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Abstract

Helicopter rocket-firing requires continuous pilot training for mission accomplishment purposes, so measuring
the mental workload involved could help to improve training effectiveness and flight safety. Physiological and
flight data from two Brazilian Army pilots with distinct experience levels have shown that the aiming phase is
the more mental demand, and some physiological patterns were identified. Pearson’s Correlation and Prin-
cipal Component analysis, including shot stability parameters (aiming path area, perimeter, and deviation of
maneuver parameters) and physiological data, have identified electrodermal activation as the more consistent
human dimension related to the shooting performance.
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1. Introduction
Military flight maneuvers are known to be riskier and rely on individual performance. Indeed, pilots
must do continuous training to acquire the required cognitive skill levels. Studies ([6], [8], [12], [16],
and [20]) have pointed out that pilot´s mental workload could be differentiated between mission seg-
ments and between pilots with distinct levels of skills. Mental workload measurements in military
aviation are important for improving flight safety, reviewing doctrine, and validating the feasibility of
training in a flight simulator [13]. High levels of cognitive demand can lead to errors with catastrophic
outcomes. Thus this knowledge can help avoid errors [20].
A way to understand this training process and the required experience level is to measure the mental
workload of these pilots using qualitative and quantitative techniques, thereby contributing to extract-
ing relevant cognitive patterns of correlation in pilot decision making.
In this study, helicopter air-to-ground rocket-firing maneuver performed by the Brazilian Army was
recorded during a training section. The pilots must navigate the aircraft towards the target and ac-
quire a certain height, airspeed, distance from the target, and attitude; this requires cockpit coordina-
tion and mental workload. Physiological data were collected from two experienced pilots who each
performed a sequence of operational maneuvers with diverse levels of engagement.
As piloting is a complex and dynamic environment, several quantitative measures were collected
using eye tracker sensors, electrocardiogram (ECG), respiration rate (RESP), electrodermal activity
(EDA), and qualitative data was collected using the NASA-TLX scale. These sensors measure the
balance of the sympathetic and parasympathetic autonomic nervous systems. Aside from mental
workload measurements, recorded flight data was also available and used for obtaining pilot perfor-
mance on the stabilization of the aircraft during the shot.
The mental workload was assessed through mission segment and was investigated relations of per-
formance on the shot and physiological measures through Pearson’s correlation coefficient and Prin-
cipal Component Analysis (PCA).
To assess pilot performance on a helicopter, rocket firing was used as reference rifleman stability
shot parameters ([5] [9]). In this, the shot stability is measured as the area of the aiming points on the
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target and was also analyzed by the perimeter of these points. It is known qualitatively by rifle experts
that breath control, firing during the natural respiratory pause, is a fundamental shot parameter for a
good shot [9]. Another parameter analyzed was the deviation of the maneuver parameters [12].

2. Materials and methods
2.1 Participants
Two experienced helicopter pilots from the Brazilian Army volunteered to participate in the physiolog-
ical measurements during a routine training section. A summary of the demographic data of these
participants is presented in Table 1. Both are operational combat pilots, and as could be noted, they
have similar flight experience. Still, one pilot had his last rocket shot ten years ago, and the other had
done a maneuver practice just the day before.

Table 1 – Summary of pilot’s experience.

Pilot Age Flight hours Last shot

1 38 1100 10 years
2 35 700 1 day

2.2 Scenario
The measurement of physiological signals occurred during a Brazilian Army Aviation helicopter air-
to-ground rocket firing exercise. The flight section starts with a series of training shots, and in the
second phase, after learning the maneuver basis, a series of operational rocket fire maneuvers were
performed. The pilot performs a low-level flight using the ground reference to navigate on that ma-
neuver. Then, close to the mission target, he rapidly ascends the aircraft to aim at the target and
fire rockets. To finalize, he performs an evade curve. Therefore, each maneuver, as shown in Fig-
ure 1, could be divided into five phases: level flight approximation phase, Final leg at low-level flight,
climb, aiming and shot stage, and evasion phase. During the aiming phase, the pilot must seek
previously established values of airspeed (v), height above ground (h), and distance (d), which are
maneuvers parameters, and adjust horizontal attitude towards the target, compensating positioning
errors, seconds prior the shot event. During the climb, some G-loads are reached, less than 1.5
G’s, positive load when the aircraft ascends from low-level flight to shot height and negative on the
reversion aircraft’s attitude when starting the aiming phase.
Each pilot performed a sequence of training trials and executed three operational maneuvers with
diverse levels of engagement and fatigue at the end of the flight. For analysis, the training maneuvers
were excluded.

Figure 1 – Maneuver scenario profile.

2.3 Apparatus
The aircraft used in rocket firing training was the AS550A2 Fennec AvEx model in the armed con-
figuration (Figure 2), with a projected aiming sighting system. This aircraft was dual pilot operated
with stability augmented systems working to compensate helicopter instability in pitch and roll move-
ments. Flight Data was recorded from the aircraft system to post-flight analysis with a sampling rate of
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4 Hz. In this study, the sensors used were Tobii Pro Glasses 2 for ocular measures and TEA-CAPTIV

Figure 2 – AS550A2 Fennec AvEx at rocket firing configuration.

sensors for physiological data (electrocardiogram (ECG), respiration rate (RESP), and electrodermal
activity (EDA)). The sensors allocation representation inside the cockpit is presented in Figure 3.

Figure 3 – Sensors allocation.

