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Abstract: Workload and fatigue of aircraft pilots represent an argument of great interest in the
framework of human factors and a pivotal point to be considered in aviation safety. 75% of aircraft
accidents are related to human errors that, in most cases, are due to high level of mental workload
and fatigue. There exist several subjective or objective metrics to quantify the pilots’ workload
level, with both linear and nonlinear relationships reported in the literature. The main research
objective of the present work is to analyze the relationships between objective and subjective
workload measurements by looking for a correlation between metrics belonging to the subjective
and biometric rating methods. More particularly, the Heart Rate Variability (HRV) is used for
the objective analysis, whereas the NASA-TLX questionnaire is the tool chosen for the subjective
evaluation of the workload. Two different flight scenarios were considered for the studies: the take-off
phase with the initial climb and the final approach phase with the landing. A Maneuver Error
Index (MEI) is also introduced to evaluate the pilot flight performance according to mission
requirements. Both qualitative and quantitative correlation analyses were performed among the MEI,
subjective and objective measurements. Monotonic relationships were found within the HRV indexes,
and a nonlinear relationship is proposed among NASA-TLX and HRV indexes. These findings suggest
that the relationship between workload, biometric data, and performance indexes are characterized
by intricate patterns of nonlinear relationships.

Keywords: aircraft pilots; mental workload; NASA-TLX; heart rate variability; performance index;
nonlinear correlation

1. Introduction

Increasing safety is one of the most crucial priorities in aviation transport, leading the
aeronautical authorities and industries to increase aircraft reliability constantly, among other initiatives.
Aviation safety is a very complex area that can be improved not only by taking into account the
reliability of an aircraft and its systems but also considering and monitoring the crews’ performance
and everyone involved in the aviation system. Seventy-five percent of aircraft accidents are related
to human errors that, in most cases, derive from mental workload and fatigue of pilots and aviation
operators in general [1]. Human error can be a consequence of design flaws, inadequate training,
incorrect procedures, old manuals among other technical, environmental and organizational factors [2].
For example, the increasing technology in aircraft systems that, on the one hand, supports the pilots in
reading, interpreting, and controlling flight variables, helps to carry out their tasks more efficiently
and accurately. On the other hand, it can deeply increase the mental effort needed to manage the huge
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amount of information displayed. The drawback of the increasing advance in avionics technology
along with job responsibilities, irregular sleep and the stressful shifts can consequently cause fatigue
and work overload problems [1,3–5]. On this basis, in recent decades, the accurate comprehension
of psychological and physiological characteristics associated with human errors have become of
significant interest. The awareness of the pilots’ psycho-physical state and the real time monitoring of
the mental workload during simulator training activity or in real flight can improve the efficiency of a
crew and the safety of aviation operations. High and low workload conditions for pilots can affect
flight performance and predispose crews for making errors [6–8].

Different methods are used to evaluate the mental workload that can be grouped into three
main categories: task-related performance measurements, subjective assessments, and objective
evaluation [9]. The first category is directly related to the definition of performance, provided by
Paas et al. [10]. Performance can be roughly defined as the effectiveness in accomplishing a particular
task, and thus the workload can be evaluated by analyzing the decrease in performance by the pilots.

The subjective assessment is based on standardized evaluations especially developed to make
comparisons feasible; questionnaires belong to this category. However, since the responses are
subjective, the results may differ depending on the personal interpretation of the evaluated criteria.
For example, newly formed pilots experience uneven workload levels for the same task compared to
more experienced pilots. On the other hand, physiology data are obtained by biometric sensors and
are based on reliable information for evaluating and comparing workload [11–13].

Despite the differences, all methods of analysis should be employed in the evaluation of workload.
The subjective assessment contains information related to the pilot’s perception that only can be
investigated by this method. Simplicity, low cost, and in some cases, lack of invasive procedures [14],
represent reasons that motivate the use of subjective measurements [15,16]. The National Aeronautics
and Space Administration Task Load Index (NASA-TLX) is the commonly used instrument for
subjective workload measurement due to its sensitivity and reliability [2,17–19]. There are two ways
for a pilot to evaluate a stressful situation: (i) by a scale, usually numeric; (ii) by comparison between
different items. The first method requires the pilot to attribute a value to the accomplished task,
while in the comparison between items, the pilot chooses the type of demands that were perceived as
most prominent.

