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Abstract: Earth-moving vehicles (EMVs) are vital in numerous industries, including construction,
forestry, mining, cleaning, and agriculture. The changing nature of the off-road environment in
which they operate makes situational awareness for readiness and, consequently, mental stress crucial
for drivers and requires a high level of controllability. Therefore, the monitoring of drivers” acute
stress patterns may be used as an input in identifying various levels of attentiveness. This research
presents an experimental evaluation of a physiological-based system that can be useful to evaluate
the readiness of a driver in different conditions. For the experimental validation, physiological signals
such as electrocardiogram (ECG), galvanic skin response (GSR) and speech data were collected from
nine participants throughout driving experiments of increasing complexity on a specific simulator.
The experimental results show that the identified parameters derived from the acquired physiological
signals can help us understand the driver status when performing different tasks, the engagement of
which is related to different road environments. This multi-parameter approach can provide more
reliable information compared to single parameter approaches (e.g., eye monitoring with a camera)
and identify driver status variations, from relaxed to stressed or drowsy. The use of these signals
allows for the development of a smart driving cockpit, which could communicate to the vehicle the
driver’s status, to set up an innovative protection system aiming to increase road safety.

Keywords: stress estimation; earth-moving vehicle; autonomic nervous system; heart rate variability;
galvanic skin response.

1. Introduction

Driving a vehicle represents, in general, a complex task that requires different and
particular skills, especially when this is not performed in a standard environment, such
as on a road or highway, or when the vehicle itself is not a standard one, such as a
car or a motorbike. Moreover, in working environments, the difficulty increases due to
both many distracting factors and to the use of more complex vehicles, such as earth-
moving vehicles (EMV). To limit the risks in these situations, specialized personnel must
be carefully instructed regarding the use of EMVs, and these can be equipped with specific
safety systems that can help in hazardous situations. The International Organization
for Standardization (ISO) has defined functional safety standards (e.g., ISO 19014-1) for
EMYV [1], such as the Articulated Dump Truck (ADT). According to ISO 19014-1, the concept
of controllability is related to the ability of the driver to avoid harm being caused to people
through the timely reactions of the operator, possibly with the support of alternative
controls [1].

Because the off-road environment in which EMVs are deployed (e.g., mining envi-
ronments or quarry sites) is not uniform, situational awareness (i.e., the perception and
understanding of information that enables an individual to predict future courses of ac-
tion needed to respond to a dynamic environment) is very important [2]. Georg et al.
define the term readiness as the driver’s ability to engage in driving by starting with a
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non-driving-related activity (NDRT), such as tuning the radio volume or having a mobile
phone conversation [3]. Many models have been proposed for monitoring driver status
based on monitoring the driver’s behavioral or physiological signals [4]. In more detail,
these methods (especially those based on physiology) often rely on the use of a single
technology. However, the use of a combined set of parameters, as proposed in this paper,
can provide higher performance in terms of detection accuracy while maintaining low
intrusiveness and ensuring usability. Moreover, while in the case of dynamic tasks it is
generally more appropriate to use kinematic sensors to detect different behaviors [5,6], it
has been widely shown that the use of physiological parameters in specific tasks can be a
valuable indicator for subjects’ adaptation to new conditions [7]. In fact, as observed in [8],
to achieve higher controllability, the smart vehicle should be equipped with sensors for
monitoring the drivers’ situational awareness. In the literature, the link between alertness
and mental stress has been assessed by measuring human physiological features [2,9]. To
this aim, muscle activity, heartbeat, sweating, respiration rate, speech, and blood pressure
have been exploited to estimate the user’s acute stress [10-12].

In this paper, we analyze a specific situation in which the state of the driver may change
several times during operations. In a previous work, we proposed a physiology-based
human situational awareness model for road vehicles [8]. In this work, the model is tested
and validated on an ADT simulation driving environment. The tests were divided into
three phases: (1) driver identification, (2) awareness definition, and (3) voice interaction.

In the first phase, the driver is identified and an enrollment procedure is performed.
In this phase, the user’s physiological signals are collected under resting or non-stressful
driving conditions. Data can be stored locally to take advantage of edge-based computing
architectures.

Next, changes in drivers’ physiological signals, such as heart rate variability (HRV),
galvanic skin response (GSR) and speech, are monitored to estimate the driver’s state of
stress or drowsiness. These data can be used to inform the driver and the vehicle managing
system about the current awareness condition. In the third phase, speech analysis is
performed through voice interaction between the vehicle managing system and the driver,
and data are used to support the situation awareness condition.

To complete the model definition, a vehicle task demand phase could be added. In this
phase, the computational cost necessary to a semi-autonomous vehicle to avoid a potential
danger or the cognitive engagement overload of the driver during a hazardous situation
must be analyzed and assessed [13].

The proposed assessment system is validated through an off-road driving environment.
The validation of the model in [8] was limited to whether the selected sensors could be
used to acquire physiological signals in a potential stress situation, that is, completing the
Stroop test and some arithmetic calculations.

Here, we go further by implementing the whole system in a complex scenario and
validating it in an ADT simulator driving environment. The validation is based on real-time
non-invasive acquisition and processing of the heart activity and galvanic skin response
signals, together with speech data.