2.4 Procedures
Initially, the participant was briefed about the research purpose and the physiological measurements;
then, he formally expressed his voluntariness. The participant was asked to fill in demographic data
in the sequence, and the NASA-TLX scale was explained. In this training section, the participant
and the researcher should enter the aircraft with the engine running after the training of another pilot
("hot seat") because of weight and balance issues; hence all the sensors were placed on the ground.
As the boarding occurred, the researcher did the calibration and started the recording, while rockets
ammunition loading happened before the departure. The researcher did not intervene during the
flight, and events were marked through TEA-CAPTIV software. In this sense, the NASA-TLX scale
was filled just after the end of the flight.

2.5 Data Analysis
2.5.1 Performance
The flight data recorder was used to estimate the helicopter aiming point on a reference plane at
ground level and the impact point on the real target. This was achieved through trigonometric formu-
las based on latitude (Lat), longitude (Lon), height above ground (h), heading (ψ), and aircraft attitude
(θ ) as indicated in Figure 4.
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As the purpose was to assess aircraft shot stability, the adopted simplification hypothesis was that
the rocket trajectory hit the line of sight, and no wind correction was used in calculations.
Based on aircraft position (latitude and longitude) was determined aiming point distance on the ref-
erence plane by 1 and these measures were put onto a digital map, converting these distances from
the aircraft into GPS coordinates applying the Haversine formula.

dre f erence Plan = h · tan(90o −θ) (1)

Figure 4 – Aiming point estimation.

The comparison of the real impact point, verified on eye tracker video, and the rocket fired estimated
impact point was proposed for validation purpose of the estimation.
To measure the overall steadiness of each shot aiming was calculated as the area of the aiming
holding box (Figure 5) and the perimeter from the set of points two seconds before trigger pull, as
is used for rifleman shot ([9], [5]). Another calculated flight performance score was the deviation

Figure 5 – Aiming holding box.

from maneuver aiming parameters (F) at shot moment [12]. Equation 2 determines F-score (F)
using airspeed ∆v, height above ground ∆h, and distance ∆d, where ∆X is the normalized maximum
deviation expected given by 3. The higher the score, the better the pilot’s performance in acquiring
maneuver parameters.

F = 3− (∆v+∆h+∆d) (2)

∆X =
X Deviation f rom maneuvre re f erence

X Maximum acceptable deviation
(3)
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2.5.2 Data standardization
Most physiological parameters have a strong individual component, which means that absolute val-
ues can hardly be compared between subjects [2]. This requires transforming the data into a stan-
dard scale to allow a comparison between subjects. One of the common performing methods is the
Z-transformation, shown in 4, where xi is the original data, x is the individual’s average, s is the in-
dividual’s standard deviation, µ is the group average and σ is the group pooled standard deviation.
This formula transforms the data so that all participants have the same average values and standard
deviation as the whole group [13].

Z =
xi − x

s
σ +µ (4)

The standardization was performed for the overall maneuver trial sixty seconds before the shot and
twenty seconds after to reach the approximation phase to the evade curve phase.

2.5.3 Statistical analysis
The data Z-transformed of the two pilots was gathered to evaluate patterns over flight mission seg-
ments. Statistical analysis was performed using ANOVA after check residuals assumptions of ran-
domness, homoscedasticity, and normality were met. Also effect size was included in the results as
partial eta squared (η2

g ) (conventions: Small (S): d < 0.01, Medium (M): 0.06 < d < 0.14, Larger (L):
d > 0.14) and Cohen´s d for pairwise comparisons (conventions: Small (S): d < 0.5, Medium (M):
0.5 < d < 0.8, Larger (L): d > 0.8).
The performance and physiological relations at the aiming phase were verified using Pearson´s cor-
relation coefficient and Principal Component Analysis (PCA) using data Z-transformed.

2.5.4 Respiration activity
The premeditated respiratory frequency rate f req(t) [16] was the respiratory feature assessment of
rocket fire maneuver because respiration patterns could be modified by speech and motion [14].
Hence to compute this, respiration data (RESP) were band-pass filtered (0.05–0.50 Hz, zero-phase),
then was applied the continuous wavelet transform (CWT), using the analytic Morse wavelet, which
gives the distribution of signal power as a function of time. CWT computation was done directly from
MATLAB’s wavelet functions. The mean power of each frequency band was normalized by the overall
spectral power at that time [16], as shown in 5.

f req(t) =
∑

0.5
i=0.05 Spectral Poweri,t · f reqi

∑
0.5
i=0.05 Spectral Poweri,t

(5)

2.5.5 Electro cardiac activity
Heart rate variability (HRV) analysis of the electro cardiac activity was performed using MATLAB’s
toolbox PhysioNet Cardiovascular Signal [19], where R peaks were identified and converted into NN
signal.
The HRV time domain is usually applied for long-term data (i.e., 24 h or longer) or short-term (i.e.,
5 min) recording [19], which both are prohibitive to the application of rocket shot maneuver because
the time difference between two shot trials is less than five minutes. For this reason, ECG time
domain parameters (mean heart rate frequency (HR), root mean square deviation (RMSSD), and
the standard deviation of normal to normal (SDNN)) were computed by an ultra-short-term heart
variability analysis using a sliding window of sixty seconds, with one second step, which has been
proven to be the minimum reliable ultra-short-term heart for time-domain HRV features [18]. The sixty
seconds sliding window (w(t)) can be denoted as indicated in 6, where x(t) is the HRV time-domain
feature at time t.

y(t) =
30

∑
i=−30

x(t)w(t + i) (6)

Poincaré features (SD1: standard deviation of instantaneous beat-to-beat variability, SD2: long-term
standard deviation of continuous RR intervals) were also computed using the same methodology, as
is expected strong correlation with time domain features [17].
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HRV frequency domain parameters assessed were the power spectral density over the Low frequency
(LF) band (0.04 to 0.15 Hz), High frequency (HF) band (0.15 to 0.5 Hz), the ratio between low and
high-frequency bands (LF/HF) ([1] and [11]) and middle frequency (MF) band (0.07 to 0.14 Hz)[6].
Hence the uneven NN signal was re-sampled at a 7 Hz rate [7] and then applied the Short-time
Fourier transform (STFT), which performs Fourier Transform over overlapped windowed segments.
STFT window was chosen based on the uncertainty principle, stated in 7, from which was calculated
a window time resolution (∆t) of 12.5 s (88 samples), considering 0.04 Hz of frequency resolution
(∆ f ), which is lower than the lower limit of the LF band [1].