For the objective measurement, the evaluation of workload can be obtained through the analysis
of physiological signals directly related to the body’s natural response under stress situations.
Factors such as Heart Rate Variability (HRV), body temperature, cerebral activity and ocular movement
are examples of measurements to analyze the workload level [8,20,21]. Due to the technological
advances, the available devices today are smaller, portable, more comfortable and more reliable [22].
Such advantages are more relevant in a cramped workspace, as the cockpit. A compact, wearable
device with no connecting cables is mandatory for an in-flight activity analysis to not obstacle the use
of the cockpit instruments. Moreover, distributed sensors potentially allow a more detailed analysis
of each action and the identification of the main factors that contribute to stress. On the other hand,
these measurements are not faultless. Some measurements are sensitive to the activity that is being
carried out, especially in the case of multiple tasks, so for the evaluation of the workload more than
one methodology should be considered [23].

This work presents a study on the relationship between the collected HRV biometric data of the
pilots and the subjective data collected through the NASA-TLX questionnaire. In particular, the cardiac
rhythm is used to determine the body’s natural response to stressful situations, while the subjective
measurements are used to analyze how the pilot perceives these workloads. Moreover, an index is
introduced with the aim of quantifying the performance of pilots in executing the requested tasks.
The motivation lies in the fact that a reliable correlation of objective and subjective data can aid in
the development of tools for real-time measurement of fatigue and workload, enabling more effective
prevention of incidents and accidents.
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2. Experiment and Methods

2.1. Flight Mission

As first step, a mission flight syllabus was arranged and explained to pilots during pre-flight
briefing by a certified instructor. The take-off airport is Milano Linate (International Civil Aviation
Organization code: LIML).

The simulation setup preset was 12:00 o’clock local time, wind velocity 3 kts with direction 030,
runway dry condition and maximum friction coefficient considered, 6000 [lbs] of fuel symmetrically
distributed between right and left tanks, atmosphere temperature equals to 14 ◦C and atmospheric
pressure adjusted to sea level QNH was 1013 [hPa]. The take-off was followed by a climb flight
segment till the altitude of 10,000 feet where level flight conditions apply. Once the take-off and climb
segment was accomplished, pilots performed the same sequence of maneuvers, in particular, two turns
one left and one right, a stall maneuver, upset recovery, and a holding circuit. Following the qualified
instructor’s request, all the pilots performed the sequence; therefore, it was possible to suppose a degree
of additional workload equal for all pilots before starting the approach procedures. After about 30 min
of flight, approach and landing were performed on the same runway. In the present work, the research
activity is focused on two different flight segments. The first one consists of the take-off and climb
phases described before and it is referred to with the label TO. The second segment, referred to as LA,
starts with the procedure for airport runway radial interception at about 10 nautical miles (NM) from
the runway threshold and then it continues with the ILS approach procedure and landing.

2.2. Pilots Data

The research sample was twenty-three pilots. Though the size of population appears to be low
to achieve high statistical power, samples of similar size are used and reported in other literature
works about flight simulation activity [15,16]. In the present study, the main limitation behind the
small size of the sample is related to the experimental campaign employing a full flight simulator.
Each session requires a time interval of about three hours, considering the pre-briefing, the flight
mission, and the post-briefing with a qualified instructor. Such standards involve high costs for both
the facility that supports the researchers’ activity free of charge and the pilots that give their time
availability to perform the experimental campaign. Data in terms of mean, median and standard
deviation of pilot characteristics are listed in Table 1: the value of mean and median are very close for
the human body features, flight hours presents a lower median because the majority of the pilots that
participated in the experiment had about 300 flight hours experience.

Table 1. Pilots characteristics.

Features Flight Hours Years Height [m] Weight [kg]

Mean 633.1 31.8 1.74 75.4
Median 285.0 29.0 1.75 75.0

Standard deviation 1146.2 8.1 0.06 11.7

2.3. Experiment Hardware

The simulator used for the missions is located at the M.A.R.T.A. Centre (Mediterranean
Aeronautics Research and Training Academy), a facility of the Kore University of Enna. The full
flight simulator, replicates the aircraft CESSNA Citation C560 XLS and it is characterized by the highest
level of fidelity requested by the EASA (European Aviation Safety Agency) regulation [24].