The rest of the paper is organized as follows. In Section 2, we recall essential back-
ground information. In Section 3, we describe the materials and the methods used in the
performed experiments. In Section 3.4, we describe the performed analysis. In Section 4, we
present and discuss the experimental analysis. Finally, in Section 5, conclusions are drawn.

2. Background

As mentioned in Section 1, to obtain higher controllability, it is important to monitor
the drivers’ situational awareness for readiness. Such situational awareness depends on the
drivers’ acute stress pattern. Hence, understanding the relationship between situational
awareness for alertness and the human nervous system is significant. To this purpose, in
the following, essential information on the situation awareness for readiness and on the
human nervous system and stress are reported.
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2.1. Situation Awareness for Readiness

According to ISO 19014-1, the driver has an important role in the overall control
loop [1]. That is, the driver must be fully aware of the surrounding environment [14]. In
general, humans perform their tasks in a similarly closed-loop control system manner. In
this case, most of the input comes from the environment through the elements of human
perception (i.e., sight, hearing, touch, smell, taste, etc.).

To achieve situational awareness, the driver goes through three stages: perception of
the current situation, understanding of the current situation, and projection of the future
state [2]. With good situational awareness, the driver can make appropriate decisions.
Situational awareness for readiness depends on mental stress. Continuous monitoring of
drivers’ acute stress pattern from the vehicle itself or from the control room can lead to the
mitigation of unexpected risks.

2.2. Human Nervous System and Stress

Stress can, in general, be associated with a chemical change within the human body:. It
can be regarded as defensive behavior while trying to cope with difficult situations at work,
relationships, the environment, etc. According to the American Physiological Association
(APA), stress is classified into three stages, namely acute, episodic acute, and chronic [15].
Acute is considered as a short-term stress [16]. Longer survival of acute stress leads to
episodic and chronic stress [16]. A sharp drop in acute stress can be identified through
biomedical signals that are controlled by the Central Nervous System (CNS). In general,
CNS can be broadly classified into the Somatic and Autonomic Nervous System (ANS) [17].
ANS is further classified as the Sympathetic Nervous System (SNS) and Para-Sympathetic
Nervous system (PSN).

Acute stress situations stimulate the SNS, thus modifying the heart rate, sweat secre-
tion, speech variation, etc. [18].

In contrast, when acute stress decreases, the PNS attenuates the elevated energetic
function caused by the SNS through a decrease in heart rate and sweat secretion, achieving
normal speech, etc. [19]. Summarizing, the sympathetic and parasympathetic nervous
systems lead to various changes in body organs (i.e., heart, pupil, sweat gland, lungs, blood
vessels, liver, etc.). These variations can be exploited for stress detection purposes.

2.2.1. Heart Rate Variability and Acute Stress

Since the ANS has a direct influence on the heart, measuring the cardiac activity
can be a valid non-invasive technique for evaluating the state of the ANS itself. The
electrocardiogram (ECG) is the signal associated to the electrical activity generated by
the heart over a specified period. It is a multi-component, non-stationary signal and is
characterized by the repetition of a similar pattern that includes a maximum peak usually
referred to as an R wave, at ventricular depolarization [20]. From this signal, the R-R
intervals, each one representing the time interval between two consecutive R peaks, can
be extracted.

The obtained signal is called tachogram and its frequency components can provide
relevant information on the ANS status.

The analysis of the QRS complex, to extract the R time location, is based on the
evaluation of its slope, amplitude, and by exploiting the Pan-Tompkins algorithm [21]. To
understand the ANS state, the percentage of involvement of SNS and PNS can be estimated
by spectral analysis of the tachogram [9]. Vincente et al. [22] proposed an episode estimator
by analyzing the driver’s ECG data every minute. Through their experiment, it was
shown that the HRV is influenced by the stress/drowsy state, although the results were
hypothetical (as shown in Figure 1). In these situations, other physiological signals, such as
those related to GSR and speech, must be exploited to improve the accuracy of estimation.



Electronics 2022, 11, 4074

4 0f 20

Drows Fatigued
HF y J

Power Awake Stressed

LF Power
Figure 1. Hypothetical situation as a function of LF and HF power of HRV [22].

2.2.2. Galvanic Skin Response and Acute Stress

GSR refers to the electrical resistance of the skin that may reflect the intensity of
emotional state or arousal [23]. An increase in skin conductance is proportional to the sweat
secretion. The level of emotional arousal varies depending on the situation. For example,
when an individual is in a frightening, threatening, or emotionally relevant situation, due
to the impact of ANS, the SNS the activity of the sweat glands is more intense and the
conductance of the skin increases. Therefore, the skin conductance can also be an indicator
of sympathetic activity due to acute stress reaction. The number of sweat glands varies
throughout the body, while the highest amount of sweat glands are found in the region of
the hands and feet (200-600 sweat glands per cm?) [24]. Skin conductance, measured in the
units of micro-Siemens (uS), is captured using skin electrodes placed on the hand’s palm.

