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ABSTRACT This study aimed to evaluate workload by detecting Heart Rate Variability (HRV) indexes in
a sample of 34 pilots (with a mean age of 33 years) while performing simulated flight exercises. A one-
way ANOVA with repeated measures was performed to assess the changes of the physiological measures in
five standard maneuvers associated with different workload levels. The results show that all the indexes,
but the Low Frequency to High Frequency ratio index (LF/HF), have a well-defined trend between the
baseline and the en-route phase and with the three phases takeoff, steady turn, and landing. This study,
as main findings, provides evidence of a differentiation among low, medium, and high workload levels using
the time, frequencies, and non-linear HRV domains of analysis. These findings support the relevance of
HRYV indexes for workload evaluation, suggesting the development of non-invasive instruments capable of
assessing workload in real-time. Further studies may be conducted to investigate whether the same findings
could also be applied to more challenging maneuvers in real working conditions.

INDEX TERMS Pilot performance monitoring, heart rate variability, workload assessment.

I. INTRODUCTION

The handling qualities of the aircraft are related to the maneu-
vers workload level experienced by the pilot while perform-
ing a specific task during the different flight phases [1].
A well-known consistent method to quantitatively define han-
dling qualities is the Cooper-Harper pilot rating scale [2].
Using a decision-making process, the pilot can assign a rate
of the aircraft’s controllability and accuracy in performing
a given task. Regardless of the aircraft attitude, the value
of the rating scale achieved depends on the skill of the
pilot and on subjective qualitative judgments or perceptions.
Different ratings can be assigned to the same aircraft under
the same flight conditions based on different pilot’s abilities
and backgrounds. However, recently, the idea of assessing
both workload and the handling qualities using only classical
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questionnaire-based methods has been revised by also taking
into account measurements of a physiological nature with
the aim of quantifying pilots’ workload response. To do
this, flight simulators for the analysis of the pilots’ response
to workload levels and tasks have been increasingly used
in recent years [3], [4]. Motivation is found in the eco-
nomic and safety advantages of training activities compared
to a real flight, especially in the case of military pilots.
For example, the studies carried out by Mansikka et al. [5]
are focused on data collected from military pilot samples
in training with particular reference during instrumental
approaches. Lehmann et al. [6] analyzed the impact of tur-
bulence and degraded visual environment on the pilot work-
load. Mohanavelu et al. [7] analyzed missions carried out on
a simulator with different workload levels in terms of perfor-
mance and additional tasks. Fuentes-Garcia et al. [8] exam-
ined pilots performing a real flight with an F5 aircraft and
a simulated flight with an operational F-5SM flight simulator
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by analyzing the variations in objective parameters related to
heart rate variability. Klyde et al. [9] ran tests with a flight
simulator and used electroencephalogram (EEG) and elec-
trocardiogram (ECG), as physiologically based techniques,
to estimate handling qualities. Their results also demonstrated
the feasibility of artificial neural networks in using different
physiological measurements.

Another field where the pilot mental workload analysis
and modeling can be beneficial regards the pilot response
models related to the so-called pilot-in-the-loop investigation.
Thus, the studies on pilot workload behaviors can improve
the accuracy of the models used to analyze human assess-
ment within complex systems, not only in the case of fixed
wings [10] but also for missions with helicopters or for space
missions. Another advantage is the possibility of adapting the
levels of automation of remotely piloted aircraft systems dur-
ing flight phases charactherized by disturbances or systems
faults. According to Ji et al. [11], it is crucial to investigate
the pilot workload to improve flight safety and performance
during different operations. The pilot model usually takes into
account the neuromuscular behavior associated with the pilot
actions along with the time delay to account for the pilot’s
cognitive responsiveness, while the pilot’s mental workload
due to physiological aspect could improve the pilot-model-
in-the-loop [12].

However, it should be noted that an important issue to
be tackled concerns the relationship between subjective and
objective (physiologically based) measurements because a
useful pilot model is not achievable without an adequate
correlation on workload levels. Many authors have debated
this issue in recent years. In a large number of studies [13],
[14] workload level was evaluated using subjective mea-
sures such as the NASA-TLX and the Cooper-Harper scale.
In some cases, it is possible to associate the pilots’ percep-
tion of workload levels with an increase or decrease in the
cardiac variability indexes. However, there is no consistency
among the different authors. For example, comparing the
Cooper-Harper scale with the NASA-TLX subjective test
and HRV, Mansikka et al. [15] showed that HRV indexes fail
to sufficiently capture variations between low and medium
workload levels. Moreover, Alaimo et al. [16] have found
that the pilot’s subjective judgment cannot properly be asso-
ciated with the human body’s physiological results, since the
pilot perception subjective may jeopardize the judgment in
the performed operations.

In this framework, the objective measurements aim to
assess the experienced workload level using only physiolog-
ical parameters. Thus, they represent useful techniques for
workload evaluation, and they are widely applied in several
studies and researches [17]-[21].