The sensor used for the HRV measurements is the Movisens EcgMove 3 [25]. Its electrodes are
positioned directly on the pilots’ chest using a belt. The device is used to acquire the ECG of pilots
during simulated flight missions. The EcgMove 3 has a raw data acquisition of 1024 Hz for ECG
measurements, 64 Hz for 3D acceleration and 8 Hz for barometric altitude. The software UnisensViewer
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was used to check the data and select the time intervals for the analyses of the ECG signal and extract
the HRV features [25].

2.4. Objective Measurements

The objective measurements are obtained by analyzing the ECG signal of each pilot in terms of
HRV. In particular, the interval measurement between two successive R peaks, shown in Figure 1 and
known as Inter Beat Interval (IBI), is considered to be one of the most useful HRV parameters for stress
analysis [26].

R wave peak 1 R wave peak 2

R-R interval

Figure 1. RR Peak detection.

In fact, when the IBI is constant, HRV is practically zero, and this is generally an indication of
high mental stress. Moreover, the IBI parameter can be analyzed both in the frequency and in the
time domains to compute workload indexes [27]. Among time domain-based indexes, the Standard
Deviation of NN intervals (SDNN) is the standard deviation of “regular” RR intervals [28] and,
according to the literature [16,29], the decrease of this parameter reflects an increase in mental
workload [30,31] and in physical demand [32]. The NN interval corresponds to RR one when no
artifacts are present in the ECG heart-beat waveform. SDNN is often associated with the Root Mean
Square of Successive Differences (RMSSD) that varies inversely proportional to the stress variation [33],
i.e., when stress increases the RMSSD decreases. Another useful index for workload analysis is the
SD1, a geometric method quantity defined as the Poincaré’s ellipse semi axis perpendicular to the
line of identity [34]. A low value of SD1 indicates a high level of stress. This parameter is also closely
related to statistical measurements, i.e., the Standard Deviation of the Successive Difference (SDSD) of
RR intervals [35].

On the other hand, the Low to High Frequency (LF/HF) ratio is a widely used parameter because
it can provide information about the parasympathetic and sympathetic activities of the body [36].
The LF/HF index is obtained by using the fast Fourier transform to compute the power spectral
density of the ECG signal associated with both low (0.04–0.15 Hz) and high (0.15–0.4 Hz) frequency
bands [35–37]. It is observable that the LF/HF ratio increases when the difficulty of a demanded task
increases due to the predominance of the sympathetic nervous system during stressing events.

2.5. Subjective Measurements

The NASA-TLX questionnaire [17] was designed to assess a person’s workload on a specific task
and to compare the “stress” between different work situations. It is composed of six sub-scales: mental
demand (related to the mental activity required by the exercise), physical demand (related to the level
of physical effort employed to perform the task), temporal demand (related to the duration, intensity
and pace at which the exercise occurred), own performance (related to the successes achieved during
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the task and satisfaction level gained with the results), effort (related to the work necessary to fulfill
the task) and frustration (related to the feelings experienced during the task and the ratio between
commitment and benefit achieved) [17]. At the end of each flight session, pilots are asked to assign a
weight to each sub-scale; for each pair, they are asked to select the scale that, from their point of view,
contributed more to the load felt during flight missions [17]. This type of analysis is considered to be a
relevant and suitable subjective measurement and it allows comparing workload perceptions across
different situations [38].

In the present study, the obtained NASA-TLX results showed the pilot’s perception of the
workload level during the simulated flight mission. This afforded the investigation of relationships
between objective and subjective data and provided essential information about the most important
factors in the perception of workload.

Some inaccuracies can be expected from such results because the subjective measurement is
sensitive to pilots’ interpretation, judgment and psycho-social state. In particular, pilots may tend to
have a high self-estimation and underestimate difficulties, which may jeopardize the reliability of the
data [39,40].

3. Flight Maneuvers Results

Two flight maneuver parameters were chosen to carry out the comparison mentioned above:
Heading (HDG) [deg] and True Altitude (ALT) [ft] [14]. The flight segments chosen to analyze such
parameters are take-off and climb phase (TO) and approach and landing phase (LA). Such flight
maneuver parameters along with time intervals were selected to evaluate the data acquired during
flight segments with respect to the thresholds imposed to pilots by the mission syllabus (more details
are given in the Heading and Altitude subsections).