2.2.3. Speech and Acute Stress

Acute stress detection based on lack of articulation in speech production is considered
an effective approach. It is well known that when a speaker experiences acute stress,
the contraction of the crycothyroid muscles causes higher tension, while the activity of
thyroarytenoid muscle becomes relatively low. This decrease of activity causes a lack of
articulation in speech production [25]. Murray et al. [26] showed that during a stressful
situation, a change in speech is observable due to the consolidation of unconscious response
and/or conscious control.

The speech signal undergoes four stages [27]:

1. Actuation for the speech output initiates from the lungs by generating enough air.

2. Next, in the vibrator, the generated air pressurizes the vocal fold from the lower
surface and causes the vocal folds to open from the upper side. As it passes through
the vocal folds, the pressurized air produces a vibrating sound due to the momentary
closure of the glottis (i.e., the space between the vocal folds).

3. In the resonator, the vocal track emphasizes by amplifying the sound.

4. The sound is shaped and a meaningful unit is achieved using tough and lip radiation.

3. Materials and Methods

To collect signals used for evaluating the driver status, a specific setup has been
studied aiming to minimizing the invasiveness of the sensors while being used during
EMYV driving simulations. The adopted solutions can be easily integrated in a driving
environment by including sensors in the steering wheel or in the dashboard of the vehicle.
Moreover, a specific experimental protocol has been designed and implemented to validate
the use of adopted sensors and methodology.

In this section, the data acquisition sensors and the experimental protocol adopted for
validating the system are described.

3.1. Data Acquisition Devices

In this study, subjective experiments were conducted in order to collect the physi-
ological and the voice signals by using a commercial sensor kit (i.e., e-Health platform)
interfaced with a shield connected to an Arduino Uno board. The E-Health sensor shield
allows the acquisition of nine biomedical signals. For our purposes, only two signals have
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acquired: ECG and GSR [28]. Since we are interested in identifying the QRS peaks from
the ECG signal, this was band-limited using a low pass anti-aliasing filter with a cut-off
frequency components of 100 Hz and data were recorded at 325 Hz. To guarantee a proper
synchronization with signal recordings, the same setup was used for the GSR signal. The
disposable ECG sensor electrodes (Figure 2) were placed on the body in the classical lead
configuration considering the Right Arm (RA), the Left Arm (LA), and the Left Leg (LL).
The skin conductance was measured at the base of two fingers (see Figure 3) of the left hand
by measuring the electrical current that flowed as a result of applying a constant voltage. A
preliminary recording was made of the ECG and GSR signals under resting conditions to
obtain a baseline signal used during processing as a reference for the signals recorded in
the different minutes of the tests.

To collect a homogeneous voice signal among participants, drivers were asked during
the tests to explain each action they performed while driving (e.g., “I want to increase the
gas pedal because I have a good road to drive” or “I want to take left because this track is not
comfortable”, etc.). In the meanwhile, they were asked to provide dashboard information
on demand every minute (such as km, engine rpm, loaded vehicle information, etc.). To
record the voice signal, a sampling rate of 22 kHz has been set. This rate was selected
because it helps in achieving higher accuracy on the acquired signal. To standardize all voice
recordings, an external microphone was placed at a distance of 5 cm from the volunteer’s
mouth. To synchronize the acquisitions by both e-health sensors and the microphone, data
were recorded using a custom interface developed in LabView (@National Instruments).

Figure 3. GSR electrode connected to e-Health sensor shield.

3.2. Driving Simulator

Aiming to stimulate the acute stress for the driver, in these experiments we put the
driver into some challenging virtual environments subjected to a time constraint. In more
detail, challenging situations refers to the demand for drivers’ complete attention to avoid
physical or mental harm. As the ADTS machine works under two Degrees of Freedom
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(DOF), which could bring a physical palpitation for the driver while the machine runs in a
muddy deep slope, marshland, etc. (see Figure 4).

Figure 4. Articulated dump truck simulator.

In such a situation, the driver may feel as if he or she is falling out of the simulator
even when the seat belt is fastened. Similarly, the driver’s long-term presence in a virtual
environment can cause mental discomfort such as vomiting, headaches, etc. The presence
of acute stress could be analyzed through ANS-controlled physiological organs, i.e., ECG,
GSR, and speech. The experiment was divided into three stages; each part was designed
with some challenging virtual environment situations with the aim of inducing acute stress
(as shown in Table 1). The interval between each experiment was 3 min. Our hypothesis is
that HRV, GSR, and speech data, properly combined, are good indicators for estimating
the subject status variation. If the HRV power and GSR levels are high, compared to the
normal ones, then the subject might be under acute stress; similarly, low levels could
indicate drowsiness. Additionally, the HRV power and GSR levels also pave the road
to a hypothetical situation (Figure 1), and the use of speech helps in giving a significant
interpretation to the driver status, for better estimation.

Table 1. Experiment situation and levels of toughness with regard to time (minute).

