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Abstract: In flight operations, the workload settings refer to the shift work, duty time, flight time,
number of sectors, rest periods, time of day, duty patterns, number of time-zone transitions, number
of consecutive duty days, and changes in the schedule. Workload factors, together with the biological
mechanisms (the circadian rhythm, homeostatic sleep pressure, sleep inertia), can lead to the appear-
ance of fatigue. Fatigue affects numerous tasks, such as performing inaccurate flight procedures,
missing radio calls, missing or being too slow to pick up system warnings, forgetting or performing
routine tasks inaccurately, and others. The focus of this paper is to determine which flight crew
workload settings elements impact the appearance of fatigue. The process of collecting data regarding
flight crew workload settings and fatigue is conducted on a sample of four airline pilots using an
electronic CRD system of standardized chronometric cognitive tests and subjective self-assessment
scales. Causal modeling tools of the IBM SPSS Statistics were used to detect correlations among
flight crew workload settings, indicators of the subjective perception of fatigue, and measured fatigue
indicators. In the final step, a set of simulations was created using simulation tools of the IBM SPSS
Statistics to show how modifications of flight crew workload settings, such as modified duty time,
number of days off, and others, can impact the level of fatigue. The obtained results can help improve
the future planning of flight crew workload set-up and mitigate or prevent the appearance of fatigue
in flight operations.
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1. Introduction

Fatigue in flight operations can be defined as the result of personal and work-related
factors [1–4]. Personal factors affecting fatigue are related to age, chronotype (morning type,
evening type) [5], gender, genetic predisposition, and tolerance towards shift work. [6]. In
addition to individual lifestyle regarding physical activity or inactivity, numerous factors
have an effect on the length and quality of sleep [7,8], which is one the most important
personal factors affecting the appearance of fatigue. In flight operations, work-related
factors affecting fatigue refer to the shift work that includes early/late/night duties [9],
unpredictable schedules (duties can change due to operational reasons, sickness, or other
reasons), time-zone transitions, and standby duties. These factors, together with the
biological mechanisms affecting periods of wakefulness and drowsiness (the circadian
rhythm, homeostatic sleep pressure, sleep inertia), can lead to sleep loss and sleep debt,
which incents the appearance of fatigue [10,11].

Fatigue has physical and mental manifestations. Physical manifestations include
features such as a general feeling of tiredness, decreased alertness, an irresistible desire
for sleep, microsleep, lethargy, and prolonged reaction time. Mental manifestations in-
clude features like difficulty with memorizing, forgetting information or actions, lack of
concentration, slow understanding, bad will, poor decision-making, and apathy [12].
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Long working hours, shift work, work at night, and work in different and numerous
time zones—i.e., varying and unbalanced flight crew schedules can cause disturbance of
the circadian rhythm and sleep disorder, which can result in the fatigue of flight crew
and have an impact on the safety of flight operations [13–15]. Fatigue impacts various
cognitive abilities, such as vigilance, memory, spatial orientation, learning, problem-solving,
and decision-making. In aviation, fatigue is identified as a hazard to the safety of flight
operations. Due to this, fatigue risks are continually analyzed and assessed. Due to the
severity of fatigue risks, it is necessary to define and implement risk mitigation measures.
Aside from provisions of the European regulations—Flight Time Limitations (FTL) [16,17],
a vital role in fatigue risk mitigation belongs to the Fatigue Risk Management System
(FRMS), which uses various quantification and objectivation methods for measuring the
fatigue [18,19].

In flight operations, fatigue affects the tasks or situations such as performing inaccu-
rate flight procedures, missing radio calls, missing or being too slow to pick up system
warnings, forgetting or performing routine tasks inaccurately, loss of situational awareness,
microsleeps, task fixations, and poor communication between crew members [12–14].

Flight crew workload elements that might be considered to mitigate fatigue risk in
flight operations include, for example, the length of duty, total flight time, number of
sectors, rest period duration, time of day, pattern of duty, rest facilities (management of
sleep during layover periods), number of time-zone transitions, and number of consecutive
duty days [12,20].

The first part of the paper describes the data collection and objectivation methods that
are used to measure fatigue of professional airline pilots using special psychodiagnostics
equipment to perform the measurements, i.e., an electronic Complex Reactionmeter Dreno-
vac (CRD) system of standardized chronometric cognitive tests [21]. The construction of
these tests is based on a chronometric (in Greek χρóνoς: time, µέτρoν: measure) approach
to measure cognitive functions [12]. Subjective self-assessment fatigue scales of the current
state of fatigue (the subjective perception of fatigue) were also used. The aim was to identify
and quantify elements that affect the appearance of fatigue.