3.1. Heading

The Heading parameter was analyzed for the flight segments related to TO and LA. Figure 2a
shows the initial climb procedure based on Standard Instrument Departure (SID) pathway tracked
by the pilot during the TO segment, while Figure 2b shows the arrival route with ILS procedure
related to LA segment. In a pre-flight briefing, systems and procedures were described to the pilots
by an instructor. During the simulation, the instructor supervised the execution of the maneuvers.
Figures 3 and 4 show the heading angle ψ versus time for these phases, respectively. Take-off was
executed from Runway 18/36 of Milan Linate airport, such reference heading is set to 0◦. In the same
figures, the standard deviation of the 23 pilots is reported together with the mean trend.

Figure 3 shows the HDG values for a time interval of 6 minutes after the release of the parking
brake. It is possible to note that the deviation is almost zero during the ground roll, about the first 40 s,
it increases until 100 s and then it decreases again close to 180 s. The reason is that the direction of
the runway initially forces the route. After 40 s the aircraft detaches from the ground, then the pilot
begins to rise in altitude and, simultaneously, heads towards Codogno (COD); during this TO phase,
however, some pilots show initial disorientation in intercepting the correct radial vector. In the time
interval between 160 and 200 s instead, all the pilots intercept the radial of 150◦. The higher deviation
values from 240 s on, depends on the way pilots approach towards Codogno, which was requested by
the instructor.
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Figure 2. Path to be followed during TO segment (a) and LA segment (b).
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Figure 3. Heading during TO segment.
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Figure 4. Heading during LA segment.

As shown in Figure 4, a similar period of 6 minutes is used to analyze the landing performance.
The end of this segment corresponds to the parking brake set. HDG equal to 0◦ in Figure 4,
corresponds with the Runway heading 355◦ of Runway 18/36 of Milano Linate airport. It is possible to
see that the deviation from the runway direction is above 50◦ for the first 100 s. Deviation from runway
mid-axis depends on the route that the pilots perform to align with the path. Indeed, the position of
aircraft at the beginning of the segment depends on the different position reached per pilot during
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cruising flight in accordance with the instructions of the instructor. From 120 s on, the standard
deviation decreases and becomes negligible during the last 100 s, since the pilots are well aligned with
the descent path.

3.2. Altitude

Figure 5 shows the altitude profile during the TO phase. The mission calls for an altitude
of 10,000 ft and all pilots reach it after about 240 s from the initial maneuvers. The altitude in
Figures 5 and 6 starts from 340 ft that is the elevation of Milano Linate airport runway 36.
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Figure 5. Altidude during TO segment.
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Figure 6. Altitude during LA segment.

The time interval of 360 s is sufficient to analyze the range within which all the pilots reaches
10,000 ft, as required by the mission. The deviation gradually changes in the interval between 150 and
240 s because the pilots climb with different rates, not respecting the rate of climb imposed by the task.
Concerning the LA phase, the same considerations made for the heading variation, shown in Figure 4,
can be made here. As requested by the instructor in the pre-briefing session, the landing maneuver
had to be performed according to the JEPPESEN 21-1 passing through DIXER. The reference altitude
for the final approach was 3000 ft. The high deviation values shown in Figure 6 for the first 50 s are
related to the way in which the pilots had performed the approach phase to the airport, starting from
the previously performed task.

3.3. Maneuver Error Index

A Maneuver Error Index MEI was formulated and determined based on the flight path data
recorded during the simulations. As reported in Equation (1) the index consists of two factors,
one related to the heading and the other to the altitude; the index is computed for the two
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different segments TO and LA. The MEI for the heading and the altitude is computed based on
Equations (2) and (3) respectively.

MEI = MEIHDG + MEIALT (1)

MEIHDG =
1(

tj − tk
)
· ψr

tj∫
tk

|ψi (t)− ψr (t)| dt (2)

where ψr is the mean heading within the segment, tj and tk are the time instants taken into account
according to the instructor for computing the MEIHDG, see Table 2, ψi is the heading for the i-th pilot
and ψr is the heading requested by the instructor.

MEIALT =
1

(tt − ts) · zr

tt∫
ts

|zi (t)− zr (t)| dt (3)

Considering the MEIALT , zr is the averaged altitude in the segment, the time instants tt and
ts are reported in Table 2, zi is the altitude for the i-th pilot and zr is the requested altitude during
the maneuver. Figure 7 shows the MEI values computed for each pilot during the TO segment.
In particular, it is highlighted the MEIHDG because for each pilot appears dominant if compared with
the MEIALT . In Figure 7 the pilot 12 appears out of the mean, moreover, the pilots 14 and 19 shown a
higher contribution of MEIALT with respect to the MEIHDG.