Physiological measurements in the aviation field have
some advantages. First, these measurements are widely tested
and used in the medical sector, and their validity and reliabil-
ity are not a debatable issues. Second, they offer an objec-
tive assessment, independent of individuals’ own subjective
perception, by providing information regarding their physical
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state. In addition, the detection of physiological parameters
can allow a workload assessment in real-time, leading to a
continuous monitoring of changes in the amount of physical
and mental effort experienced during the performed activi-
ties [22]. By doing so, it is easier to identify which specific
task induces an increase or decrease in workload. An addi-
tional strength of these techniques lies in the use of wearable
or contactless sensors with a low degree of intrusiveness
with the performance [23], [24]. However, some drawbacks
characterize this type of measurement: it is difficult to use
standardized pilot groups to compare the obtained values;
their variability among individuals could be a limitation for
low-size samples; some of them are obtrusive, requiring spe-
cial equipment and training, and there is not a single measure
that can be universally valid in assessing workload across
various scenarios because physiological responses caused by
workload are highly scenario-dependent [25]-[27]. However,
these limitations motivate further research in these directions.
In particular, the current study first examines the effects of
demographic variables on HRV indexes. Then, by assuming
that different maneuvers imply different workload levels for
pilots, a relationship between flight phases and HRV indexes
is examined by employing the ANOVA approach. Further-
more, we also assume that the HRV indexes show statistical
differences among low, medium, and high levels of workload.
To this purpose, a multivariate analysis is then performed.

Il. HRV MEASUREMENTS

In healthy and not stressful conditions, the intervals between
consecutive heartbeats are not constant but vary randomly
from one beat to another. Heart Rate Variability (HRV) is
the natural variation in the time between one beat and the
next one. It is also known as RR variability, where RR is the
distance between two R peaks of ECG.

HRYV analysis is a method used to assess the mechanisms
of regulation of the human body’s physiological functions.
These mechanisms refer to the autonomic nervous system
and the neuroendocrine system. The balance of these systems
determines the capacity and type of adaptation to an external
stimulus, which is commonly called a reaction. The adapta-
tion, whether positive or negative, depends on the degree of
irregularity of these mechanisms.

The HRV indexes are closely related to the autonomic ner-
vous system, they can reflect the state of psychological stress
in people, and are sensitive to changes related to the demands
of the current activity and the effort required; therefore, they
are widely used as indicators of workload [4], [8], [28]-[32].

It should be noted that although the study of HRV orig-
inates from a purely medical context and it is still analyzed
and evaluated in clinical studies, its use in aviation is valid and
demonstrated by several studies [10], [15], [16], [28], [30],
[32]-[41].

HRYV can be evaluated using different techniques. The most
common are: a) the time domain analysis, b) the frequency
domain (or power spectral density) analysis, and c) the
non-linear indexes analysis. In the following paragraphs, the
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measures extracted from the signals acquired on the sample
under examination are described in detail.

A. TIME-DOMAIN INDEXES

The time-domain analysis provides indexes that quantify the
heart rate variability by using statistical approaches and geo-
metric measurements (related to the density of distribution of
RR values). Since these indexes are calculated with proce-
dures that do not depend on particular cases of application,
provided that the duration of the acquisitions is the same,
it is possible to consider that the data are comparable with
each other even if collected in research carried out in different
times and contexts.

The main time-domain measurements include the compu-
tation of Mean RR, the standard deviation of the ‘“‘normal to
normal” series of intervals (SDNN), the square root of the
mean squared differences of successive RR series (RMSSD),
the number of successive differences that are greater than
x milliseconds (NNx), and the percentage of total intervals
that differ successively by more than x milliseconds (pNNXx).
For more details about the definition of such indexes the
interested reader is referred to [42]. In this study, the RMSSD
and the SDNN were considered. In particular, RMSSD is
an estimate of the short-term components of HRV; SDNN,
measured in milliseconds, reflects the influence of all ner-
vous system-related factors contributing to HRV. It is worth
noting that SDNN values depend on age and sex, and these
factors should be considered whenever possible; of course it
depends on the available population. A reduction in SDNN
suggests activation of sympathetic regulation that inhibits the
autonomic cycle. A strong reduction in SDNN results from
a critical strain on regulatory systems and the involvement of
higher levels of control and can be associated with an increase
in workload level [42], [43].

An additional parameter considered in the present study is
the one introduced by Baevsky in the space field for research
on ECG signals of astronauts before and after space mis-
sions [44], [45]. The Baevsky stress index, hereafter referred
to as SI, is an index that reflects the degree of centralization
of heart rate control and essentially characterizes the activity
of the sympathetic part of the autonomic nervous system.
In this work, the square root of the Baevsky stress index was
computed according to [46]. Of course, it should be noted that
SI depends on the action accomplished. It makes a difference
if you are sitting quietly or exercising. However, at least in
general terms, the lower the SI value, the greater the number
of difficult tasks a pilot can execute. The less variable the RR
intervals are, the higher the SI scores will be.

Additional measurements of the geometrical character-
istics are associated with the time domain RR variability.
Indeed, starting from the RR histogram, it is possible to
extract two measurements [42], the HRV triangular index
(HRVy;) and the triangular interpolation of the NN interval
histogram (TINN). The HRV triangular index measurement
is the integral of the density distribution divided by the max-
imum value of the density distribution. TINN is the base
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width of the distribution by approximating the NN interval
distribution with a triangle.