Experiments 1st m 2nd m 3rd m 4th m 5th m

Smooth
road (L1)

Experiment1  Smooth Muddy
road (L1) bumpy
road (L2)

Non traffic Smooth
muddy road (L1)
road (L2)

Experiment 2 Reverse to
load (L1)

Smooth
road (L1)

Narrow
road (L2)

Experiment3  Reverse to
load (L1)

Toughness Levels during Experiment

el 1 e [P

3.3. Experimental Protocol

Nine male volunteers were monitored, gathered from students of Mélardalen Uni-
versity, Visterds, Sweden. Each volunteer holds a driving license with a minimum of two
years of driving experience. During the test, volunteers demonstrated their ability to use
the driving simulator to conduct EMV simulations in the virtual environment, even with a
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short preliminary familiarization test (without data recording). An informed consensus was
signed by each volunteer. The following driving instructions were provided: description of
the setup, shifting procedures, and availability of information in virtual reality (e.g., vehicle
speed, vehicle load, stopwatch for completing the activity, and overview of the route map).
In addition, safety instructions such as fastening the seat belt, precautions regarding the
electrodes, and the microphone were provided to the volunteers. An ADTS driving practice
phase was allowed to enable the volunteer to become accustomed to the driving system.
The experiment was conducted in a room with a temperature of about 20 °C-22 °C.

To generate acute stress in the volunteer, three experiments have been designed each
one structured in three parts of different engagement and difficulty (Table 1).

1.  Experiment 1: In this experiment, the driver is asked to drive the unloaded ADTS
on the assigned track. This activity must be completed in 5 m, which requires the
user to drive fast. However, due to the size of the vehicle, to avoid accidents (e.g.,
collision with vehicles, obstacles or vehicle rollover), it is necessary to maintain control
of the vehicle.
In the following, the peculiarities of the path are described:

*  During the 1st minute, the driver runs the vehicle in a smooth landscape.

¢ During the 2nd minute, the road becomes muddy and bumpy.

e At the end of the muddy road, the driver reaches a muddy deep slope (around
the 3rd minute).

*  Driving in these road conditions requires more control of the ADTS. Reaching
the end of the muddy slope, the driver must turn right 180° and drive along a
flat stretch of road, approximately during the 4th minute.

¢ Later, approximately during the 5th minute, the user drives the ADTS on a
marshland road.

¢  Theinterval between the 1st and the 2nd experiment is set to 5 m.

2. Experiment 2: In this simulation, the user drives the ADTS in the same mining field
used in experiment 1. However, before proceeding on, the driver must load the ADTS.
The time limit to complete the simulation is 5 m.

*  In the 1st minute, the driver must reverse the ADTS on a narrow path to reach
the position set for the loading procedure. Once the ADTS is correctly positioned,
a sound is generated and the excavator proceeds to load the vehicle.

*  During the next few minutes, the user drives the fully loaded ADTS (40 tons)
on a muddy road. The ADTS reaches the muddy road during the 3rd minute of
the experiment.

*  Thereafter, the flat road is reached during the 4th minute, and then the deep
steep muddy road during the 5th minute of the experiment.

*  The interval between the two experiments is set to 3 m.

3.  Experiment 3: The driver drives the ADTS in the same mining field but during the
night. Both the duration and the execution of the simulation follow the previous
simulation. Experiment 3 will end by driving him into a swamp, that is, during the
5th minute.

3.4. Data Analysis
3.4.1. Feature Extraction

The data have been analyzed with a 60s frame window. This length allows an effective
update of drivers’ psychological condition [29,30]. The growth rate was used to compare
the results obtained in the different minutes of the tests with the preliminary registration of
ECG and GSR signals performed in resting conditions, used as baseline. The growth rate
has been calculated as the ratio between the measured parameter in each minute and the
baseline one.
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HRV Analysis

The HRV analysis consists in the evaluation of the natural irregularity of the heart
rhythm that can be achieved extracting a derived from ECG time signal and evaluating
its frequency features. In the time domain analysis, the RR intervals (mean heart rate
(mean HR): i.e., the distance between two consecutive R peaks of the QRS complex of a
cardiac cyclic activity), the mean heart rate and the standard deviation of RR-intervals are
extracted from the acquired ECG signals using a specific algorithm [21]. Then, a spectral
analysis of the RR series is conducted to evaluate ANS functioning, considering different
frequency intervals:

1. Low frequency (LF), defined in the range 0.04-0.15 Hz, represents the component
mainly associated with the involvement of the SNS;

2. High Frequency (HF) defined in the range 0.15-0.4 Hz represent the component
mainly associated to the involvement of the PNS.

A useful parameter to evaluate the changing from the rest to the attention status is the
HRV power, that is defined as the LF/HF ratio and is used as an index of autonomic balance.

In this work, each set of data has been segmented with 1m time window. Salahuddin
et al. [29] claimed that ultra short term analysis in the spectral domain is feasible for
features such as HF, LF, LF/HF with 50 s of data. In addition, Takahshi et al. [30] proved
that spectrum analysis for the above mentioned HF and LF based on HRV analysis, the
results of recording ECG of 30 s to 1 m are still comparable to the 5 m ECG.

GSR Analysis

GSR is used for measuring sympathetic activation related to acute stress. As the
skin conductance varies, the GSR can detect small changes [31]. The signal is processed
according to the scheme reported in Figure 5.

5 Minutes of GSR raw data

y

Time window of 60 S

y

Moving average filter

y

Normalization in 0-1 range

y

Mean value

Figure 5. Algorithm used for GSR analysis.