The second part of the paper presents the causal modeling methods that were used
to determine correlations among defined flight crew workload settings, the subjective
perception of fatigue, and measured CRD fatigue indicators. Recent studies revealed new
possibilities regarding the development of predictive safety management methodology
in aviation. The conceptual model of predictive safety management methodology was
developed [22,23], which described the usage of predictive (forecasting) [24,25] and causal
modeling methods [26,27] to identify potential and possible hazards in aviation and to
efficiently define mitigation measures that can prevent or restrain future hazards from
turning into adverse events. The idea was to implement described causal modeling methods
to detect correlations affecting fatigue.

The third part of the paper presents simulations (case scenarios) that show the im-
pacts of flight crew workload settings on the appearance of fatigue. Seven case scenarios
were built to show how modified values of flight crew workload settings indicators, due
to detected correlations, impact the appearance of fatigue. For the purpose of creating
the simulations, the IBM SPSS Statistics 27 software [28] was used. Simulations revealed
significant useful information regarding specific flight crew workload settings impact-
ing the appearance of fatigue, which can be useful in the future planning of flight crew
workload set-up.

Therefore, the main objective of this paper was to find specific flight crew workload
settings impacting fatigue based on detected correlations among flight crew workload
settings, indicators of the subjective perception of fatigue, and measured fatigue indicators.
We performed the simulations in order to improve the planning process of flight crew
workload set-up by mitigating or preventing the appearance of fatigue in flight operations.
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2. Workload versus Fatigue in Flight Operations—Background

Fatigue Risk Management System (FRMS), as defined by the International Civil Avia-
tion Organization (ICAO), represents data-driven methods of constant monitoring, data
collecting, analyzing, and mitigating fatigue-related safety risks in flight operations, using
scientific methods, previous knowledge, and operational experience [1,18,19].

In Europe, fatigue management ensures that crew members are protected from ex-
cessive fatigue levels by issuing regulations called Flight Time Limitations (FTL) [9,29].
However, restrictions on working hours are different from country to country, and in
various ways, they restrict the permitted flight duty, length of rest period, and other FTL el-
ements [16,17]. Also, the prescriptive nature of these limitations prohibits some elements of
crew schedules but also allows others that can be very fatigue-inducing while all regulatory
provisions are complied with at the same time. Although the European regulation—FTL [9]
promotes the use of the Fatigue Risk Management System (FRMS) [1,18], it does not oblige
the airlines to implement it, except in certain specific cases.

At the same time, European FTL also requires the airlines [9,12] to ensure that flight
duty periods are planned in a way that enables crew members to remain sufficiently alert
so that they can operate to a satisfactory level of safety to appreciate the relationship
between the frequencies and pattern of flight duty and rest periods and consider the
cumulative effects of undertaking long duty hours interspersed with minimum rest; to
allocate duty patterns that avoid such undesirable practices as alternating day/night duties
or the positioning of crew members so that a serious disruption of established sleep/work
patterns occurs; and to provide rest periods of sufficient duration, especially after long
flights crossing numerous time zones, to enable crew members to overcome the effects of
the previous duties and to be rested by the start of the following flight duty period.

Another example is USA regulations pertaining to Fatigue Risk Management Systems
(FRMS) for aviation safety, which are issued by the Federal Aviation Administration (FAA).
Fatigue Risk Management Systems are prescribed to ensure aviation industry personnel
perform their duties safely. Information is provided regarding the components of an
aviation FRMS and FRMS implementation within the aviation system, and it defines an
FRMS as an operator-specific process, i.e., while all FRMSs have common elements, the
specifics can be tailored to a certificate holder’s particular conditions. Detailed guidance
on how to prepare for the FRMS approval process, develop the required documentation,
develop and apply fatigue risk management and safety assurance processes, collect and
analyze data, and develop flight crew FRMS operations procedures is also available [30].

The most commonly used measurement methods of flight crew fatigue in any FRMS
include subjective fatigue scales (e.g., Samn Perelli, Karolinska), psychomotor vigilance tests,
actigraphy, predictive models (biomathematical algorithms), and sleep diaries [12,19,31].