B. FREQUENCY-DOMAIN INDEXES
Power spectral analysis allows obtaining information regard-
ing the frequency and amplitude of each specific rthythm
present in the ECG. The power spectrum can be divided
into four frequency bands [42]: i) HF (High Frequency) fre-
quencies between 0.15 and 0.4 Hz; ii) LF (Low Frequency)
frequencies between 0.04 and 0.15 Hz; iii) VLF (Very Low
Frequency) frequencies between 0.003 and 0.04 Hz; iv) ULF
(Ultra Low Frequency) the band falls below 0.003 Hz. The
HF band is mainly considered an expression of the activity of
the Parasympathetic Nervous System (PNS) (Sztajzel, 2004).
The LF band is considered mainly due to the activity of the
Sympathetic Nervous System (SNS) [47]. The VLF band is
only partly due to SNS activity [48]. The oscillations in heart
rhythms within the ULF band are mainly due to very slow
regulatory processes, such as regulating body temperature,
metabolism, and circadian oscillations. Thus, given the very
low frequency of the oscillations, the ULF band’s contribu-
tion can only be appreciated in 24-hour acquisitions [49].
Considering that observation time intervals equal to 5 min-
utes are used in the present work, and according to the bands’
classification of the cardiology task force [42], it is decided to
use only the three bands VLF, LF, and HE. Moreover, the total
power (TOT),y,), which is the sum of the energy in the VLE,
LF, and HF bands for short-term recordings, is considered.
The LF/HF ratio, which is the power in the LF band
divided by the power in the HF band [50] is considered an
index of the global sympathovagal balance [47]. This ratio is
very complex, since both sympathetic and parasympathetic
activities are present in the LF band; therefore, it cannot be
seen, in an absolute way, as a balance between the activities
of the two categories of the autonomous system. This compli-
cates the estimation of workload conditions; in fact, in some
works, LE/HF increases as the workload increases [51]-[53];
whereas it decreases for Hsu et al. [54] it decreases. Consid-
erations based on this relationship must be made knowing the
LF band generation mechanism and the context in which the
acquisitions are made [55].

C. NON LINEAR INDEXES

Nonlinear indexes used in HRV analysis include Poincaré
plot, detrended fluctuation analysis, approximate entropy,
and sample entropy calculation [56]. In the present work,
the parameters extracted from Poincaré’s graphical method
are used. In the Poincaré diagram, the scattering of RRn
(the time interval between two consecutive R peaks) over
RRn+1 (the time between the two successive R peaks) is
plotted [57]. An ellipse with a semi-major axis along the
bisector of the axes plot can be reproduced on the graph. The
standard deviations along the bisector identity line (SD2) and
perpendicular to the bisector (SD1) represent the amplitudes
of the major and minor axes of the ellipse, respectively.
SD1 represents the standard deviation of the instantaneous
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TABLE 1. HRV indexes.

Index Description Trend with
increasing workload

SI Root square of Increases
Baevsky stress index

SDNN Standard Deviation of Decreases
Normal-to-Norma RR intervals

RMSSD Root Mean Square of Decreases
Successive Differences RR interval

HRV; HRV triangular index Decreases

TINN Triangular Interpolation of Decreases
Normal-to-Normal intervals

VLF Very Low Frequency Decreases
(frequency band within 0-0.04 Hz)

LF Low frequency Decreases
(frequency band within 0.04-0.15 Hz)

HF High frequency Decreases
(frequency band within 0.15-0.4 Hz)

TOTpow Total power Decreases
(sum of the VLF, LF, and HF bands)

LF/HF Ratio between LF and HF bands Increases

SD1 Long term HRV of Poincare’ plot Decreases

SD2 Short term HRV of Poincare’ plot Decreases

beat-to-beat variability or short-term variability. SD2 rep-
resents the standard deviation of continuous or long-term
variability [57]-[59]. The ellipse is primarily a visual aid and
the numerical values of the SD1 and SD2 standard deviations
contain the important data. Low values of SD1 indicate high
levels of workload; in fact, this parameter is closely related to
the SDNN baseline statistical measures.

Table 1 provides a summary list of the indexes considered
in the subsequent analyses.

ill. METHOD

A. PARTICIPANTS AND EXPERIMENTAL SET-UP

In this study, different flight phases, classified as Category
B and C according to the taxonomy described in the Mili-
tary Specification 8785C [60] are compared by using ECG
indexes based on HRV measurement that are acquired during
exercises carried out by using a ground-based full flight simu-
lator. The aim is to evaluate how the trend of the physiological
indexes change in the different flight phases. An EcgMove
3 sensor manufactured by Movisens GmbH with a sampling
frequency of 1024Hz was used for the ECG data acquisi-
tion. 34 participants (29 males and 5 females) aged between
23 and 52 years (M = 33, SD = 8.37) are considered for
this experiment. Their BMI was in a healthy average range
for both males and females (Mmales = 25.18, SDmales =
2.71; Mfemales = 22.96, SDfemales = 1.96). None of them
declared to have any diseases, illness, or particular conditions
that could alter the responses to physiological measures. It is
worth noting that a total of 37 pilots partecipated in the
experiments, however, data beloging to three of them were
found to be outliers and thus were excluded from the analysis,
resulting in a population of 34 pilots. Each pilot signed an
informed consent form before the start of the exercise. The
experimentation was carried out by means of a ground based
full flight simulator that replicates the business jet Cessna
Citation 560 XLS. Figure 1 shows an example of a flight path
considered in the analysis. The flight phases performed by
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each pilot under the same instructor directives are shown in
blue, whereas the red dashed lines are connections between
flight phases not evaluated in the present study. The authors
chose the acronyms of different segments according to the
ICAO ADREP Taxonomy. STD stands for the standing phase,
the aircraft is on the runway head, and the pilot is staying
for five minutes in a rest time seated position; TOF stands
for Take-off; MNV is the flight phase associated with the
turn maneuver, all the pilots performed two steady turns, the
second one was in the opposite direction to the first; ENR was
a segment of five minutes associated with level flight attitude;
finally, the LDG is the landing flight phase. The segments
length was selected based on a time interval of five minutes in
order to compare the phases according to the minimum time
recommended for HRV analyses [42]. It is worth noting that,
concerning the handling quality classification [60], the termi-
nal flight phases TOF and LDG are classified as Category C
(since usually require accurate flight—path control), whereas
ENR belongs to Category B nonterminal flight phases (which
are normally accomplished using gradual maneuvers and
without precision tracking). This gives an indication of the
difficulty associated with the flight phases, and thus it can
provide insight into the pilots’ workload levels.