For a fast estimation of sympathetic activity each of the raw GSR signal is time-
windowed for 60 s. Then, the signal is filtered using a moving mean technique with a
window size of 400 samples. Finally, the filtered signal is normalized in the range of [0, 1]
as follows:

x(i) — min(x)
max(x) — min(x)

Zi =

)
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where x = (x1, ..., xp,) is the filtered data and z; is the i-th normalized data [32,33]. The
increase in the average value compared to the norm confirms the involvement of the SNS.
Conversely, the decrease in value demonstrates the induction of the PNS.

Speech Analysis

To obtain different time interval estimations, the speech signal, which was sampled
at 22 kHz, is discretized into 5 s time windows. Next, the silent zone is removed using an
amplitude threshold of 0.01. To understand if the signal is either voiced or unvoiced, the
pitch value is computed. To this aim, the resulting speech signal is further segmented into
frames by using a Hamming window with a size of 660 samples (30 ms) and with an overlap
of 110 samples (5 ms). After windowing and computing the autocorrelation over the range
of lags, the peak is located. The pitch value is computed using the sampling frequency (fs)
value over the position of the first positive peak lag. The periodicity of the signal waveform
and also the uniform delay difference between the peaks of the autocorrelation function
explain whether the incoming speech signal is voice or non-voice. In addition, for the
voice signal, the pitch (or) fundamental frequency (f,) is searched in the range [70-450] Hz.
Similarly, for the spectral slope estimation, the voiced signal is isolated for the fundamental
frequency (fo,) (i.e., 70450 Hz). The unvoiced areas were excluded from our analysis.

Air pressure generated by the lungs, which initially pressurizes the vocal folds into
vibration, causes the glottal pulsation that serves to excite the speech production mechanism.
This greatly influences analyzing the role of glottal flow from the speech signal. Inverse
filtration is a widely used technique for estimating glottal excitation, which still suffers
from problems such as: (i) the result of inverse filtration depends on the quality of the input
signal, with a long closed phase of glottal source, (ii) while the vocal track identification is
manually performed, the estimation of the glottal source depends on subjective criteria,
and (iii) the results also depend on the quality of input signal [34].

To overcome these issues, in order to estimate the glottal source signal, we adopt the
Iterative Adaptive Inverse Filtration (IAIF) method [34] using the linear prediction for
the estimation of vocal track response. The vocal track effects are removed using IAIF
in an iterative manner to achieve the appropriate estimation of the glottal source signal.
To obtain the spectral envelope for the voiced speech and its glottal waveform, Linear
Predictive Coding (LPC) estimation was performed. LPC estimation is used to construct
the LPC coefficient for the inverse transfer function of the vocal track [35]. For better
estimation of the LPC coefficient, the input signal should be stationary/vocal; this greatly
reduces error signals (i.e., LPC analysis) [35]. Similarly, the size of the LPC coefficient
vector depends on the order, which is computed by (fs/(2*f,)). The magnitude spectrum
envelop is computed using the Fast Fourier Transform (FFT). Finally, to obtain the spectral
envelop, linear regression is applied to the spectral tilt line. The non-parametric Probability
Density Function (PDF) histogram was computed for the input time windowed signal.
The number of bins used in the histogram is 20. The same procedure was repeated for all
voiced segments and their glottal waveform. To perform statistical comparison among the
non-normally distributed data, the Wilcoxon signed-rank test was used [36]. The glottal
and voiced spectral slopes of the neutral signal are compared to the spectral slope of varied
voiced and its glottal signal. The individual difference of the distributions is statistically
significant if the p < 0.10. Thus, we obtain two sets of data, i.e., the p-value for the voiced
and the glottal. Tables 2—4 are obtained from the average between the p-values of voiced
and glottal. The data population in Tables 2—4 is not uniform because of the fact when
the involvement of the driver increases the probability of his/her speech might be limited
unless the speech is integrated within the experimental protocol [8]. Since the population
of voice data is not uniform, it was not possible to perform a statistical comparison similar
to that of other physiological data (e.g., HRV and GSR).
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Table 2. Average p-value for speech signal with regard to time (minute) for Experiment 1 (p-value
below the threshold of 0.10 is marked using *).

Istm 2nd m 3rd m 4th m 5th m
Driver 1 - 0.440 0.474 0.555 0.446
Driver 2 0.294 0.402 0.602 - 0.870
Driver 3 0.471 0.470 0.017 * - -
Driver 4 0.657 - - 0.819 -
Driver 5 0.743 0.341 0.063 * 0.107 0.697
Driver 6 - - 0.974 0.771 0.769
Driver 7 - 0.144 0.144 0.254 -
Driver 8 - 0.183 0.646 - 0.492
Driver 9 0.040 * 0.068 * 0.051 * 0.053 * -

Table 3. Average p-value for speech signal with regard to time (minute) for Experiment 2 (p-value
below the threshold of 0.10 is marked using *).

Ist m 2nd m 3rd m 4th m 5th m
Driver 1 0.362 0.285 0.281 0.372 0.374
Driver 2 0.334 0.774 0.2687 0.577 0.847
Driver 3 - 0.587 0.533 0.670 0.751
Driver 4 0.870 0.922 0.722 - 0.793
Driver 5 0.108 0.652 0.844 - 0.730
Driver 6 0.800 - 0.343 0.948 0.771
Driver 7 0.150 0.301 0.150 0.169 0.213
Driver 8 - 0.037 * 0.185 0.338 0.352
Driver 9 - 0.094 * 0.072* 0.649 0.051 *

Table 4. Average p-value for speech signal with regard to time (minute) for Experiment 3 (p-value
below the threshold of 0.10 is marked using *).

