workload. The approach describes workload
from four dimensions: pilots’ cognitive activity, control activity,
stress, and flight performance. Each dimension is represented
by integrating multiple objective parameters. The correlations
between the workload dimensions were also considered. After
being implemented in a simulated flight task, experimental
results indicated that the proposed method is sensitive and reli-
able and can cope with the problems of single parameters such
as limited sensitivity and vulnerability to noise. Describing
workload from multiple dimensions provides detailed informa-
tion about pilot aircraft interaction and the status of the man-
machine system. Correlation between the workload dimensions
could bring useful diagnostic information. Though the method
still needs to be optimized in a future study, we think it is a
promising tool and hope it can help evaluators and designers to
improve flight safety.
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