∆t∆ f ≥ 1
2

(7)

2.5.6 Electrodermal activity
Electrodermal activity (EDA), regarded as a sensitive and valid indicator to detect variations in arousal
changes [4], can be broken down further into different components: Skin conductance level (SCL)
(tonic component) related to the slower characteristics of the signal and Skin conductance response
(SCR) (phasic driver) refereed to faster changing elements of the signal [6]. Only the SCR component
was analyzed to assess short time maneuver mission segments in this study.
EDA data were analyzed using MATLAB’s software LEDALAB [3]. Initially, the data was filtered with
a first-order Butterworth low pass filter with a cut-off frequency of 5 Hz, and artifacts were manually
removed. SCR was extracted through Continuous Deconvolution Analysis (CDA), from which was
created SCR was created a time signal sum of amplitude of phasic driver (SCRAmpSum(t)) and area of
the phasic driver (SCRArea(t)), as shown respectively in equations 8 and 9. It used a sliding window
ranging from 1 to 4 seconds after its time because it is a more conservative response window to
capture the essential response after a stimulus [3].

SCRAmpSum(t) =
4

∑
k=1

peaksSCR(t + k) (8)

SCRArea(t) =
4

∑
k=1

AreaSCR(t + k) (9)

2.5.7 Ocular measures
Eye tracker measurements were considered corrupted due to the incompatibility of the glasses and
the crew’s helmet, and thus, some segments of eye gaze recording were lost. Even though this
problem, some portions of data could be analyzed in Tobii Lab Pro, which could be extracted from
ocular measures: pupil dilatation and fixation heatmap.
Besides that, the video recorded from the eye tracker helped to achieve a better synchronization
between flight and physiological data using maneuver segment events.

2.6 Discussion
2.6.1 Respiration activity
Respiration (RESP) frequency rate presented statistically significant a decreased during climb mis-
sion segment (F(4,25) = 2.91, p = 0.042,η2

g = 0.32), as present in Figure 6. The pairwise comparisons
pointed out a reduction of respiration frequency rate during climb segment phase when compared
with after shot moment (evade phase) (Table 2), a dropped off from range of 0.15-0.21 Hz to 0.13-
0.16 Hz.
At the climb phase, the pilot is submitted by positive and negative G forces due to the rapid ascent
from low-level flight to shot height and the attitude reversion towards the target that could explain this
significant drop during this mission segment. Normal respiratory rate in humans is within the range
of 10–20 breaths per min (0.16–0.33 Hz), and a range from 4 to 10 breaths per min (0.07–0.16 Hz)
is considered slow breathing [15].
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Figure 6 – Respiration rate per mission segments.

No difference was found between the other phases. Still, it could be verified in Figure 6 that respira-
tion rate was maintained at around the low limit of the normal respiratory range. This type of breath-
ing technique improves gas ventilation exchange and arterial oxygenation. It maintains parasympa-
thetic–sympathetic balance and optimizes the cardiorespiratory reserve that could be called upon in
times of intense physical or mental stress or activity [15]. The slow breathing pattern verified is on a
marginal limit that could affect HRV measures [17].

Table 2 – Respiration frequency pairwise comparison per mission segment.

Comparisons Respiration frequency

Mean [CI] p d

Final Leg - Approximation -0.002 [-0.03;0.04] 0.87 -0.10(S)
Climb - Approximation -0.02 [-0.05;0.02] 0.20 0.87(L)
Aiming - Approximation -0.004 [-0.03;0.04] 0.87 -0.19(S)
Evade - Approximation 0.023 [-0.01;0.06] 0.20 -1.08(L)

Climb - Final Leg -0.021 [-0.06;0.02] 0.20 -0.97(L)
Aiming - Final Leg 0.002 [-0.03;0.04] 0.87 -0.09(S)
Evade - Final Leg 0.021 [-0.01;0.06] 0.20 -0.98(L)

Aiming - Climb 0.023 [-0.01;0.06] 0.20 -1.07(L)
Evade - Climb 0.042 [0;0.08] 0.023 (*) -1.96(L)
Evade - Aiming 0.02 [-0.01;0.06] 0.20 -0.88(L)

1: Turkey with Benjamini - Hochberg (BH) p adjustment.

2: [CI]: 95% Confidence Interval.

3: p-value conventions: (****) p< 0.0001, (***) p< 0.001, (**) p < 0.01, (*) p < 0.05.

4: Cohen’s d conventions: Small(S) d< 0.5, Medium(M) 0.5< d < 0.8, Larger(L) d > 0.8.

On helicopter rocket firing was not verified the breathing rifle pattern [9], of shot systematically in a
respiration break. This is also indicative that the pilots were in a regular breathing pattern. It could be
understood that helicopter shot performance is less dependent on abdomen movement than rifleman
shot, as aircraft has stability augmented systems that compensate for helicopter instability.