Ist m 2nd m 3rd m 4th m 5th m

Driver 1 - 0.751 0.341 - 0.281
Driver 2 0.213 0.699 0.203 0.231 0.160
Driver 3 - 0.627 0.452 0.555 0.431
Driver 4 0.696 0.412 0.870 0.821 0.896
Driver 5 0.512 0.678 0.637 0.870 0.747
Driver 6 - 0.793 0.696 0.694 0.795
Driver 7 - 0.539 0.223 0.133 0.144
Driver 8 - 0.083 * 0.606 0.674 -

Driver 9 0.051 * 0.096 * 0.047 * 0.169 0.128
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4. Experimental Results and Discussion
4.1. Experiment 1
Considering the results of experiment 1, during the 1st minute of the drive (i.e., refer

Table 1, smooth road drive) the growth rate of HRV power and GSR (i.e., refer Figures 6 and 7),
with respect to the normal driving situation, do not show significant variations.

Growth rate of HRV power

6 ; . .
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T 3r s P e x - Subject 9| |
= .
E
2
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Figure 6. Experiment 1 growth rate of HRV power.
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Figure 7. Experiment 1 growth rate of GSR.

In the following minutes, the increasing engagement of the required driving tasks (i.e.,
refer to Table 1, muddy road drive) results in different trends of the driver’s physiological
signals. According to experiment 1, both indicators reveal higher values of the grow rate
during the 3rd minute of the drive, i.e., driving the ADTS in a deep muddy slope, thus
indicating a higher effective engagement of the driver in the requested task. In this situation,
the demand of situational awareness for readiness escalates, and consequently a phase of
acute stress seems to be revealed. On the other hand, the increase in heart rate and sweat
might also be interpreted as the induction of activeness [22]. In this specific context, the use
of the driver speech variation could help to confirm the stress or activeness.
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While incorporating the speech signal during such a hypothetical situation, according
to speech Table 2, drivers 3, 5, and 9 are in a stressful state while the others are under active
condition. Similarly, driver 9 seems to have a relevant variation in the physiological signal
from the initial minute until the end of the experiment.

On the other hand, in the 4th minute of experiment 1, due to higher controllability
over the vehicle, the virtual environment starts becoming comfortable for many drivers
accordingly the growth rate values of HRV power and GSR that initiate to plummet (refer:
Figures 6 and 7). Finally, the last minute of the same experiment (i.e., driving in the
marshland, which is as arduous as the 3rd minute of experiment 1) again shows an overall
increase in values.

From this first experiment, it is possible to notice that the variation of driving condi-
tions induces noticeable physiological effects on all the tested drivers: the third minute of
the test reveals an “awake” of each subject from the almost-drowsy situation of the first
minute. Moreover, when a less demanding road condition is presented, the physiological
situation comes back to what was revealed in the initial phase of the test. Both HRV and
GSR are in agreement with this result, and the speech signal confirms this in most of
the cases.

4.2. Experiment 2

The results for the analysis of experiment 2 are reported in Figures 8 and 9: the initial
parts for both experiments 1 and 2 are similar, so no significant variations can be observed
in the signal data related to the driver’s physiology.

Growth rate of HRV power

—#—— Subject 1
6l —+#— Subject 2 | /]|
Subject 3
—#— Subject 4
Subject 5|
—#— Subject 6
—+#— Subject 7
— ©— -Subject 8| |
<4 Subject 9

Growth rate

Time (min.)

Figure 8. Experiment 2 growth rate of HRV power.

During the initial part of this experiment, the driver reverses the vehicle in a smooth
road, and similarly, experiment 1 was conducted in a forward track (refer Table 3). When
the task becomes more challenging, once again variations of the parameters related to
driver’s physiology are visible.

The variations appear for most drivers during the 2nd minute (i.e., driving 360 the
40 tons loaded truck in a traffic muddy road) with an increase of the HRV and GSR growth
rate values. Once again, these changes can be associated to increased awareness or stress.

The analysis of the speech signal (reported in Table 3) shows that drivers 8, and 9 can
be considered as stressed, while the others can be considered as higher situation awareness.
In the following minutes (i.e., 3rd and 4th minute) due to the less challenging task, the
values associated to HRV and GSR show lower values (Figures 8 and 9).
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Figure 9. Experiment 2 growth rate of GSR.

During the final phase of the experiment 2, the loaded truck must be driven in a
marshland, which influences again the drivers physiological data, as consequence of an
higher and more challenging situation. Results show an unstable situation among subjects:
data related to HRV and GSR are different with respect to the previous minute for most of
the subjects do not showing neither a stressful or a normal driving common trend. This
behavior could be due to each subject’s different experience of using a simulator.

4.3. Experiment 3

Similar to the others, the results of Experiment 3 show significant changes in volunteers’
physiological performance in each specific situation. As can be noticed in Figures 10 and 11,
during the first minute of experiment 3, the growth rate of HRV and GSR power is very
similar to that of the initial minutes of experiments 1 and 2.