B. DATA ANALYSES

Before running the main statistical analyses, the first step
is to make sure that our sample is in a resting state dur-
ing rest time. To this purpose, a large set of physiological
indexes during rest time was measured and compared with
data obtained from other sources [61], [62], where these
indexes were assessed in a quiet situation among healthy
individuals. Data were obtained from open access Physionet
database, an on-line collection of physiological and clinical
data [63].

Mean scores on physiological indexes obtained from the
total sample of 33 individuals were then considered as refer-
ence standards for the present study. To accomplish this goal,
t-test independent samples is performed. To assess whether
scores on the physiological indexes could be affected by
demographic variables (sex and age), analyses of variances
were conducted, taking into account mean scores obtained
by the two subgroups (males vs. females, < 30 years vs. >
30 years, respectively).

To evaluate the differences among scores on physiologi-
cal measures at the five flight phases, a ONE-way ANOVA
with repeated measures was conducted. A mixed designed
ANOVA with repeated measures was then performed to
assess whether changes in phases were invariant across the
two different age groups. The Greenhouse-Geisser correction
is applied for the degrees-of-freedom adjustment. Descrip-
tives, F values, and effect size (172) were reported. A 5%
significance level was adopted for all tests.

All the indexes were computed with the Kubios HRV —
Heart rate variability analysis software [46], the data are
processed using IBM SPSS Statistics (Version 20.0).
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FIGURE 1. Example of flight phases taken into account for the analysis.

TABLE 2. Descriptives and the results from t -test.

Index Group M SD t df P
I 12773 4581
SI 2 12138 7267 0426 57703 0.672
1 41.696 15013 -0275 61497 0.784
SDNN 2 42.834 18.561
1 30.542 17641 -1.634 64872  0.107
RMSSD 2 37.637 17.892
1 9.509 3283 -1299  60.675 0.199
HRV:; 2 10.704 4.182
1 224029 78273 0298  62.108  0.766
TINN 2 217.696  94.481
VLF 1 86.613 70054 1309 64987  0.195
2 64.695 67.005
LF 1 1206.147  807.103  -0.007 45.187  0.995
2 1208.413  1716.676
HE 1 520407 588791  -1.461 57.878 0.149
2 776334 822218
TOT 1 1813.685 1319.878 -0.574 55596  0.569
pow 2 2049.903  1976.506
1 4.163 2775 0458  47.661  0.649
LF/HF 2 3.683 5367
DI 1 21.628 12495  -1.634 64.872  0.107
2 26.652 12.673
1 54.457 18425  0.143 59306  0.887
SD2 2 53.698 24.586

Note: Group 1 = Current sample; Group 2 = Physionet sample.

IV. RESULTS

A. REST TIME ANALYSIS

Table 2 shows descriptives and the results from t-test analyses
for all the selected HRV indexes. Group 1 is the sample
of pilots, whereas group 2 is the sample of Physionet data.
Results indicate that the two samples do not differ each other.
As a matter of fact, by applying the t-test, all the comparisons
show a p value greater than.05, suggesting that no statistical
differences are found between the two groups. This means
that participants of the current sample are actually in a rest
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condition during rest time. In addition, we can also assume
that our sample is made up by healthy individuals.

B. RELATIONSHIPS BETWEEN SEX AND PHYSIOLOGICAL
INDEXES

Table 3 lists the results of the ANOVA test for grouping based
on gender. The results show that only scores on the Stress
Index (SI) differed between males and females. This means
that, except for this index, gender does not affect scores on
physiological measurements, at least, considering the present
sample.

C. RELATIONSHIPS BETWEEN AGE AND PHYSIOLOGICAL
INDEXES

Regarding the associations between age and scores on phys-
iological measurements, the sample was divided into two
groups composed of individuals older than 30 years and equal
or less than 30 years, respectively. The results in Table 4
show that only HF and LF/HF report significant differences
between the two groups. The former is higher in younger
individuals, whereas the latter increases with aging. Besides,
LF/HF seems to be the most sensitive index to the age effect
since it reports the highest effect size.

D. ONE-WAY ANOVA WITH REPEATED MEASURES ON
DIFFERENT FLIGHT PHASES

In this section, the results ot the one-way ANOVA with
repeated measures on different flight phases are reported. The
findings of the analyses are shown in Table 5. After checking
the univariate tests, all but the LF/HF report a significant
effect (p value lower than 0.001), suggesting that there is a
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TABLE 3. ANOVA between sex.

Index Sex M SD F P n?

Males 12.092 4.159

SI Females 16.721 5.406 4.865 0035 0.132
Males 43.47 14916

SDNN - vales o Sl 13y 2911 0098 0.083
Males 32554 18.081

RMSSD  vales et ey 2698 001 0078
Males 9.767 3.278

HRVy; Females 8.012 3.232 1227 0276  0.037
Males 234552  76.732

TINN M S WD 3874 0058 0.108
Males  87.035  73.556

VL Females  84.168 51047 0007 09340

Males 126895  830.582

LF Females 841905 592172 201 02810036
Males 595291  612.752

HE Females 376084 448649 0345 0361 0011
Males 1901.81 1371.83

TOTpow  pemales 130258 903225 0876 0356 0.027
Males 4046 2.655

LEHE  MRles - S0 290 0341 0563 0011
Males 23053 12.807

SDI pemales 13361 6303 2098 0110078
Males 56566  18.203

SD2 Females 42231  16.191 2716 0.109  0.078

Note: significant differences are in bold.

statistically significant difference between the mean scores
on the five flight phases.