2.6.2 Electro cadiac activity
The analysis of heartbeat rate (HR) indicated statistically significant difference between mission seg-
ments (F(4,25) = 62.69, p < 0.0001,η2

g = 0.91), as shown in Figure 7. The heartbeat increases until
the shot and after that starts to decrease; thus, physiological measures capture mental workload
increase, as a state of body preparedness associated with increased activity in the nervous system
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[14]. Pairwise comparisons per mission segment show large effect sizes (Table 3), revealing a pattern
of rocket shot mission mental demand.

Figure 7 – Heartbeat rate per mission segments.

Table 3 – Heartbeat rate pairwise comparison per mission segment.

Comparisons Heartbeat

Mean [CI] p d

Final Leg - Approximation 22.39 [15.25;29.53] 4.7 x 10-9 (****) -5.32(L)
Climb - Approximation 35.24 [28.11;42.38] 1.1 x 10-12 (****) -8.37(L)
Aiming - Approximation 32.86 [25.72;40.00] 2.7 x 10-12 (****) -7.81(L)
Evade - Approximation 22.23 [15.10;29.37] 4.7 x 10-9 (****) -5.28(L)

Climb - Final Leg 12.85 [5.71;19.98] 3.0 x 10-5 (****) -3.05(L)
Aiming - Final Leg 10.47 [3.33;17.61] 2.8 x 10-4 (****) -2.50(L)
Evade - Final Leg -0.16 [-7.29;6.97] 0.94 0.04(S)

Aiming - Climb -2.38 [-9.52;4.75] 0.37 0.56(M)
Evade - Climb -13.01 [-20.15;-5.87] 3.0 x 10-5 (****) 3.09(L)
Evade - Aiming -10.62 [-17.77;-3.49] 2.7 x 10-4 (****) 2.52(L)

1: Turkey with Benjamini - Hochberg (BH) p adjustment.

2: [CI]: 95% Confidence Interval.

3: p-value conventions: (****) p< 0.0001, (***) p< 0.001, (**) p < 0.01, (*) p < 0.05.

4: Cohen’s d conventions: Small(S) d< 0.5, Medium(M) 0.5< d < 0.8, Larger(L) d > 0.8.

Regarding HRV time domain features, RMSSD and SD1 presented statistically significant difference
between mission segments (F(4,25) = 4.92, p < 0.005,η2

g = 0.44 and F(4,25) = 4.86, p < 0.005,η2
g =

0.44 respectively), as shown in Figure 8.
The RMSSD was correlated (r(30) = 0.88, p < 0.00001) with the non-linear metric SD1, as expected
[17], and also either were able to indicate increased arousal at shot event surroundings.
This increase in mental workload was presented as a decrease in the beat-to-beat variance in HR,
which reflects low HRV. RMSSD is considered a measure mediated by the vagal tone, which gener-
ally decreases during stress conditions [10], pairwise comparisons, presented in Table 4, showed a
significant difference from the approximation phase from climb to shot mission segments.
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Figure 8 – HRV time domain parameters per mission segments.

Table 4 – HRV time-domain and Poincaré pairwise comparison per mission segment.

Comparisons RMSSD SDNN SD1 SD2

Mean [CI] p d Mean [CI] p d Mean [CI] p d Mean [CI] p d

Final -
Approximation

0.93
[-2.18;0.31] 0.09 1.27

(L)
-0.29

[-8.80;8.21] 0.92 0.05
(S)

-0.67
[-1.56;0.21] 0.09 1.28

(L)
-0.29

[-12.65;12.07] 0.95 0.04
(S)

Climb -
Approximation

-1.78
[-3.03;-0.53]

0.003
(**)

2.42
(L)

-4.28
[-12.79;4.22] 0.45 0.85

(L)
-1.26

[-2.15;-0.38]
0.003
(**)

2.41
(L)

-6.04
[-18.40;6.31] 0.46 0.83

(L)
Aiming -

Approximation
-1.23

[-2.48;0.01]
0.038

(*)
1.68
(L)

-2.74
[–11.25;5.76] 0.50 0.54

(M)
-0.87

[-1.76;0.01]
0.038

(*)
1.67
(L)

-3.89
[16.25;8.46] 0.50 0.53

(M)
Evade -

Approximation
-0.63

[-1.87;0.62] 0.23 0.85
(L)

2.84
[-5.66;11.35] 0.50 -0.56

(M)
-0.46

[-1.34;0.43] 0.24 0.87
(L)

4.07
[-8.28;16.43] 0.50 -0.55

(M)
Climb -

Final Leg
-0.84

[-2.09;0.40] 0.12 1.14
(L)

-3.98
[-12.49;4.51] 0.45 0.79

(M)
-0.59

[-1.48;0.29] 0.12 1.13
(L)

-5.74
[-18.11;6.61] 0.46 0.79

(M)
Aiming -
Final Leg

-0.30
[-1.54;0.94] 0.49 0.40

(S)
2.45

[-10.96;6.05] 0.51 0.48
(S)

-0.20
[-1.09;0.68] 0.50 0.39

(S)
-3.60

[-15.96;8.75] 0.50 0.49
(S)

Evade -
Final Leg

0.31
[-0.94;1.55] 0.49 -0.42

(S)
3.13

[-5.37;11.64] 0.50 -0.62
(M)

0.21
[-0.67;1.10] 0.50 -0.40

(S)
4.36

[-8.00;16.72] 0.50 -0.60
(M)

Aiming -
Climb

0.54
[-0.70;1.79] 0.26 -0.74

(M)
1.53

[-6.97;10.04] 0.67 -0.30
(S)

-0.39
[-0.50;1.27] 0.26 -0.74

(M)
2.14

[-10.21;14.51] 0.68 -0.29
(S)

Evade -
Climb

1.15
[-0.09;2.40]

0.039
(*)

-1.57
(L)

7.12
[-1.38;15.63] 0.21 -1.42

(L)
0.81

[-0.08;1.69]
0.04
(*)

-1.54
(L)

10.11
[-2.24;22.47] 0.24 1.39

(L)
Evade -
Aiming

0.61
[-0.64;1.85] 0.23 -0.82

L)
5.59

[-2.91;14.09] 0.33 -1.11
(L)

-0.42
[-0.47;1.31] 0.25 -0.80

(L)
7.97

[-4.39;20.32] 0.35 -1.09
(L)

1: Turkey with Benjamini - Hochberg (BH) p adjustment.