An important source of data for fatigue research, especially in flight operations, is
subjective fatigue scales used in fatigue-related reporting [1]. The application of subjective
scales in flight crew fatigue research can be found in numerous studies where pilots reported
subjective fatigue levels using the Samn Perelli scale, such as research conducted by Powell
and others in 2007 and 2008 [32,33]. Some studies involved actigraphy, sleep diaries,
performance vigilance tests, and biomathematical predictive models where fatigue impact
was studied using different quantification methods, such as research conducted by Powell
and others in 2014, Gander and others in 2014, Van den Berg and others in 2015 [34–36].
Predictive models can be found in advanced crew management software, and they can warn
flight crew planners on the existence of fatigue risk (usually with warning messages and/or
color schemes—from green as no risk to red as high fatigue risk). Research conducted by Yi
and Moochhala in 2013 showed that there is a strong correlation between certain biomarkers
in saliva and fatigue levels [37]. In addition to the objectivation methods of quantifying
the flight crew fatigue, cognitive abilities that deteriorate as fatigue increases, can be
measured with a chronometric approach of measuring cognitive functions, i.e., an electronic
CRD system of standardized chronometric cognitive tests, as per Drenovac in 2009 [38].
CRD series have been used in various studies since 1969 [38]. Instruments, methodology,
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measuring parameters, and other information are well explained and documented in the
CRD handbook [38]. The CRD series has been used to study psychomotor disturbances
of scuba divers, as per Petri in 2003 [39], and other studies showed differences between
the working ability of the driver, train operator, and dispatcher during day and night
shift [40,41]. A study by Meško in 2008 showed how CRD series have been used to evaluate
the psychomotor abilities of military pilots [42], and some older research showed how CRD
series have been used to study workload and work efficiency during certain periods [43,44].
Recent research includes several innovative approaches, such as determining sleeping
patterns of flight attendants during the off-duty period using a photovoice technique,
conducted by Laovoravit and others in 2019 [45]; studying new tools for use by pilots
and the aviation industry to manage risks pertaining to work-related stress and wellbeing,
performed by Cahill and others in 2020 [46]; analyzing aircraft pilots workload using
Heart Rate Variability (HRV) and the NASA Task Load Index questionnaire, presented
by Alaimo and others in 2020 [47]; applying multimodal analysis of eye movements and
fatigue in a simulated glass cockpit environment, conducted by Naeeri and others in
2021 [48]; studying work type influence on air traffic controllers’ fatigue based on data-
driven PERCLOS detection, conducted by Zhang and others in 2021 [49]; identifying pilots’
fatigue status based on functional near-infrared spectroscopy, conducted by Pan and others
in 2022 [50]; examining fatigue during long-haul flights of different crew compositions
under exemption from layover and flight time during COVID-19, conducted by Zhou and
others in 2022 [51]; studying factors impacting fatigue among collegiate aviation pilots,
conducted by Keller and others in 2022 [52], and examining fatigue, work overload, and
sleepiness on a sample of commercial airline pilots, presented by Alaminos-Torres and
others in 2023 [53].

Recently, various studies were conducted regarding fatigue-risk issues related to
flight operations. In order to detect and reduce fatigue risks in flight operations, various
measurement and analysis methods have been presented in the last decade.

In 2014, Borghini and others reviewed the neurophysiological measurements in pi-
lots/drivers during their operational tasks, with the objective of summarizing the main
neurophysiological findings regarding the measurements of the pilot/driver’s brain activity
during their performance and its connection with the mental workload, mental fatigue,
or situational awareness [54]. In 2015, Thomas and others collected physiological and
performance data from commercial flight crews performing simulated operations under
both rested and fatigued conditions in order to evaluate the effects of varying levels of
fatigue and workload on pilot performance and physiological responses and constructed a
statistical/machine learning model that was able to accurately categorize fatigue-related
data for each individual pilot [55]. In 2018, Lee and Kim proposed a fatigue model for
airline pilots, which verified that pilot physical fatigue, mental decline, and rest defects
are affected by seven factors: flight direction, crew scheduling, partnership, aircraft envi-
ronment, job assignment, ethnic difference, and hotel environment [56]. In 2020, Hu and
Lodewijks explored effective non-invasive methods and psychophysiological indicators
for detecting and monitoring fatigue in car drivers and aircraft pilots [57]. Papanikou and
others studied the neuroscientific methodology able to yield markers of subtle pilot states,
such as drowsiness and microsleep episodes, that can be integrated into a decision support
system for operational aviation settings [58]. Coombes and others gathered and presented
data on reported rates of occurrence and predicted fatigue risk exposure associated with
UK airline pilot work schedules [59]. In 2021, Qin and others studied approaches for mental
fatigue detection based on psychophysiological measurements in flying-relevant environ-
ments by performing an experiment where several conventional heart rate variability and
ocular indices were examined to study their relevance to mental fatigue [60]. In 2022,
Bongo and Seva studied the effect of fatigue in air traffic controllers’ workload, situational
awareness, and control strategy by performing a case study in an actual tower control
center in the Philippines, using questionnaires based on situational awareness methods, the
Samn-Perelli fatigue scale, and the visual attention self-report [61]. In 2023, Sun and others
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used a software model as an analysis tool for pilot’s fatigue risk prediction, as well as the
fatigue self-assessment scale and the objective alertness test, to conduct a comprehensive
analysis and an assessment of the fatigue risk of flight crews before and after the COVID-19
epidemic [62]. Hamann and Carstengerdes performed an experiment where mental fatigue
was induced during a simulated flight task, and data were collected from the participants
using concurrent electroencephalography (EEG)—functional Near-Infrared Spectroscopy
(fNIRS) assessment methods, and the performance and self-reports, with the aim of de-
termining valid physiological assessment measures [63]. Veksler and others integrated a
biomathematical fatigue model with a task network model in order to estimate the pilot
performance degradation and to provide real-time information on pilot fatigue and the
expected performance on specific aircraft operations [64].