The flight phases pairwise comparisons considering each
physiological index were inspected, using Bonferroni correc-
tion, in order to identify which mean scores were statistically
different from each other.

A one-way ANOVA with repeated measures showed a sig-
nificant main effect of flight phases on SI (F4,132) = 25.261,
p < 0.001). Significant differences in mean SI were found
between STD and all the other flight phases (all differences
were significant at p < 0.001), between ENR and MNV (p =
0.007), and between ENR and LDG (p = 0.001).

The results of one-way ANOVA with repeated measures
revealed a significant main effect of flight phases on SDNN
(F2.804,92.524) = 41.995, p < 0.001). A statistical difference
for mean SDNN scores was obtained between STD and all
the other flight phases (all differences were significant at
p < 0.001), between ENR and TOF (p = .002), between ENR
and MNYV as well as between ENR and LDG (p < 0.001).

TABLE 5. ANOVA with repeated measures on flight phases.

TABLE 4. ANOVA between age groups.

Index Age M SD F p n?

230 2414 483
<30 44937 16874

SONN - 530 e S 143 024 oos
<30 33638 18401

RMSSD =30 SNy 093 034 003
<30 10192 3.624

HRVi S5 8902 2916 132 026 004
<30 233188 74.534

TINN S30 215889 82718 041 053 001
<30 93279 74299

viE S ore 2N 021 061 001
<30 141031 949756

LF 230 102467 628088 199 017 006
<30 739555 745246

HE S 30 32561 312202 +65 004 013
<30 224374 16405

TOTpow T30 143141 823559 4 007 0l
<30 2763 1513

LEHE 30 2 e 0 0
<30 2382 13.035

SDL S 39 19679 12025 093 034 003
<30 58480 21224

SD2 539 50875 15252 147 024 004

Note: significant differences are in bold.

Regarding RMSSD, the findings indicated a significant
main effect (F(2.899,92.695) = 12.803, p < 0.001). Statistical
differences were found between STD and ENR (p = 0.007),
between STD and TOF (p < 0.001), between STD and MNV
(» <0.001), and between STD and LDG (p = 0.001). Another
significant difference in RMSSD mean scores was estimated
between ENR and MNV (p = 0.033).

The findings showed a significant main effect for HRV
triangular index (F(2.307,76.147) = 60.160, p < 0.001). Sig-
nificant differences were estimated between STD and all the
other flight phases, between ENR and TOF, between ENR
and MNYV, between ENR and LDG (all differences were
significant at p < 0.001).

The results of the one way ANOVA reported a sig-
nificant main effect of flight phases for mean TINN
(F(2.853,94.148) = 25.443, p < 0.001). Significant differences
were found between STD and all the other flight phases (all
differences were significant at p < 0.001). In addition, a sig-
nificant difference was observed between ENR and MNV
(p = 0.002) and between ENR and LDG (p = 0.003).

Index STD ENR TOF MNV LDG ANOVA results
M SD M SD M SD M SD M SD F n?
SI 12.77 4.58 19.73 11.09 22.51 9.46 24.88 12.29 25.56 12.29 25.26 0.331
SDNN 41.70 15.01 29.29 15.98 21.37 12.06 20.72 13.54 20.48 13.98 41.99 0.452
RMSSD 30.54 17.64 21.52 19.12 16.35 15.12 16.00 16.91 16.38 16.48 12.80 0.223
HRVy; 9.51 3.28 6.46 2.83 4.62 222 4.73 2.66 4.43 2.32 60.16 0.562
TINN 224.03 78.27 164.88 89.51 134.94 78.82 125.47 87.18 126.53 84.23 25.44 0.333
VLF 86.61 70.05 53.55 64.94 34.03 46.78 3551 42.89 30.16 38.17 9.19 0.194
LF 1206.1 807.10 701.25 639.17 316.30 335.28 337.01 376.39 320.83 | 379.88 30.82 0.430
HF 520.41 588.79 333.41 611.54 142.37 276.89 157.11 316.73 134.94 | 228.70 8.44 0.174
TOTpow 1816.7 1319.9 1088.4 1186.3 493.1 599.3 529.8 672.4 486.1 594.7 23.94 0.367
LF/HF 4.16 2.78 6.06 6.37 5.14 4.09 6.52 6.31 5.71 4.57 1.93 0.045
SD1 21.63 12.50 15.24 13.54 11.58 10.71 11.33 11.97 11.70 11.67 12.81 0.204
SD2 54.46 18.43 37.80 19.54 27.28 14.38 26.49 15.94 25.88 17.03 53.04 0.501
Note:Except for LF/HF (p = 0.108), all effects are significant at < 0.001
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TABLE 6. Boolean matrix of significant difference between flight phases (for the considered index 1 = significant difference and 0 = not significant

difference).
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VLF power resulted in a (F2.803,92504) = 9.192, p =
.000), statistical differences were estimated between STD and
TOF (p = 0.003), between STD and MND (p = 0.004), and
between STD and LDG (p < 0.001).

Regarding the LF power, the results of one-way ANOVA
with repeated measurements showed a mean significant effect
(F(2.300,79.909) = 30.820, p < 0.001). The pairwise STD
and ENR reported statistical differences (p = .007), whereas
the pairwise STD with TOF or MNV, or LDG reported
values of significance p < 0.001. Other significant differ-
ences were found for the LF index between ENR and TOF
with (p < 0.001), and between ENR and MNV or LDG
(p = 0.003).