2: [CI]: 95% Confidence Interval.

3: p-value conventions: (****) p< 0.0001, (***) p< 0.001, (**) p < 0.01, (*) p < 0.05.

4: Cohen’s d conventions: Small(S) d< 0.5, Medium(M) 0.5< d < 0.8, Larger(L) d > 0.8.

As shown in Table 4, SDNN and SD2 were not able to indicate any difference between mission
segments, although other studies consistently indicate an SDNN decrease during stress conditions
[10]. SDNN is strongly correlated with the frequency domain and is more influenced by changes in
respiration [17]; in this case, the observed decrease in breathing rate could affect SDNN measures.
Besides that, SDNN did not achieve acceptable correlations with short HRV when using ultra-short
HRV [17]; by another hand, RMSSD is considered less affected by respiration and got better correla-
tions results using ultra-short HRV.
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Figure 9 – HRV frequency domain per mission segments.

From the frequency domain data, as presented in Figure 9,LF, MF, HF bands, and LF/HF shifted to
a lower level after the final leg phase, which is an indication of less parasympathetic activity during
the climb to shot mission segment when compared with baseline approximation segment. From the
literature, slow breathing rates could affect frequency domain features [17]. Still, it is unknown how
respiratory activity could affect these measures, as breathing rate was in the marginal limit of normal
respiration rate of around 0.15 Hz affecting all bands. Even though this fact, as presented in Table 5,
climb and aiming mission segments were indicated with a significant increase in mental workload
demands with a large effect size in coherence with time-domain HRV measures.
None of the HRV measurements could differentiate the mental workload between climb and aiming
mission segments.

Table 5 – HRV Frequency domain pairwise comparison per mission segment.

Comparisons LF MF HF LF/HF

Mean [CI] p d Mean [CI] p d Mean [CI] p d Mean [CI] p d

Final Leg-
Approximation

-6.52
[-18.59;5.55] 0.18 0.91

(L)
-4.43

[-12.36;3.49] 0.16 0.94
(L)

-5.05
[-12.73;2.63] 0.11 1.11

(L)
-0.002

[-0.01;2.29] 0.26 0.74
(M)

Climb-
Approximation

-14.88
[-26.95;-2.81]

0.005
(**)

2.09
(L)

-9.63
[-17.56;-1.70]

0.005
(**)

2.05
(L)

-11.60
[-19.28;-3.91]

0.0008
(***)

2.55
(L)

-0.004
[-0.01;-3.25]

0.016
(*)

1.71
(L)

Aiming-
Approximation

-19.92
[-32.00;-7.85]

0.0005
(***)

2.80
(L)

-13.02
[-20.95;-5.09]

0.0005
(***)

2.78
(L)

-14.23
[-21.92;-6.55]

0.0001
(***)

3.14
(L)

-0.006
[-0.01;-1.83]

0.0025
(**)

2.46
(L)

Evade-
Approximation

-14.51
[-26.58;-2.44]

0.005
(**)

2.04
(L)

-9.72
[-17.65;1.79]

0.005
(**)

2.07
(L)

-9.44
[-17.12;-1.75]

0.0043
(**)

2.08
(L)

-0.004
[-0.01;-4.62]

0.015
(*)

1.89
(L)

Climb-
Final Leg

-8.36
[-20.43;3.71] 0.10 1.17

(L)
-5.19

[-13.12;2.73] 0.10 1.11
(L)

-6.54
[-14.23;1.13]

0.038
(*)

1.44
(L)

-0.002
[-0.01;1.73] 0.17 0.97

(L)
Aiming-

Final Leg
-13.40

[-25.47;-1.33]
0.008
(**)

1.88
(L)

-8.58
[-16.51;-0.65]

0.009
(**)

1.83
(L)

-9.18
[-16.86;-1.49]

0.004
(**)

2.02
(L)

-0.004
[-0.01;-6.39]

0.016
(*)

1.72
(L)

Evade-
Final Leg

-7.99
[-20.06;4.08] 0.10 1.12

(L)
-5.29

[-13.21;2.64] 0.10 1.13
(L)

-4.39
[-12.07;3.30] 0.13 0.96

(L)
-0.003

[-0.01;1.31] 0.12 1.15
(L)

Aiming-
Climb

-5.04
[-17.11;7.04] 0.25 0.70

(M)
-3.39

[-11.31;4.54] 0.26 0.72
(M)

-2.63
[-10.31;5.05] 0.36 0.58

(M)
-0.002

[-0.01;2.26] 0.26 0.75
(M)

Evade-
Climb

0.38
[-11.70;12.45] 0.93 -0.05

(S)
-0.09

[-8.01;7.84] 0.97 0.01
(S)

2.15
[-5.52;9.84] 0.41 -0.48

(S)
-0.0004

[-0.01;3.63] 0.75 0.18
(S)

Evade-
Aiming

-5.41
[-6.66;17.48] 0.25 -0.76

(M)
-3.30

[-4.63;11.23] 0.25 -0.70
(M)

4.79
[-2.89;12.47] 0.11 -1.06

(L)
0.001

[-0.01;5.43] 0.36 -0.57
(M)

1: Turkey with Benjamini - Hochberg (BH) p adjustment.