Table 2. Time values in seconds for evaluation of MEI within TO and LA.

tk tj ts tt

TO 0 180 220 360
LA 100 310 100 310

Figure 7. Maneuver Error Index for TO segment.

Figure 8 shows the MEI values computed for the LA segment. Also, in Figure 8 it is highlighted
the MEIHDG contribute for each pilot. From the behavior of MEI it is possible to observe that the
relative influence of the MEIHDG during LA segment is lower than the TO case; this can be justified by
the fact that during LA phase the route is conditioned by the path of the runway.
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Figure 8. Maneuver Error Index for LA segment.

4. Workload Analysis

4.1. Objective Time-Averaged Data

The results were analyzed in terms of values averaged over time for each pilot and for both the TO
and LA phases. The box plot method was used to present the data. Figure 9 shows the results obtained
from the sample of 23 pilots. The median value of each index is shown with whiskers from the lowest
to the largest data point. Observing the median values, it can be noticed that indexes suggest that the
LA is most demanding in terms of workload. A higher LF/HF value is related to a higher level of
workload and lower values of SD1 and SDNN are associated with higher workload level, therefore the
results are in agreement.

Last, looking at Figure 9, it can also be observed that the sample presents a high degree of variance,
in particular, the values of indexes are in some cases far from the median values, for both TO and
LA. However, the research of outliers with the interquartile range threshold had shown that possible
outliers related to different pilots arose from each HRV indexes. As a consequence, since it was not
possible to individuate the existence of pilots samples that are outliers for every index, all the samples
have been taken into account to carry out the successive analysis.
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Figure 9. Values of HRV workload assessment indexes for TO and LA segment over the sample.

4.2. Objective Pilot-Averaged Data

The HRV data acquisition started ten minutes before the pilots entered the simulator cockpit.
Figure 10 shows the time history of the HRV indices averaged over all pilot samples for both the TO
and LA segments. Observing the range from 30 to 280 s, the TO segment presents higher levels of
SD1 and SDNN parameters with respect to LA ones. Instead, the LF/HF parameter values during TO
are lower than the LA values. Considering that the increase of workload is related to the increase of
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LF/HF ratio and to the reduction of SD1 and SDNN, it can be said that the TO segment is characterized
by a lower level of the workload with respect to the LA phase. Focusing on the TO phase, and in
particular on the initial phase 0–60 s, during which the liftoff occurs, it appears that there is a decrease
in SD1 and SDNN; these results suggest that the workload level is slightly increasing during the
initial take-off phase. Nevertheless, the LF/HF measurement trend is not consistent with these results.
In the 240–360 s interval, SD1 increases allowing arguing that the level of mental workload of pilots is
reducing. Such a reduction of mental stress can be associated with the fact that pilots reach the level
flight attitude at about 240 s. A slight increase also appears in SDNN confirming SD1 result. Again,
the LF/HF does not give significant information for the TO segment. Other variations are not relevant
since in TO interval the indexes trend variations are less consistent than in LA phase.

Figure 10. HVR Comparison within flight segments.

On the other hand, with reference to the LA segment, it is possible to observe that the results
show a first peak of LF/HF at 120 s, representative of an increase of the mental workload or stress.
The trend of LF/HF anticipates the minimum of SDNN which occurs at about 180 s and that represents
a high workload as well. Conversely, SD1 slightly decreases in the interval 0–60 s and then it remains
almost contants untill 270 s, suggesting just an initial small increase of workload level. Moreover,
the LF/HF ratio reaches its maximum value at 240 s, and then it reduces, indicating that the proximity
with ground causes an increase in pilots’ mental stress level. From this point on, the levels of LF/HF
decreases while the SD1 and SDNN increase indicating a reduction of the workload or stress level.
This may be due to the fact that both the maneuver and mission are almost completed and the pilot
begins to relax.