It is evident from the literature overview regarding fatigue-risk issues in flight op-
erations that various measurement and analysis methods to address fatigue have been
presented and used in the last decade. It is also evident that the application of causal
modeling and simulation techniques in this research field is not adequately explored or
implemented.

In order to find correlations among various sets of indicators, causal modeling tech-
niques and methods are used in this study. These methods use datasets of collected data and
build causal models that show correlations among them. Using causal models, specifically
by detecting the correlations (impacts among variables), it can be learned which variables
should be modified to obtain the desired performance of targeted indicator(s). In this case,
the targeted indicator is the fatigue indicator—fatigue index. Various studies described
causality and its variations, including the causal time-series analysis [65–67], causes and
origins of human error [68], assumptions and methods turning observations into causal
knowledge [69], the human perception of the relation between cause and effect [70], the
role that human factors play in major aviation accidents [71], the use of causal models
to control and manage aircraft accident risks [72], and the graphical causal models that
can provide a powerful tool for detecting interrelations between variables [73]. Recent
studies showed how causal modeling methods can be used to identify causal relations
among aviation hazards to define efficient mitigation measures to prevent or restrain future
hazards from turning into adverse events [23]. This methodology can be applied to the
issue at hand since fatigue in flight operations is considered to be one of the most significant
aviation hazards.

As per described background on the research related to the impact of fatigue in flight
operations, the focus of this paper is to use multiple methods, i.e., objectivation methods
such as CRD tests and subjective self-assessment fatigue scales to collect necessary data
on flight crew workload and fatigue, the causal modeling methods to detect correlations
among defined indicators in the observed dataset of collected data, and the simulation
methods to simulate flight crew workload settings impact on the fatigue, in order to define
the improved measures to mitigate fatigue risk in flight operations.

3. Data Collection and Methods

This chapter describes the process of data collection regarding flight crew workload
settings and fatigue using objectivation methods, i.e., an electronic CRD system of stan-
dardized chronometric cognitive tests and subjective self-assessment fatigue scales that
capture the subjective perception of fatigue by the flight crew. The collected data were
used to create a comprehensive database of independent and dependent variables, i.e.,
indicators of workload settings (number of days off, flight time, duty time), indicators
of the subjective perception of fatigue (energy level, anxiety level), and measured CRD
fatigue indicators (mental processing speed, mental stability, reliability, fatigue). Detecting
correlations among flight crew workload settings, subjective self-assessments, and fatigue
indicators was conducted using the defined dataset of collected data and the causal model-
ing tools available in the IBM SPSS Statistics software. Simulations (case scenarios) of flight
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crew workload settings impacting the appearance of fatigue were also conducted using the
simulation tools of IBM SPSS Statistics software.

3.1. Collecting Data on Flight Crew Fatigue

The data collected for this study were obtained using an electronic CRD system of
standardized chronometric cognitive tests and subjective self-assessment fatigue scales that
capture the subjective perception of fatigue by the flight crew.

This study included measurements that were conducted anonymously with four
male pilots of an average age of 42 years (+/−two years), who have been professional
airline pilots for the last 11 years (standard deviation of 4.7 years) and have an average of
6.305 flight hours (standard deviation of 2.532 flight hours) [29]. The pilots were familiarized
with the measurement method (the process and dynamics of the study) and the measuring
CRD equipment and tests to be used. Pilots had to go through the training before taking
the actual tests to avoid the effect of learning how to do the tests because the study aimed
to measure the drop in mental potential due to fatigue.

Measurements, during which pilots completed a full set of tests (five CRD tests)
and filled out four subjective surveys (self-assessment tables regarding emotional state,
energy level, self-confidence, and anxiety level), were performed before or after the duty
period. Tests were performed in an improvised “CRD laboratory” in the room of their
base airport, where pilots checked in and checked out (pre-flight and post-flight duty).
The average duration of testing on the CRD equipment lasted about 15 min [12]. The
CRD tests included the CRD 13 test—Spatial visualization test, CRD 241 test—Identifying
progressive series of numbers, CRD 23 test—Complex convergent visual orientation, CRD
324 test—Actualization of short-term memory, and CRD 422 test—Operative thinking with
sound stimuli.

The task design in the CRD tests is based on measuring the reaction time using CRD
measuring instruments [38]. These tests are intended for the chronometric measurement
of the effectiveness of achieving mental and psychomotor functions and for determining
dynamic features and functional disturbances in the process of mental processing [38]. The
efficiency of solving tasks in the CRD tests (output/results) is recorded by CRD fatigue
indicators expressed in time (milliseconds).