Growth rate of HRV power
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Figure 10. Experiment 3 growth rate of HRV power.
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Figure 11. Experiment 3 growth rate of GSR.

This is due to the fact that during this situation, the task handled by the driver is in
effect less engaging. Then, considering the 2nd minute (i.e., driving a 40 metric ton-loaded
truck in a traffic muddy road with a dark virtual environment) a consistent increase of the
growth rate values of HRV power and GSR is shown.

Also in this case, the speech analysis results, reported in Table 4, contributes to
assessing the presence or absence of acute stress in each driver. When the driving difficulty
in the experiment decreases (i.e., refer Table 1) physiological data show once again (i.e.,
during 3rd and 4th minutes) a decrease in both trends (i.e., refer Figures 10 and 11).
Meanwhile, for the same period in the speech Table 4 found to have the average p-value
greater than the threshold of 0.10. Finally, considering the 5th minute, the increase in the
difficulty level of the experiment is reflected in the growth rate of HRV and GSR. However,
in this time frame (i.e., 5th minute of this experiment), from the Table 4 it is clear that
no acute stress situation occurred in any driver. This experiment shows that a change
in driving conditions induces a change in physiological signal in all drivers tested: as in
experiment 2, the most demanding situations are presented in minutes 2 and 5, and in both
cases the responses of HRV and GSR are very similar and close to the demanding situation
presented in the 3rd minute of experiment 1. In addition, in these cases, the speech signal
produces result similar to what was revealed by HRV and GSR in most of the cases.

4.4. Statistical Comparison
4.4.1. Experiment 1

The results for both HRV and GSR values have been grouped and represented in five
different boxplot (i.e., for each minute of a test), for all the performed experiments.

Considering the box plot of experiment 1 (Figure 12), during the 1st minute of the
experiment almost three quartiles of growth rate for HRV power and GSR are closer to
the normal drive situation with lower mean values (i.e., refer to Table 5). Meanwhile,
a significant increase of mean values is visible during the 2nd and the 3rd minute of
experiment 1. Similarly in Figure 12, during the 4th minute of experiment 1, a significantly
lower shift appears in all quartiles, which is due to the diminished challenging task. The
increased engaging in the 5th minute is reflected in the parameters’ mean value (i.e., Table 5).
To understand if different minutes reveal significant differences in the driver status, using
the described HRV and GSR growth rate values, a one-way ANOVA analysis [37] has been
performed considering five different coupled situations, depending on the experiment.
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Figure 12. Experiment 1 Box plot for Growth rate HRV power and GSR.

Table 5. Mean and standard deviation of Experiment 1 with respect to time (minutes).

1stm 2nd m 3rd m 4th m 5th m
HRYV Power 0.382 = 0.156 0.632 +£0.249 1.094 +0.376 0.507 £ 0.188 0.773 = 0.510
GSR 0.167 =0.121 0.436 £0.140 0.773 =0.090 0.464 £+ 0.152 0.547 + 0.208

For the Experiment 1, accordingly to what shown in Table 6, the significant differences
in the growth rate for HRV power and GSR have been tested for minutes 1vs3, 3vs4, 1vs4
and 1vs5.

Table 6. Experiment 1 p-values. (p-value below the threshold of 0.05 is marked using *).

Istmvs.3rdm 3rdmvs.4thm 1Istmvs.4thm 1Istmvs.5thm Global
HRV power 9.034 x 1075 * 0.001 * 0.227 0.025 * 4568 x 1074 *
GSR 4.868 x 1077 * 0.003 * 0.001 * 0.002 * 1.549 x 1075 *

Data show that values are significantly different for minutes 1 and 3, thus confirming
the different status of subjects in the two driving conditions, due to the fact that during the
3rd minute of the experiment the drives face an higher demanding situation compared to
the initial phase of the experiment. Similarly, comparing minutes 3 and 4, and minutes 1
and 5, different situations are significantly highlighted. While considering the differences
between the 1st and 4th minute, the p-value turns out to be higher than 0.05, so the null
hypothesis is considered to be true for the growth rate of HRV (and not for the GSR). Since
the driving situation in this case is similar, the GSR value reveal apparently a different
that is not present, but this can be due to an higher sweat on the finger in the previous
phase that leads to a lower update for the new condition. In addition, the global difference
for both the parameters show p-values lower than 0.05, so the null hypothesis is rejected
confirming a global difference for driving situations and validating the effectiveness of this
objective assessment methodology.

4.4.2. Experiment 2

By observing the box plot for experiment 2, i.e., Figure 13, the 1st minute quartiles for
the growth rate of HRV and the GSR were found to be lower than the other stages of the
experiment with a lower mean value (i.e., Table 7).
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Figure 13. Experiment 2 Box plot for growth rate of HRV power and GSR.

Afterwards, due to increasing in situational challenges, a significant increase in mean
values (i.e., Table 7) appears.

Table 7. Mean and standard deviation of experiment 2.