4.3. Subjective Time-Averaged Data

To evaluate the weight of each subscale [17] in the assessment of Overall Workload (OW),
the participants was asked to indicate the subscales that, in their opinion, contributed most to
the workload of the task. This was done by pairwise comparisons of the subscales, for a total of
15 pairs. In particular, the number of times that each term can be indicated by pilots can range from
0 (not relevant) to 5 (more important than any other factor) at most [17,38]. On this basis, the OW
is computed as a weighted average of the six original ratings. Therefore each rating is weighted by
its coefficient issued from the pairwise weighting method. The OW value is consequently computed
by Equation (4):

OW =

6
∑

i=1
(wi · Ri)

15
(4)
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where wi and Ri denote the weight and rating value associated with the i-th workload source.
Figure 11 shows the results obtained from the sample of 23 pilots in term of OW for the TO and

LA flight segments. Analyzing the median values of the sample, the subjective OW shows a value
slightly higher for the LA phase which confirms the workload level evaluation obtained by means
of the HRV measurements LF/HF, SD1 and SDNN. Moreover, the lower dispersion of the LA data
denotes that the workload level was perceived in a more consistent way during the landing phase.
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Figure 11. NASA-TLX workload assessment indexes for TO and LA segment over the sample.

4.4. Subjective and Objective Results Comparison

As observed in the previous section, the degree of variance is high for the objective data, Figure 9,
and the same stands for the subjective results, Figure 11. This can also imply that the objective
workload index for some pilots may not reflect the result expected from the subjective perception of
pilots. This is confirmed by the simple relationship matrix given in Figure 12.

The arrangements of pilot is set to show easily the association between subjective (OW) and
objective (LF/HF, SD1 and SDNN) indexes.

Figure 12. NASA-TLX and HRV comparison.

Figure 12 shows the boolean relations between the estimation of workload level for LA and TO
segments for each pilot and for both subjective and objective measurements based on the hypothesis
that the workload for the LA segment is greater than the workload for the TO segment. If the
assumption is verified then the cell that relates the measure index with the pilot index is filled in
green and the boolean relation equals 1. Conversely, the cell is colored in red and the relation equals 0.
This simple representation allows concluding that about the 56.5% of the pilot population perceive the
LA segment as more demanding in terms of overall workload with respect to the TO phase, as shown
by result corresponding to the subjective NASA-TLX overall workload OW assessment. However,
observing Figure 12 it can be noted that the objective indexes are often in disagreement with the
subjective ones. The better agreement between the NASA-TLX OW measure and objective indexes is
obtained for the SD1 with a percentage agreement of 47.8%. More in detail, from Figure 12, it appears
that: pilots 12, 16, 20 and 22 are the only ones with a full correspondence between the overall workload
evaluated by NASA-TLX and what emerges from the analysis of the HRV indexes; pilots 4, 8 and 23
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show a perception of subjective overall workload for landing segment greater than the take-off one,
namely OW LA > OW TO, but the HRV indexes show an opposite trend; vice versa, the OW LA is
lower than OW TO (values of zero for the OW) for pilots 10, 14, 18 and 19 but the HRV indexes show
discordant result. In all other cases, at least one index is in disagreement with the hypothesis.

Lastly, by comparing the results of the overall workload OW in Figures 11 and 12 with MEI index
in Figure 7, it can be pointed out that a low subjective perception of workload does not mean that
the mission has been executed correctly. For instance, pilot 12 perceives a lower workload during
the TO segment; however the MEI for the TO phase is about three times greater than the MEI mean
value of all pilots; this indicates the pilot 12 did a greater amount of error in following the syllabus and
instructor’s requests with respect to all the other pilots.

5. Correlation Analysis

The previous sections analyzed the different objective and subjective parameters in terms of
HRV, MEI, and OW. The considerations made in that subsections suggest that the association between
maneuver performance, subjective perception of workload and its objective estimation during flight
is not obvious. For this reason a correlation analysis between the variables was carried out in the
present section. The primary purpose was to identify the potential presence of a relationship between
the NASA-TLX and the other objective parameters. Thus, the results obtained for all the pairs
are presented below, employing a correlation matrix. In order to assess the presence of a correlation,
two different methods of analysis were used: the Spearman’s rho [41] and the Randomized Dependence
Coefficient (RDC) [42].

For the Spearman’s rho methods, the correlation matrix provides values between −1 and +1 [43].
If the calculated coefficient is 0, there is no relationship. A correlation of −1 or +1 means that there
is a perfect correlation, inversely or directly proportional. Values of rho equal to 0.10, 0.30, 0.50
are representative of small, medium, or large effects respectively [44]. In Spearman’s rho case the
significance value p has been calculated. If the p-value is low, it suggests the presence of a monotonic
relationship between the two variables.