Independent variables of the collected data represent elements of workload settings,
which are described in the following Table 1. For the purpose of detecting correlations
among all variables, the independent variables (indicators) are designated with the labels,
i.e., “Time of day” is X1, “Start or end of the shift” is X2, “Number of days off in the
previous 7 days” is X3, “Number of days off in the previous 28 days” is X4, “Number of
individual days off in the previous 28 days” is X5, “Rest length” is X6, “Local night in daily
rest” is X7, “Number of local nights in the 48 h before flight duty” is X8, “Changes in the
schedule” is X9, “Sectors in the previous 7 days” is X10, “Sectors in the previous 28 days”
is X11, “Flight time in the previous 7 days” is X12, “Flight time in the previous 28 days” is
X13, “Duty time in the previous 7 days” is X14, “Duty time in the previous 28 days” is X15,
and “Multi-day shifts” is X16.
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Table 1. Elements of workload settings—independent variables.

Independent Variables—Groups
of Workload Settings Label Name Description

Time of day X1 Time of day

Local time of test execution at the
beginning of the shift (Check
In—CI) and at the end of the shift
(Check Out—CO)

Start or end of the shift X2 Start or end of the shift (Check
In/Check Out—CI/CO)

Start of the shift or Check In—CI, or
end of the shift or Check Out—CO

Days off

X3 Number of days off in the
previous 7 days

Number of days off in the previous
7 days, at the beginning of the shift
(CI) or at the end of the shift (CO)

X4 Number of days off in the
previous 28 days

Number of days off in the previous
28 days, at the beginning of the shift
(CI) or at the end of the shift (CO)

X5 Number of individual days off in
the previous 28 days

Number of individual days off in
the previous 28 days, at the
beginning of the shift (CI) or at the
end of the shift (CO)

Rest

X6 Rest length
Rest length before flying duty, at
the start of a shift (CI), or at the end
of a shift (CO)

X7 Local night in daily rest Whether the rest before flight duty
includes a local night

X8 Number of local nights in the 48 h
before flight duty

How many local nights include rest
48 h before flight duty

X9 Changes in the schedule
Changes in the schedule of crews in
the previous 7 days by more than
1 h

Cumulative workload

X10 Sectors in the previous 7 days Number of sectors (flights)
completed in the previous 7 days

X11 Sectors in the previous 28 days Number of sectors (flights)
performed in the previous 28 days

X12 Flight time in the previous 7 days

Total flight time (includes only
flight time, not aircraft dispatch
acceptance time) in the previous
7 days

X13 Flight time in the previous
28 days

Total flight time (includes flight
time only, not the time of aircraft
ground handling) in the previous
28 days

X14 Duty time in the previous 7 days
Total duty time (includes all time on
duty—from CI to CO and duties on
the ground) in the previous 7 days

X15 Duty time in the previous 28 days
Total duty time (includes all time on
duty—from CI to CO and duties on
the ground) in the previous 28 days

Individual flight duty X16 Multi-day shifts Multi-day shifts

Overall measurements included seven more independent variables in the group “Indi-
vidual flight duty,” namely, “Flight duty time,” “Duty time,” “Flight time in flight duty,”
“Average duration of a sector,” “Average duration of aircraft ground handling,” “Split
duty,” and “Change of aircraft during FDP.” For the purpose of detecting correlations in
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the defined dataset, these variables were excluded due to the fact that the obtained values
were constant, i.e., equal to 0, or there were too many missing values for the data to be
relevant or usable.

The results of the CRD measurement are called “CRD measures” or “CRD fatigue
indicators.” They are considered to be dependent variables, and they include the following
variables: Number of errors (Nerr), total test-solving time (Ttot), minimum test-solving
time (Tmin), maximum test-solving time (Tmax), total ballast (Btot), initial ballast (Bin), final
ballast (Bfin), and fatigue index (Ifatigue).

The dependent variable “Number of errors” (Nerr) is an integer that indicates the
number of errors, while other variables “Total test-solving time” (Ttot), “Minimum test-
solving time” (Tmin), “Maximum test-solving time” (Tmax), “Total ballast” (Btot), “Initial
ballast” (Bin), and “Final ballast” (Bfin) are time indicators (measured in milliseconds).
“Fatigue index” (Ifatigue) is the quotient of initial ballast (Bin) and final ballast (Bfin), and
it represents a derived indicator of the direction of changes in the speed (acceleration
or deceleration) of solving tasks in a particular test, i.e., it represents the endurance and
consequently fatigue—if the values of the fatigue index are greater than 1 that indicates the
presence of fatigue.