Similarly for HF power, the tests revealed a significant
mean effect (F(2.310,76.227) = 8.440, p < 0.001), with signifi-
cant differences between STD and TOF (p = 0.007), between
STD and MNV (p < 0.001), and between STD and LDG
(p = 0.003).

With respect to TOTp,y, a value of (F(2.352,76.606)
23.940, p < 0.001) was estimated with significant differences
between STD and TOF or MNV, or LDG (p < 0.001). Other
significant differences were found between ENR and TOF
(p = 0.005), between ENR and MNV (p = 0.007), and
between ENR and LDG (p = 0.003).

Concerning SDI1, the results of one way ANOVA
with repeated measures report a significant mean effect
(F(2.989,95.645) = 12.813,pp < 0.001). Significant differences
are shown between STD and ENR (p = 0.007), between STD
and TOF or MNV results (p < 0.001), and between STD and
LDG (p = 0.001). Another significant difference was also
estimated in the comparison between ENR and MNV (p =
0.032), whereas no statistical differences were found with
TOF or LDG.

Lastly, the results of one way ANOVA with repeated
measures indicated a significant mean effect for SD2
(F(2.849,94.028) = 53.041, p < 0.001). Statistical differences
were reported between STD and all the other flight phases,
and between ENR and TOF, ENR and MNYV, and between
ENR and LDG (all differences are significant at p < 0.001).

Table 6 shows a synthetic resume scheme of comparisons
between each flight phase for each index, in which statis-
tically significant differences are indicated by the boolean
marker “1”.
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Lastly, the results of the mixed designed ANOVA test
reported no significant interaction between age and flight
phases, Wilk’s A = 0.670, F48,452.735) = 1.035, p = 0.413,
partial n> = 0.095. This means that changes in mean scores
on the physiological measures over the different flight phases
were equivalent across the two age groups.

E. FLIGHT PHASES COMPARISON

Figure 2 shows the notched boxplots normalized to the ref-
erence baseline of the STD to produce a visual interpretation
of the values of the HRV indexes obtained over the different
flight phases. The results described in the previous paragraph
have highlighted the significant differences obtained between
the various phases; however, to identify whether the workload
levels were higher or lower, the trend of each index was
analyzed over the flight phases. In Figure 2, a red line between
the values of the medians is shown. Analyzing the indexes’
tendencies, it is possible to view how all indexes have a
well-defined trend between the baseline and the ENR phase
and with the three phases of TOF, MNV, and LDG, which do
not exhibit noticeable variations between them. This suggests
that the workload levels are comparable for the Category C
terminal phases of TOF and LDG and a constrained maneuver
such as the steady turn.

This holds for all the indexes with the exception of LF/HF
because in the pairwise comparisons no significant differ-
ences have emerged using one-way ANOVA with repeated
measures. In Figure 2 this effect is noticeable as the fluctua-
tion of the index between ENR and MNV compared to TOF
and LDG. Concerning SI, which shows an increasing trend
compared to the other indexes, it should be recognized that
an increase in SI is associated with an increase in workload
levels; hence, the results agree with the other indexes.

Considering the first five indexes in Table 6, namely
SDNN, SD2, LF, TOT),,,, and HRV,;, Figure 2 presents a
clear trend with respect to the baseline. For these indexes,
the whiskers of dispersion are more contained than those for
the other indexes that present at least one flight phase with
a much greater variance than the other or with skewed data.
Concerning LF and TOT),,,, the ENR whiskers have a greater
extension than the other phases; this effect is also found in all
the other frequency bands.
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FIGURE 2. Notched boxplot of flight phases.

F. WORKLOAD ASSESSMENT

A preliminary method of workload levels estimation, based
on specific considerations for the first five indexes listed
in Table 6, is detailed in this section. These indexes show
similar results in the pairwise comparison of the flight phases.
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In particular, based on what was mentioned in the previous

section, the TOF, LDG, and MNYV flight phases can be asso-
ciated with a high workload level. With the purpose of using
three different workload levels (low, medium and high), the
data of the three high-workload phases were merged at a
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FIGURE 3. Assessment of allowable workload levels.

high level. See Figure 3 that shows the trends of the previ-
ously selected indexes. The y-axis is named AWL- Allowable
WorkLoad, meant by authors as the percentage amount of
workload that the subjects are still able to use. Thus, a value
equal to one (i.e., 100%) is associated with the lowest level
of workload. The deviation with respect to the mean value is
computed as 0.5 times the standard deviation of the acquired
sample. Three different bands are drawn with color gradation,
and the highest workload assessment zone is colored in red.
Except for the green and yellow bands in the HRV}; index, all
others bands show an overlapped transition band from lower
to higher workload level.

A sixth further index is introduced in Figure 3, built by
combining the previous five selected indexes; this index is
named PPM - Pilot Performance Monitoring. The PPM is
calculated starting from the normalized values for the base-
line rest time of the five indexes considered and summing
the contributions of each index for the corresponding dif-
ficulty level. The overlap thresholds shown in Figure 3 for
PPM were obtained considering a standard deviation of 0.5,
which results in central overlapping bands that differentiate
the AWL thresholds more systematically than the results
obtained by the individual indexes.

A multivariate analysis of variance was conducted to test
the overallsignificance of the three workload levels among
the five selected measures. Setting a level of ¢ = 0.05,
a significant main effect was estimated, Wilks” A = 0.105,
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TABLE 7. Analysis results for the three AWL levels.