On the other hand, the RDC was used to search for non-linear correlations. The correlation
matrix provides positive values between 0 and +1 [42]. Values close to +1 suggest the presence of an
association pattern, but no gives information about type or direction. In the present work, to compute
the RDC, a convergence analysis is performed over 1000 runs, with a number k of non-linear projections
of the copula that varies in the range 1 to 20. A stable result is obtained for all the trials correlation
with k = 20, for more details about the method the interested reader is referred to literature [42].

The standard method of normalization by z-score [45] was used for the tests.
Correlation matrices are useful for examining the presence of a relationship between two or

more continuous variables. Thus, Tables 3 and 4 list, for each pair, the computed value under each
considered method for the TO and LA segment, respectively. Analysis of OW data in Table 3 shows a
low correlation value between OW and HRV indexes. A Spearman’s rho correlation coefficient equal to
−0.26 are obtained between NASA-TLX and LF/HF but it is not considered significant since p < 0.05.
Similar results are obtained by Hsu et al. [37]. However, the RDC method reports a value equal to
0.66. This leads to consider the presence of a non-linear correlation between such variables. Moreover,
RDC values greater than 0.7 for the pair (OW, SD1) and (OW, SDNN) are also obtained underlining
non-linear relationships between HRV indexes and NASA-TLX. Analyzing the correlation between
HRV indexes, again for the TO phase, it appears that the relationships between SD1 and SDNN is the
most significant, with a value p < 0.001. Also the correlation among LF/HF, SD1 and SDNN can be
considered large with p < 0.01. The presence of such correlation is confirmed by both Spearman’s rho
and RDC coefficients. Last, the Spearman’s rho correlation coefficient values of the pairs with MEI
are very low and not significant while the RDC continues to suggests the presence of a non-linear
correlation even though its value is lower than the HRV ones.
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Table 3. Correlation Matrix for TO segment.

OW LF/HF SD1 SDNN MEI

OW Spearman’s rho - −0.26 0.04 0.14 0.27
RDC - 0.66 0.72 0.76 0.59

LF/HF Spearman’s rho - −0.44 * −0.47 * −0.06
RDC - 0.82 0.91 0.61

SD1 Spearman’s rho - 0.93 *** 0.10
RDC - 0.93 0.59

SDNN Spearman’s rho - 0.07
RDC - 0.59

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 4. Correlation Matrix for LA segment.

OW LF/HF SD1 SDNN MEI

OW Spearman’s rho - −0.14 −0.05 −0.05 0.20
RDC - 0.60 0.57 0.56 0.88

LF/HF Spearman’s rho - −0.58 ** −0.66 ** 0.04
RDC - 0.91 0.86 0.64

SD1 Spearman’s rho - 0.96 *** −0.02
RDC - 0.94 0.72

SDNN Spearman’s rho - 0.00
RDC - 0.60

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

In Table 4 the data concerning the LA segment are listed. Generally speaking, the results show
lower values than the data listed in Table 3 exception made for RDC in the pair (OW, MEI) where
higher value occurs, equal to 0.88. Also, for the LA phase, a linear correlation is found for the pair
(SD1, SDNN) with values close to 1 and significance p < 0.001. Analogous results were found
by Hoshi et al. [46] in the pairs (LF/HF, SD1) and (SDNN, SD1), with an inverse relationship in
(LF/HF, SD1) pairs. Thus, similar conclusions to the ones reported analyzing TO data can be drawn
in the present LA case: the RDC suggests the presence of a non-linear relationships among OW,
HRV indexes and MEI. This consideration is also supported by the fact that a low value of Spearman’s
rank correlation coefficient just indicates that there is no tendency for one variable to either increase or
decrease monotonically when the other variable increases.