The number of errors (Nerr) shows the accuracy of mental processing, i.e., it shows the
coordination between speed and accuracy in mental processing—lower values indicate a
higher accuracy and vice versa. Total test-solving time (Ttot) measures the total time for
solving a particular test (includes ballast—part of lost time due to the effect of systematic
and random factors on the speed of performing a certain mental activity)—lower values
indicate a higher level of efficiency and vice versa. Minimum test-solving time (Tmin)
measures the speed of mental processing, i.e., the shortest task-solving times in individual
tests—lower values indicate a higher level of efficiency and vice versa. Maximum test-
solving time (Tmax) measures processing speed, i.e., the longest time to solve a particular
task, i.e., an extremely long time to solve one or more tasks in a certain test—lower values
indicate a higher level of efficiency and vice versa. Total ballast (Btot) measures total lost
time due to the fluctuations in the speed of solving similar tasks in the individual tests and
represents the stability of mental processing, i.e., it is an indicator of individual stability as
a dynamic feature of mental processing—lower values indicate greater stability and vice
versa. Initial ballast (Bin) represents working speed or starting ballast—in the first half of
the test, it contains information on the efficiency or interference of working. Final ballast
(Bfin) represents fatigue, i.e., it contains information about the transfer of the experience
from the initial to the final part of the test.

For the purpose of detecting correlations among all variables, the dependent variables
(indicators) are designated with the labels, i.e., “Number of errors” is Nerr, “Total test-
solving time” is Ttot, “Minimum test-solving time” is Tmin, “Maximum test-solving time”
is Tmax, “Total ballast” is Btot, “Initial ballast” is Bin, “Final ballast” is Bfin, and “Fatigue
index” is Ifatigue.

Table 2 shows the overview of dependent variables, including the full name of each
CRD fatigue indicator, the label, the short description, and the meaning.

The results of the subjective self-assessment fatigue scales capture the subjective
perception of fatigue by the flight crew. Variables of subjective self-assessments represent
subjective results of self-assessments regarding the emotional state, energy level, self-
confidence, and anxiety level. Variables of subjective self-assessment scales are considered
to be both independent and dependent variables, and they are outlined in Table 3. Self-
assessment of the emotional state is labeled S1, self-assessment of the energy level is labeled
S2, self-assessment of self-confidence is labeled S3, and self-assessment of the anxiety level
is labeled S4.
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Table 2. Overview of CRD fatigue indicators.

Name of CRD
Fatigue Indicator Label Short Description Meaning

Number of errors Nerr
Number of

errors—the accuracy
of mental processing

Lower value—higher accuracy

Total time Ttot
Mental processing

speed—total time for
solving a test

Lower value—a higher level
of efficiency

Minimum
test-solving time Tmin

Mental processing
speed—the shortest
task-solving times

Lower value—a higher level
of efficiency

Maximum
test-solving time Tmax

Mental processing
speed—the longest
task-solving times

Lower value—a higher level
of efficiency

Total ballast Btot

Total lost time due to
fluctuations in the
speed of solving

similar tasks

Lower value—greater stability

Initial ballast Bin Working speed or
initial ballast Lower value—greater stability

Final ballast Bfin Fatigue or final ballast Lower value—greater stability

Fatigue index Ifatigue The quotient of Bfin
and Bin (Bfin/Bin)

Values greater than 1 indicate
fatigue

Table 3. Elements of subjective self-assessment scales—independent and dependent variables.

Independent and Dependent
Variables—Subjective Self-Assessments Label Name Description

Subjective self-assessments

S1 Emotional state Subjective self-assessment of the
emotional state (scale from 1 to 10)

S2 Energy level Subjective self-assessment of the
energy level (scale from 1 to 10)

S3 Self-confidence Subjective self-assessment of the
self-confidence (scale from 1 to 10)

S4 Anxiety level Subjective self-assessment of the
anxiety level (scale from 1 to 10)

An example of a subjective self-assessment scale of the energy level contains a ranking
from 1 to 10, as shown in Table 4, where the rank is the worst for 1 and the best for 10.

Table 4. Example of the subjective self-assessment scale of energy level.

Rank Description of Energy Level

1 I am completely exhausted, unable to do the least effort.
2 I’m terribly tired, incapable of any activity.
3 I am very tired, without energy, immobile.
4 I’m pretty tired, apathetic, wishing a good night sleep.
5 I do not have enough energy, I get tired easily.
6 I feel quite fresh.
7 I’m fresh and I have a lot of energy.
8 I have a lot of energy, I feel the need for action.
9 I have great energy and a strong need for action.

10 I feel great energy for which there are no imperceptible obstacles.
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All collected data on flight crew fatigue, independent and dependent variables ob-
tained using the described objectivation methods (CRD tests), are presented in Appendix A.

3.2. Defining Correlations among Flight Crew Workload Settings, Subjective Perception of Fatigue,
and Fatigue Indicators Using Causal Modeling Methods

Identifying correlations among flight crew workload settings, subjective self-assessments,
and fatigue indicators (collected via CRD testing and subjective self-assessment scales)
opens up the possibility of improving the planning process of flight crew workload set-up
in flight operations and mitigating the risk of fatigue. To find the correlations between
the flight crew workload settings indicators, subjective self-assessments (the perception
of fatigue), and fatigue indicators, we used the causal modeling methods, i.e., temporal
causal modeling of the IBM SPSS Statistics software.