2: [CI]: 95% Confidence Interval.

3: p-value conventions: (****) p< 0.0001, (***) p< 0.001, (**) p < 0.01, (*) p < 0.05.

4: Cohen’s d conventions: Small(S) d< 0.5, Medium(M) 0.5< d < 0.8, Larger(L) d > 0.8.
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2.6.3 Electrodermal activity
The exam of the relationship between SCR features per mission segment and per pilot, as pre-
sented in Figure 10, where the shot event was compared with the mean of non-specific skin con-
ductance response during each mission segment. It was identified a statistically significant differ-
ence (F(5,30) = 2.9, p = 0.03,η2

g = 0.32) on SCR area per mission segment when compared with
evade phase. Regarding SCR amplitude sum, it was verified a statistically significant difference
(F(5,30) = 4.15, p = 0.006,η2

g = 0.41) between aiming to shot event with others phases. As can be
seen in 6, the SCR amplitude sum achieves a better phase differentiation than the SCR area, which
could be related to the integration as a smooth operation was more affected by non-specific skin
conductance response.

Figure 10 – SCR per mission segments.

These results of phasic component features have shown that EDA is sensitive and a valid indicator of
arousal and mental workload, as cited in the literature [6]. At the aiming phase, SCR amplitude sum
and area have shown significant correlation, (r(6) = 0.96, p < 0.0022), and both revealed a pattern
of an increase of sympathetic activity in the surrounds of aiming to shot, marking this phase as the
most stressful situations during the maneuver and identified a relief after the shot moment.

Table 6 – SCR pairwise comparison per mission segment.

Comparisons SCR area SCR amplitude sum

Mean [CI] p d Mean [CI] p d

Final Leg - Approximation -0.02 [-0.18;0.13] 0.78 -0.27(S) -0.03 [-0.18;;0.11] 0.59 -0.36(S)
Climb - Approximation -0.01 [-0.16;0.14] 0.87 -0.06(S) -0.03 [-0.17;0.12] 0.60 -0.30(S)
Aiming - Approximation 0.07 [-0.08;0.22] 0.28 0.84(L) 0.05 [-0.01;0.2] 0.37 0.64(L)

Shot Event - Approximation 0.08 [-0.07;0.24] 0.25 1.03(L) 0.1 [-0.04;0.25] 0.11 1.36(L)
Evade - Approximation -0.07 [-0.23;0.08] 0.27 -0.81(L) -0.09 [-0.24;0.05] 0.16 -1.03(L)

Climb - Final Leg 0.02 [-0.14;0.17] 0.82 0.2(S) 0.004 [-0.14;0.15] 0.93 0.06(S)
Aiming - Final Leg 0.09 [-0.05;0.25] 0.22 1.11(L) 0.08 [-0.06;0.22] 0.20 1.0(L)

Shot Event - Final Leg 0.11 [-0.04;0.26] 0.18 1.3(L) 0.14 [-0.01;0.28] 0.035(*) 1.72(L)
Evade - Final Leg -0.05 [-0.2;0.1] 0.44 -0.54(M) -0.06 [-0.2;0.08] 0.33 -0.66(M)

Aiming - Climb 0.08 [-0.07;0.23] 0.27 0.9(M) 0.07 [-0.07;0.22] 0.21 0.94(L)
Shot Event- Climb 0.09 [-0.06;0.24] 0.21 1.1(L) 0.13 [-0.01;0.28] 0.035(*) 1.66(L)

Evade - Climb -0.07 [-0.22;0.08] 0.28 -0.74(M) -0.06 [-0.21;0.08] 0.32 -0.73(M)
Shot Event - Aiming 0.01 [-0.14;0.17] 0.83 0.19(S) 0.05 [-0.09;0.2] 0.36 0.72(M)

Evade - Aiming -0.14 [-0.3;0.01] 0.05 -1.65(L) -0.14 [-0.29;0.01] 0.035(*) -1.67(L)
Evade - Shot Event -0.16 [-0.31;-0.01] 0.049(*) -1.84(L) -0.19 [-0.34;-0.05] 0.004(**) -2.39(L)

1: Turkey with Benjamini - Hochberg (BH) p adjustment.

2: [CI]: 95% Confidence Interval.

3: p-value conventions: (****) p< 0.0001, (***) p< 0.001, (**) p < 0.01, (*) p < 0.05.

4: Cohen’s d conventions: Small(S) d< 0.5, Medium(M) 0.5< d < 0.8, Larger(L) d > 0.8.
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2.7 Ocular measures
Due to the loss of eye gaze data, it was not possible to perform statistical analysis per mission
segment of the ocular data. Even though this, it is possible to verify how the heatmap of a shot
distributed the pilot’s attention. In Figure 11 it is possible to confirm that there was a loss of calibration
of the eye gaze point due to the interaction with the pilot´s helmet. As could be seen in Figure 11,
before the aiming phase, the pilot’s attention was divided between the location of the target and flight
data parameters. The pilot’s attention is entirely on the target in the aiming phase. This indicates
increased mental workload because the pilot is wholly focused on a task.

Figure 11 – Eye tracker heatmap.