Workload level (M + SD)

Measure ~ Low Medium High F Partial 72

SDNN 4170 = 2929 + 2085 = 6399 0.66
15.01 15.98 11.71

HRVy; 951 + 646 + 458 =+ 7876 0.71
3.28 2.83 2.23

LF 1206.15+ 701.25 + 324.72+ 29.54 0.47
807.11 639.16 313.13

TOTpow 181668+ 1088.45+ 50298 + 22.16 0.41
1319.87 1186.35 522.56

SD2 5446 + 37.80 + 2655 = 7625 0.70
18.43 19.54 14

PPM 312550+ 186325+ 879.69 + 26.53 0.45
2126.85 1818.41 853.57

F(10,24) = 20.446, p < 0.001, partial 172 = 0.895, meaning
that the combination of the five selected physiological param-
eters provides a useful discrimination of the three different
workload levels. In addition, the results showed that there
were statistical diferrences among the three different work-
load levels for each measure (Table 7).

Wilks” A value in a multivariate test does not provide
explicit information on how the indexes contribute to dif-
ferentiating the workload levels for the analyzed case study.
Wilks” A give only the knowledge thet there is a significant
effect on at least one of the dependent variables taken into
consideration.

Thus, repeated contrasts were chosen; each contrast com-
pared the index’s value at one level to the index’s value at
the following level, and significance values were computed
to verify that all the indexes can recognize the differences.

In the low-medium comparison (L-M), the two contrasts
listed in Table 8, TOT),, and LF, had significance values
greater than or equal to 0.001. The cause of reduced signif-
icant effect in these two comparisons is detectable from the
analysis of boxplot data described in the previous paragraph
flight phases comparison, in which TOT),,, and LF reported
higher whiskers due to the variability of acquired values in
the ENR flight phase.

Nevertheless, by identifying possible outliers in the sample
for each level using the multivariate Mahalanobis distance
test, four pilots were found in at least one of the levels
with remarkably high distance values. Excluding these pilots
and reanalyzing the sample, based on 30 pilots, all indexes
exhibited significant differences in the comparison between
levels. The results for the sample of 30 pilots are shown in
Table 9. Descriptives, F values, and effect size (Partial 772)
were reported for the analyzed groups.

V. DISCUSSION

Concerning the influence of sex (data reported in Table 3),
except for the SI, none of the investigated physiological
indexes showed statistical differences between males and
females. However, a recent meta-analysis [64] systemati-
cally reported the relationship between HRV indexes and
sex. For instance, analysis of time-domain HRV indexes
showed a more decreased mean score on SDNN in females
than in males, whereas analysis of RMSSD yielded no
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TABLE 8. Repeated contrasts analysis group with outliers.

Group of 34 F P Partial n°
LM 40010 <O0.001* 0,548
SDNN M-H 39,159 <0.001% 0,543
. LM 49656 <0001* 0,601
HRVE Vg 50920 <0.001% 0,645
LF LM 13855 ,001 0,296
M-H 21,843 <0001* 0,398
TOTpow LM 8723 006 0,209
M-H 17,803 <0.001* 0,350
LM 47,716 <0001* 0,591
Sbh2 M-H 44474  <0.001% 0,574

TABLE 9. Repeated contrasts analysis group without outliers.

Group of 30 F P Partial 72
LM 60,685 <0.001F% 0677
SDNN M-H 30843 <0.001* 0,515
L-M 52,685 <0.001* 0,645
HEVE  \igo 59012 <0.001% 0,670
LF L-M 16770 <0.001* 0366
M-H 19452 <0001* 0401
L-M 21078 <0.001* 0421
TOTpow  MH 19972 <0001* 0408
LM 58879 <0.001* 0,670
SD2 M-H 39,187 <0.001% 0,575

significant or inconsistent findings. Furthermore, regard-
ing the frequency-domain HRV indexes, females compared
to males reported lower scores on VLF, LF, LF/HF ratio,
TOT )y, and higher HF [64]. These differences between the
present results and the literature may be partly due to the
participants’ characteristics of the examined studies, which
may have affected HRV indexes scores between the two
sexes. To include these effects in the workload assessment,
it is important to investigate a sample of pilots that includes
more females than those involved in the present study. The
authors suggest considering these findings with some caution
since they may be influenced by the high disproportion of the
number of male and female participants. However, it is worth
noting that the percentage of females involved in the exper-
iment is in line with the current civil pilots population [65],
[66].

Regarding the influence of age, in the present study, only
HF and LF/HF showed significant differences between the
two age groups, see Table 4. HF was negatively associated
with age, suggesting a reduced autonomic tone of the heart
with an increase in age. On the other hand, positive associ-
ations were estimated with LF/HF, indicating an increment
of sympathetic activity with an increase in age. These results
agree with previous empirical works [67], [68], which found
associations characterized by similar trend. Nevertheless, the
results of the current study do not support the existence of any
influence of age on the other physiological indexes. There is a
possible explanation for these findings. For instance, in some
studies, age is negatively related to SDNN, to RMSSD,
and TOT),, [67]-[69], but it is important to outline that
in the aforementioned studies, the participants’ age groups
were very larger and distinguished (aged from 16 to 60,
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from 40 to 100, and from 10 to 80, respectively). In contrast,
the present study sample was restricted to only adult individu-
als (min age = 23 years, max age = 52 years). It is likely that,
considering different age groups, significant results would
have been found. Nevertheless, it is worth noting that the
age of pilots involved in the present study denotes a close
proneness to a realistic training group.