The analytics software called “IBM SPSS Statistics” [28] was used to analyze all data
in the observed datasets and create causal models with causal links (correlations) among
all variables (indicators) in the observed dataset. For the purpose of this study, the IBM
SPSS Statistics 27 version of the software was used.

Prior to creating causal models, the dataset intended for an analysis had to be prepared
adequately. The causal model was created using the function called “Create Temporal
Causal Model” of the IBM SPSS Statistics 27. The Temporal Causal Model (TCM) detects
causal links among all indicators (variables) in the observed dataset, in this case among
flight crew workload settings, subjective self-assessments, and fatigue indicators, and
presents them in the circular diagram or via the impact diagrams.

The causal model of flight crew workload settings, subjective self-assessments (the
perception of fatigue), and fatigue indicators, accompanied by the individual impact
diagrams of the targeted indicator (fatigue index), is presented in the following tables
and figures.

Table 5 shows all indicators in the observed dataset, with their labels, names, and
allocated roles.

The dataset used for this study included 135 entries for 16 indicators of the workload
settings (Xs), four indicators of the subjective self-assessments (Ss), and eight measured
CRD indicators of mental processing, i.e., the fatigue indicators. The entire dataset is
presented in Appendix A.

The setup was made in such a way that the independent variables, i.e., workload
settings indicators (Xs), are set to be “inputs” in the temporal causal model, and dependent
and independent variables, i.e., Ss and the fatigue indicators are set to be “both inputs
and targets”.

Table 6 shows the fit statistics for top causal models generated for each of the twelve
dependent indicators, obtained using the IBM SPSS Statistics function “Create Temporal
Causal Modeling.” The model quality (model fit) for all built models is evaluated using the
R-squared criterion, which is defined as the proportion of the variation in the dependent
variable that is predictable from the independent variable or variables. Various criteria can
be used to do the “best fit” evaluation (RMSE—Root Mean Squared Error, RMSPE—Root
Mean Squared Percent Error, AIC—Akaike Information Criterion, BIC—Bayesian Informa-
tion Criterion, R-squared). In this case, the R-squared is used, as it is the default criterion in
the software. The larger the R-squared value, the better the model.

Figure 1 shows the “overall model quality”, i.e., the distribution of model quality for
all built models (from the preceding Table 6). As per Figure 1, models show high quality
because 75% of the models have R-squared values in the top interval [0.75–0.88], with the
highly positive overall evaluation of the model fit using the R-squared criterion (whose
values range from 0.70 to 0.87).

Figure 2 shows the overall causal model system of all correlations among flight crew
workload settings, subjective self-assessments (the perception of fatigue), and CRD fatigue
indicators obtained using causal modeling functions of the IBM SPSS Statistics 27 “Temporal
Causal Modeling.” Straight lines show correlations in both ways (cause and effect), and



Aerospace 2023, 10, 904 11 of 60

one-direction arrow lines show correlations in only one way (either cause or effect). The
line’s weight indicates a stronger or weaker correlation.

Table 5. Variables of the observed dataset (collected data) of flight crew workload settings, subjective
self-assessments, and CRD fatigue indicators.

Label Name Role

X1 Time of day Independent variable (input)
X2 Start or end of the shift (Check In/Check Out—CI/CO) Independent variable (input)
X3 Number of days off in the previous 7 days Independent variable (input)
X4 Number of days off in the previous 28 days Independent variable (input)
X5 Number of individual days off in the previous 28 days Independent variable (input)
X6 Rest length Independent variable (input)
X7 Local night in daily rest Independent variable (input)
X8 Number of local nights in the 48 h before flight duty Independent variable (input)
X9 Changes in the schedule Independent variable (input)
X10 Sectors in the previous 7 days Independent variable (input)
X11 Sectors in the previous 28 days Independent variable (input)
X12 Flight time in the previous 7 days Independent variable (input)
X13 Flight time in the previous 28 days Independent variable (input)
X14 Duty time in the previous 7 days Independent variable (input)
X15 Duty time in the previous 28 days Independent variable (input)
X16 Multi-day shifts Independent variable (input)

S1 Self-assessment of the emotional state Independent and dependent variable
(input/target, i.e., both)

S2 Self-assessment of the energy level Independent and dependent variable
(input/target, i.e., both)

S3 Self-assessment of self-confidence Independent and dependent variable
(input/target, i.e., both)

S4 Self-assessment of the anxiety level Independent and dependent variable
(input/target, i.e., both)

Nerr Number of errors Independent and dependent variable
(input/target, i.e., both) 1

Ttot Total time Independent and dependent variable
(input/target, i.e., both) 1

Tmin Minimum time Independent and dependent variable
(input/target, i.e., both) 1

Tmax Maximum time Independent and dependent variable
(input/target, i.e., both) 1

Btot Total ballast Independent and dependent variable
(input/target, i.e., both) 1

Bin Initial ballast Independent and dependent variable
(input/target, i.e., both) 1

Bfin Final ballast Independent and dependent variable
(input/target, i.e., both) 1

Ifatigue Fatigue index Independent and dependent variable
(input/target, i.e., both) 1

1 These indicators were initially determined as dependent variables, but in the context of causal impacts, it has
been concluded that they can also be independent variables influencing other variables; hence, their role has been
determined as “both input and target” for the process of generating causal models.
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Table 6. Fit statistics for the top causal models of each target indicator in the observed dataset.