I1stm 2nd m 3rd m 4th m 5th m
HRV Power 0.593 +£0.332  1.006 +0.415 0.518 £0.175 0.398 +0.198  1.008 4+-0.489
GSR 0.292 +0.161  0.677 £0.164  0.411 +0.214 0.481 £0.268 0.689 +0.170

For this experiment, accordingly to what is shown in Table 8, the significant differences
in the growth rate for HRV power and GSR have been tested for minutes 1vs2, 2vs3, 1vs3
and 1vsb.

Table 8. Experiment 2 p-values (p-value below the threshold of 0.05 is marked using *).

Istmvs.2ndm 2ndmvs.3rdm 1Istmvs.3rdm 1Istmvs. 5thm Global
HRV power 0.019 * 0.008 * 0.754 0.033 * 4396 x 1074 *
GSR 0.003 * 0.030 * 0.222 0.003 * 0.011*

Considering minutes 2 and 5 compared to minute 1 of the test, there is a significant
difference between the situations described, thus confirming the fact that, during min-
utes 2 and 5 of the experiment, drivers face higher situational challenges than during
the initial phase. Meanwhile, considering the 1st and 3rd minute, a similar situation is
demonstrated from the physiological parameters, in agreement with the similar experiment
phase conditions.

In addition, once again the global difference for both the parameters show p-values
lower than 0.05, so the null hypothesis is rejected confirming a global difference for driving
situations and validating the effectiveness of this objective assessment methodology.

4.4.3. Experiment 3

Finally, considering the experiment 3, in the results analysis is important to remember
that tests were performed simulating a driving condition of the ADTS in a dark virtual
environment. According to Figure 14, in contrast to the 1st minute, a significant variation
during the 2nd and 4th minutes of the box plot can be noticed.
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Figure 14. Experiment 3 Box plot for Growth rate of HRV power and GSR.

In addition, the mean value for the growth rate of HRV and the GSR (i.e., Table 9)
raises due to the increase in situational challenges.

Table 9. Mean and standard deviation of experiment 3.

I1stm 2nd m 3rd m 4th m 5th m
HRV Power 0.482 +0.189  1.065 £0.402  0.590 +0.237  0.837 £0.413  0.741 +0.291
GSR 0.281 +£0.139  0.598 +0.256  0.382 £0.200  0.612 +0.243  0.456 4+0.285

Similarly to other experiments, the significant differences in the growth rate for HRV
power and GSR have been tested for minutes 1vs2, 2vs3, 1vs, 1vs4 and 1vs5. (i.e., refer
Table 10).

Table 10. Experiment 3 p-values (p-value below the threshold of 0.05 is marked with *).

Istmvs.2ndm 2ndmvs.3rdm 1stmvs.3rdm 1stmvs.4thm 1stmvs.5thm Global
HRV power  0.008 * 0.049 * 0.318 0.017 * 0.069 * 0.014 *
GSR 0.016 * 0.097 * 0.262 0.015* 0.153 * 0.079 *

The statistical comparison during minutes 2 and 4, with respect to the 1st one, show a
significant difference among parameter values, confirming once again that the physiolog-
ical values can reveal a difference in the driver status when facing different demanding
conditions. This is still valid for all the other coupled tested situations and even in the 3rd
minute a similar condition to the 1st one is confirmed.

5. Conclusions and Future Work

In this paper, an experimental evaluation of a system based on physiological signal
to evaluate the driver status of workers using EMYV is presented. The analysis aims at the
possible definition of a physiology-based situation awareness model for readiness. The
results obtained from different driving situations are promising in the direction of also
discriminating the opposite state while driving under normal or challenging conditions.

For the experimental validation, physiological signals such as ECG, GSR, and Speech
data were collected from nine participants in driving experiments with increasing level of
complexity. Experimental results show that the selected physiological signals can be used
for assessing the driver status.

From the preliminary analysis performed in this study, some useful insights can be
drawn. As previously mentioned, the selected physiological signals, can be used to assess,
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as a first approximation, the state of the driver. Thus, the proposed framework can be used
as input to a monitoring and alerting system. However, in order to design an effective
monitoring system, characterized by miss-detection and false-alarm probabilities required
by the specific application scenario, further and more accurate testing campaigns are needed.
To this aim, future investigations include the use of more complex voice interactions with
the system, the use of a sensorized steering wheel for GSR data acquisition, a seat belt
equipped with ECG sensors, and posture analysis modules. Aspects of psychophysiology
will also be considered.
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Abbreviations

The following abbreviations are used in this manuscript:

ADT Articulated Dump Truck

ISO International Organization for Standardization
NDRT Non-Driving Related Task

HRV Heart Rate Variability

GSR Galvanic Skin Response

APA American Physiological Association

CNS Central Nervous System

ANS Autonomic Nervous System

SNS Sympathetic Nervous System

PSN Para-Sympathetic Nervous system

ECG Electrocardiogram

RA Right Arm

LA Left Arm

LL Left Leg

SDNN Standard Deviation of RR-intervals between Normal beats

Mean RR  Mean heartbeat intervals
Mean HR  mean heart rate

LF Low Frequency

HF High Frequency

FFT Fast Fourier Transform

PDF Probability Density Function

IAIF Iterative Adaptive Inverse Filtration
LPC Linear Predictive Coding

DOF Degree of Freedom
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