Concerning the trend of the HRV indexes over the flight
phases, some general aspects can be highlighted. In partic-
ular, it is possible to note how an increase in the workload
affected each index. Figure 2 showed for the SI index a
different response from the other indexes; in fact, the value
for the in-flight phases was greater than the baseline. This
result agrees with the pilots’ physiological response since,
according to Baevsky er al. [45] SI increases as the work-
load increases. By analyzing the time domain indexes SDNN
and RMSSD, it can be observed that they had a decrement
related to an increase in workload level; comparable results
were found by Cinaz et al. [70] and Orsila et al. [43]. The
differences in the mean values were estimated in the present
study with a significant difference for SDNN, but even to
the decrease in RMSSD according to Cinaz et al. [71] and
Fallahi et al. [52] should be related to an increase in mental
workload. Similarly, a decrease in the geometric index is
related to an increase in workload [70], [71]. More specif-
ically, a decrease in the HRVj; index is associated with
an increase in the workload levels. This resulted in a sig-
nificant difference in the pairwise comparisons of flight
phases according to Mansikka et al. [4], [5]; the TINN index
resulted in a weak significant difference in the pairwise
comparisons of flight phases, which is in accordance with
Cinaz et al. [71]. Regarding the frequency domain, the results
are largely in agreement with the reference literature. In par-
ticular, the obtained results showed that a decrease in both LF
and HF bands reflects an increase in the workload. Regarding
these two frequency bands also Bonner and Wilson [28] found
a significant decrease as the workload increased.

Separate considerations must be considered for the LF/HF
ratio. The results of the present work show that all the flight
phases compared with the baseline have an average level that
is higher than the baseline itself. This means that the workload
level during rest time is lower than during flight phases;
however, for the pilots and flight phases analyzed, the LF/HF
ratio is inadequate to differentiate between medium and high
workload levels. It is worth mentioning here that the results
reported in the scientific literature about the relationships
between the LF/HF ratio and workload levels are not always
in agreement. In some previous works [30], [51]-[53] it was
reported that an increase in the LF/HF ratio is associated
with a workload increase. Conversely, the opposite trend was
reported by Hsu et al. [54]. The present study as well does not
reveal a distinct relationships between WL and flight phases
based on the examined sample.

The other two indexes, VLF and TOT),,, examined in
the frequency domain, reported a decrease associated with
an increase in workload, and similar results were found by
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Heine et al. [72] and Miyake et al. [73]. More in particular,
the decrease in VLF results is sensitive enough to differen-
tiate the maneuvers associated with high mental workloads,
this is in accordance with Hsu et al. [54]; TOT),,, presents
a narrower variance and a significant difference in pairwise
comparison of flight phases, and for this reason, it is an
appropriate index for the workload level inspection.

Finally, the non linear indexes computed on Poincare plot,
SD1, and SD2 showed a reduction in the median values
that should be related to a workload increase as found by
Acharya et al. [74]. Both SD1 and SD2 reduced as the work-
load increased, so the Poincare ellipse contraction can be
related to variations in the workload levels.

As a further result, all the considered HRV indexes’ anal-
ysis proved that takeoff and landing maneuvers, belonging
to Category C handling qualities classification, have similar
workload levels to a double steady turn maneuver; therefore,
it is possible to consider these three maneuvers as a group to
high demand workload.

Finally, with the aim of differentiating among low, medium
and high workload levels, the indexes SDNN, SD2, LF,
TOT ), and HRV,; were selected in the present work because
they showed a statistically significant decrease with workload
increase and because they allowed the estimation of the three
different pilots AWL bands. In addition to these findings,
an index named PPM - Pilot Performance Monitoring was
introduced as the sum of the five HRV indexes. For the con-
sidered case study, the PPM seems to asses more consistently
the allowable workload level. These results can be considered
a step forward in the identification of the workload level that
pilots can experience during flight or training since, to the
best knowledge of the authors, this is the first study that pro-
duces consistency in the differentiation among low, medium,
and high workload levels using the time, frequencies, and
non-linear HRV domains of analysis.

VI. LIMITATIONS AND FUTURE DIRECTIONS

The main limitation of the study could be seen in the low
number of participants which could limit the generaliza-
tion of the findings beyond the study sample. Neverthe-
less, it is worth noting that the sample size is similar to
the ones reported in other previous works about flight sim-
ulation activities and that the results are in line with the
literature [4], [8], [52], [54].

A second limitation concerns the inclusion of stan-
dard maneuvers, excluding from analysis any non-standard
maneuvers, which may be likely associated with higher work-
load levels. From this perspective, it will be necessary to
verify what occurs with much more challenging maneuvers,
such as the final approach with low visibility or one engine
inoperative.

Another limitation may be that the experiments were car-
ried out using a ground-based simulator instead of real fly-
ing aircraft. However, it is clear that using a ground-based
simulator is consistent with first steps research studies to lay
down the basis of future experiments to be carried out using
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real aircraft simulator systems such as the Calspan’s Learjet
Simulators.

Additional studies should also be addressed at taking into
account shorter time intervals than five minutes to investigate
whether the same conclusions can be drawn also in a different
time frame.

For future testing, the optimal and recommendable choice
is the detection of multiple HRV parameters, since a single
indicator may not be able to fully describe the workload.
From this point of view, the information coming from dif-
ferent indexes can converge in the same direction, provid-
ing a more detailed description of the investigated workload
assessment.

VII. CONCLUSION

This study can be considered a contribution to workload
assessment using physiological measures. Specifically, con-
sidering time-domain, frequency-domain, and non-linear
HRYV indexes in a unique experimental design, these findings
offer a more comprehensive overview of the different HRV
indexes for workload evaluation. These results support the
importance of parameters based on HRV measurement for
assessing changes in workload, also suggesting the develop-
ment of non-obtrusive devices that can assess workload in
real-time.
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