Observing the variation of the pupil diameter in Figure 12 during the aiming phase, it is possible to
verify the gradual increase of this parameter after the reversion of aircraft attitude towards the target,
which is associated with stressful situations. This sympathetic increase during the aiming phase
indicated more arousal demands than the other mission segments complementing ECG and EDA
analysis.
Besides the limitation of measuring pupil diameter outside a laboratory, the shots denoted in Figure 12
were done with a difference of fewer than five minutes at the same heading, so the illumination effects
on the pupil size were the same.

Figure 12 – Comparison of estimated impact point and real impact point on ground.

From the operational doctrine point of view, it is essential to emphasize that the second pilot should
reinforce the management of flight parameters because the mission highly consumes the shooting
pilot’s attention demands and has a low response capacity to deal with unexpected events.
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2.8 Performance versus physiological measures
The method proposed to estimate the rocket impact and the aiming path was validated by comparing
the impact point estimated and the real impact on the target of the first rocket shot recorded by eye
tracker camera, as shown in Figure 13, where it could be visualized that the impact was at the same
area, using ground contour as reference. Even though this qualitative validation, the objective is to
use the flight data as a metric to assess aircraft variations in the last two seconds before the shot
event by computing aim holding box area [9], aiming path perimeter, and F-score [12].

Figure 13 – Comparison of estimated impact point and real impact point on ground.

The relative relations among variations in performance and physiological features during the aiming
phase were next analyzed with Pearson’s correlation, according to Figure 14.

Figure 14 – Correlation matrix with performance and physiological at aiming phase.
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Aim holding box area (aiming area) and aim path perimeter (aiming perimeter) presented a significant
positive correlation (r(6) = 0.85, p < 0.03), meaning that when the pilot reduces the area actuating in-
flight commands, it also minimizes the perimeter before pulling the trigger. Despite that, only the
aiming area presented significant correlations with physiological data, which showed a significant
negative correlation between the variations measured by SCR amplitude sum (r(6) =−0.91, p < 0.01)
and positive correlation with the HF band (r(6) = 0.84, p< 0.03), which means that the task of shot in a
narrow area increases sympathetic activity. On the other hand, F-score did not present any significant
correlation with any physiological measure in the aiming phase, corroborating the idea that the pilot
is more dedicated to keeping the aim towards the target and the importance of maneuver deviations
was less important. From Figure 14 was visualized a strong and significant correlation between
RMSSD-SD1 (r(6) = 1, p < 0.0001) and SDNN-SD2 (r(6) = 1, p < 0.0001), but none of them presented
a significant correlation with the performance parameter. From mission segment analysis, the HF
and SCR amplitude sum were also the parameters that better differentiated the aiming to shot period
from the other mission phases.
Using principal component analysis (PCA) to reduce dimensionality is found that two eigenvectors
explain 71.62% of the data variability and three eigenvectors 93.6% of data variability, thus PCA with
three principal components will be addressed.
Eigenvectors are displayed in three dimensions in Figure 15, where it can be seen that the aiming
area eigenvectors and aiming perimeter eigenvectors are near alignment with several ECG, SCR,
and RESP vectors, and F-score is almost orthogonal to physiological eigenvectors. In this sense,
this fact can concur with the same finding of ocular data that the pilot at the aiming phase did not
pay attention to the deviations of the parameters maneuvers but was devoted to correcting horizontal
attitude towards the target.

Figure 15 – Three dimensions principal component analysis during aiming phase.

A better understanding of the relations between these vectors was computed cosine similarity, as
could be seen in Table 7. Results showed that the variations in aiming performance (area and perime-
ter) were more related to SCR amplitude sum, SCR area, and HF band. F-score got low similarity
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values with ECG parameters (RMSSD, SD1, and HF).
EDA data showed a more sensitive and consistent parameter to explain changes in mental workload
from increasing task demand (aiming area and aiming perimeter). EDA features have shown a nega-
tive correlation with aiming area and perimeter, meaning that a more stable shot handling (lower area
and perimeter) gets higher sympathetic activation measured by EDA features.
Both Pearson’s correlation and PCA and HF band analyses appeared to barely correlate with perfor-
mance metrics.
Analyzing the PCA clustered by pilots, in Figure 15, HF eigenvector direction is parallel relative to the
pilot’s planes, and SCR amplitude sum and area eigenvector directions are pointing towards Pilot 1.
This presented a tendency that Pilot 1 was more mentally involved during the aiming than Pilot 2, by
PCA analysis, which one of the influenced facts could be related to the fact has the last training of
Pilot 1 was ten years before and Pilot 2 was one day. High mental demands could lead the pilot to
commit errors in the proper target engagement or in the handling of any emergency event.

Table 7 – Eigenvectors cosine similarity of PCA.

Aiming

box

area

Aiming path

perimeter
F-score HR RMSSD SDNN SD1 SD2 LF MF HF LF/HF

RESP

rate

SCR

area

SCR

amp sum

Aiming

box area
0.99 [1] -0.61 0.51 0.15 -0.24 0.15 -0.24 0.22 0.20 0.77 [4] 0.01 -0.63 -0.78 -0.97 [2]

Aiming path

perimeter
0.99 [1] 1 -0.47 0.53 -0.00 -0.40 -0.00 -0.40 0.18 0.16 0.72 [5] -0.03 -0.59 -0.86 [2] -0.99 [1]

F-score -0.61 -0.47 1 -0.23 -0.78 -0.61 -0.77 [3] -0.61 -0.44 -0.41 -0.71 [6] -0.30 0.47 0.02 0.43