Previous considerations motivate the search for a nonlinear transformation of raw data that,
by applying mathematical functions that changes the variables’ measurement scales, improve the
correlation between the data [47]. After the data transformation, the correlation no longer represents a
linear or monotonic relationship on the original measurement scales; nevertheless, the Spearman’s
rank correlation can still give an insight on the existing relationship [47]. The search of the optimal
transformation is out of the scope of the present work; however, as a representative case, a possible
transformation function, that has been obtained by a trial and error approach, is here reported for
the pair (OW, LF/HF) for both TO and LA phases. More in details, the transformation function is
applied to each point in the LF/HF data sets, i.e., each data point is replaced with the following
transformed value

LF/HF∗i,α = a sin(LF/HFi,α) + b cos(LF/HFi,αa) sin(LF/HFi,α) (5)

where the star is used to label the transformed data, i = 1, 2, . . . , 23 relates the variable to the pilot
index while α = {TO, LA}, as an example. Table 5 gives the obtained results putting into evidence the
influence of the transformation function through the values of its coefficients a and b.
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Table 5. Spearman’s ρ(LF/HF∗, OW) and significance value.

TO LA

a b ρ p ρ p
25 −8.5 0.4364 0.0374 0.4331 0.0390

4.59 −14.7 0.4853 0.0189 0.6714 0.0005

As it appears from the results, it is possible to select some nonlinear transformation functions
that improve the correlation between variables: a medium-to-large positive monotonic correlation
between the LF/HF∗ index and the subjective NASA TLX index is obtained allowing infering an
increase of pilot’s workload from the measurement of a cardiac signal such as the low to high HRV
frequency ratio.

6. Conclusions

In this work, the pilots’ workload level was analyzed during the flight mission performed by
using a Full Flight Simulator. Workload indexes were studied during two different flight segments
presenting high mental demand, namely the take-off and climb phase and the approach and landing
maneuver. A performance index named MEI was also proposed to quantify the pilots’ error in
tracking the requested path. The results were analyzed considering both their time variation and their
average values computed over the flight segments. The objective time-averaged data and the objective
pilot-averaged data showed results in agreement with the reference literature in terms of workload
levels. Qualitative evaluations were carried out based on comparisons among the different indexes.
From those comparisons between the subjective and objective time-averaged measurements, it was
possible to observe a higher overall workload for the approach and landing phase with respect to
the take-off phase. For part of the pilots’ sample, subjective workload assessment values indicated a
similar perception between the flight phases. Moreover, based on overall workload values computed
from the NASA-TLX questionnaires, some pilots pointed out a higher workload during the TO phase
even if their HRV indexes exhibited the opposite trend. Quantitative analysis was also performed
employing statistical correlation approaches and both monotonic and nonlinear relationships were
found for some indexes based on the analyzed sample.

The main limitation of the present work is related to the sample size. A larger sample will of
course increase the statistical significance of the results. Another limitation regards the application of
the RDC method. In fact, even if such method offers the advantage of identifying the presence of a
non-linear relationship, at the same time, it does not provide information on the order or direction of
such relationship. This leads to a possible future work that regards the identification of the nonlinear
transformation functions by means, for instance, of heuristic optimization approaches.

Eventually, results showed that, in the considered aviation framework, it is not possible to evaluate
the pilots’ workload level just by means of subjective measurements. In addition, results have shown
the possibility and advantages of HRV based workload measurements during flight by using biometric
sensors that can be integrated into the cockpit environment. Thus, the identification of the nonlinear
transformation between biometric data and the subjective workload level can turn useful to set an
algorithm for the online workload monitoring that can lead to an overall improvement of flight safety
by giving quasi-real time information about the workload perceived by the pilot during flight.

Other future developments foresee the analysis of other HRV indices, both in time and frequency
domain, during different flight segments characterized by workload levels that range from very low to
critical. Furthermore, it is possible to extend the research to complementary work environments such
as air traffic control operators or unmanned aircraft pilots.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT True Altitude
ANS Autonomic Nervous System
FFS Full Flight Simulator
FR Frustration
HDG Heading
HR Heart Rate
HRV Heart Rate Variability
IBI Inter-Beat-Interval
ILS Instrument Landing System
LA Approach and landing segment
LF/HF Low Frequency/High Frequency
MIC Maximal Information Coefficient
NASA-TLX NASA Task Load indeX
OW Overall Workload
PNS Parasympathetic Nervous System
QNH Q code Nautical Height
RDC Randomized Dependence Coefficient
RMSSD Root Mean Square of the Successive Differences
SD1 Standard Deviation of the Poincaré plot perpendicular to the line of identity
SDNN Standard Deviation of Normal RR intervals
SID Standard Instrument Departure
SNS Sympathetic Nervous System
TO Take-off and climb segment
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