HR -0.51 0.53 -0.23 1 -0.42 -0.37 -0.43 -0.37 0.84 [3] 0.85 [3] 0.84 [1] 0.76 [3] 0.35 -0.24 -0.40

RMSSD 0.15 0.00 -0.78 [1] -0.42 1 0.87 [2] 1.00 0.87 [2] -0.07 -0.10 0.11 -0.12 -0.55 0.27 -0.04

SDNN -0.24 -0.40 -0.61 -0.37 0.87 [2] 1 0.87 [2] 1.00 [1] 0.15 0.13 0.01 0.19 -0.08 0.70 [3] 0.40

SD1 -0.15 0.00 -0.77 [2] -0.43 .00 [1] 0.87 [3] 1 0.87 [2] -0.07 -0.10 0.11 -0.13 -0.55 0.27 -0.03

SD2 -0.24 -0.40 -0.61 -0.37 0.87 [2] 1 [1] 0.97 [1] 1 0.16 0.13 0.01 0.19 -0.08 0.70 [3] 0.40

LF 0.22 0.18 -0.44 0.84 [2] -0.07 0.15 -0.07 0.16 1 1.00 [1] 0.79 [2] 0.98 [1] 0.51 0.27 -0.02

MF 0.20 0.16 -0.41 0.85 [1] -0.10 0.13 -0.10 0.13 1.00 [1] 1 0.78 [3] 0.98 [1] 0.54 0.27 -0.01

HF 0.77 [3] 0.72 [3] -0.71 [3] 0.84 [2] 0.11 0.01 0.11 0.01 0.79 [4] 0.78 [4] 1 0.64 -0.08 -0.29 -0.61

LF/HF 0.01 -0.03 -0.30 0.76 [3] -0.12 0.19 -0.13 0.19 0.98 [2] 0.98 [2] 0.64 1 0.67 0.43 0.19

RESP rate -0.63 -0.59 0.47 -0.35 -0.55 -0.08 -0.55 -0.08 0.51 0.54 -0.08 0.67 1 0.62 0.70 [4]

SCR area -0.78 [4] –0.86 [2] 0.02 -0.24 0.27 -0.70 [3] 0.27 0.70 [4] 0.27 0.27 -0.29 0.43 0.62 1 0.90 [3]

SCR amp sum -0.97 [2] -0.99 [1] 0.43 -0.40 -0.04 0.40 -0.03 0.40 -0.02 -0.01 -0.61 0.19 0.70 [1] 0.90 [1]
1: [ ] Cosine similarity ranking order in the column.

2.9 Subjective measures
Psycho-cognitive scales, which were assessed by questionnaires and NASA-TLX, were understood
as a means of the workload and performance of all the maneuvers executed since the responses
were collected after the flight. According to the questionnaires, the most stressful mission segment
was the aiming phase due to the need to keep the aircraft’s sighting system’s aim steady on the target
and meet the maneuver parameters.
The NASA-TLX score rated by the two pilots after the flight is presented in Figure 16. Task Load
Index dimension analysis revealed that physical demand and frustration have a low contribution to
overall workload rating for both pilots, as Figure 16(a) shows.
Pilot 1 score was higher than Pilot 2. This corroborates with the PCA output that Pilot 1 had more
mental demand during the training. This also is reflected by higher effort and temporal demand
ratings.
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Figure 16 – Comparison of the NASA-TLX between pilots.

3. Conclusion
The analysis of mental workload in real-life conditions is a complex task and involves the assessment
of many human dimensions, which contributes to explaining different aspects. This article analyzed
the operational helicopter maneuver of air-to-ground rocket-firing under the dimension of physiolog-
ical measures through the NASA-TLX scale, ocular, electro cardiac, electrodermal, and respiration
activities.
Mission segment observations have shown an increased HR pattern until the shot event and a shift
down of HRV in time and frequency domains after the final leg approximation. Respiratory frequency
rate was in the lower limit of normal respiration during mission segments, which is supposed to affect
HRV features.
EDA feature of SCR amplitude sum has shown to be more sensitive to differentiate mission segments
than SCR area.
Ocular measures have shown that the pilot’s attention is devoted to pointing the rocket aim to the
target during the aiming phase. An increase in pupil dilatation was observed during the aiming phase,
reinforcing the idea of the aiming phase with greater mental workload demand.
The overall view is that the aiming phase is the more mental demand, indicated by ECG, EDA fea-
tures, and total attention of eye fixation towards the target. HR was more sensitive to mission de-
mands of flight because it shows more statistically significant effects among the flight segments.
Correlation analysis and principal component analysis have demonstrated that SCR area, SCR am-
plitude sum, and HF were the human dimensions more correlated with helicopter stability aiming
performance before the shot event. More consistent indicated that phasic data EDA is more re-
lated to better performance. Conversely, the deviation of performance parameters (F-score) did not
present any significant correlation with any physiological measure in the aiming phase, corroborating
the idea that the pilot at this phase is more dedicated to keeping the aim towards the target, giving
less importance to maneuver deviations.
Another important issue was that the NASA-TLX rating corroboration with the quantitative data, in-
dicating the pilot with more mental workload demands and pilots’ opinions also indicated the aiming
phase as the most critical mission segment.
The results indicated that a less trained pilot would be more affected by mental demands and stress,
thus being more successful in errors during the aiming phase. Indeed, pilots must do continuous
practice sections to acquire the cognitive skill levels required. Still, as rockets may not be available
all over the year for training, thus simulator would be an essential tool to reduce the pilot’s mental
demand for a real flight if a similar physiological pattern is observed in this environment.
Future work will be directed to measure the mental workload of a rocket shot in the simulator for
comparison with real air-to-ground helicopter shooting.
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