Model
for Target

Model Quality

RMSE RMSPE AIC BIC R-Squared

S1 0.54 0.05 –125.33 106.94 0.87
S4 0.60 0.05 –99.73 132.54 0.85
S2 0.52 0.05 –135.07 97.20 0.81
S3 0.64 0.06 –79.23 153.04 0.80

Ttot 23,659.43 0.63 2653.75 2886.02 0.80
Btot 26,037.96 2.08 2678.66 2910.93 0.77
Bfin 12,395.61 1.80 2485.68 2717.95 0.77
Nerr 1.58 0.44 154.83 387.10 0.76
Bin 15,056.92 3.24 2536.25 2768.52 0.76

Tmax 5197.53 2.92 2259.70 2491.97 0.73
Ifatigue 0.47 0.32 −158.64 73.63 0.71
Tmin 280.03 0.58 1500.23 1732.50 0.70
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Figure 3 shows direct impacts on the targeted indicator Ifatigue, i.e., the fatigue index.
Figure 3a shows correlations (links) with a statistical significance value less or equal to 0.05
(strong links), while Figure 3b shows all detected correlations (links) on Ifatigue. As per
these results, Ifatigue correlates strongly with one workload indicator, i.e., X10—Sectors
in the previous 7 days, and a medium-strong correlation with six other workload settings
indicators, namely X5—Number of individual days off in the previous 28 days, X6—Rest
length, X7—Local night in daily rest, X9—Changes in the schedule, X15—Duty time in the
previous 28 days, and X16—Multi-day shifts. Also, this model reveals a strong correlation
with one CRD fatigue indicator, i.e., Tmin—Minimum test-solving time.
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Figure 4 shows an impact diagram of all indicators causing Ifatigue, i.e., Fatigue
index. These include X1—Time of day, X2—Start or end of the shift (Check In/Check
Out—CI/CO), X5—Number of individual days off in the previous 28 days, X6—Rest
length, X7—Local night in daily rest, X9—Changes in the schedule, X10—Sectors in the pre-
vious 7 days, X15—Duty time in the previous 28 days, X16—Multi-day shifts, S2—Energy
level, S4—Anxiety level, Nerr—Number of errors, Tmin—Minimum test-solving time,
Tmax—Maximum test-solving time, and Bin—Initial ballast.

Figure 5 shows the impact diagram of all indicators affected by Ifatigue, i.e., fa-
tigue Index. These include S1—Emotional state, S2—Energy level, S3—Self-confidence,
S4—Anxiety level, Nerr—Number of errors, Ttot—Total test-solving time, Tmin—Minimum
test-solving time, Tmax—Maximum test-solving time, Btot—Total ballast, Bin—Initial Bal-
last, and Bfin—Final Ballast.

As previously mentioned, this part focused on finding the correlations among flight
crew workload settings, subjective perception of fatigue, and CRD fatigue indicators, with
special attention to workload settings impacting fatigue. Using causal modeling techniques,
correlations have been detected. Figure 6 shows all the detected correlations with specific
emphasis on correlations regarding workload settings, i.e., ones labeled with Xs. The reason
why these are of particular interest is because they represent the independent variables
susceptible to modification. Hence, finding specific indicators of workload settings that
impact flight crew fatigue (Ifatigue) opens up the possibility of modifying them in order
to mitigate fatigue risk. In Figure 6, strong links are marked in red squares, and medium-
strong are marked in orange squares. The indicators marked in yellow show existent but
weak links and were not further examined.
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3.3. Case Scenarios of Workload Settings Impacting Flight Crew Fatigue—Simulation Methods

By applying the temporal causal model created and presented in Section 3.2.
(Figures 2 and 6), it can be detected which indicators of the observed dataset should be
modified in order to obtain desired levels in the targeted indicator, in this case, the fatigue
index (Ifatigue).

Functions from IBM SPSS Statistics 27 were used for the purpose of simulating flight
crew workload settings to mitigate fatigue by creating case scenarios for each relevant
indicator of flight crew workload settings. Tools used include the functions called “Apply
Temporal Causal Model,” “Forecasting using Temporal Causal Model,” and “Run Scenar-
ios.” Simulations show how values of chosen workload settings indicators (in this case, the
seven most relevant workload settings indicators) affect the behavior of the CRD fatigue
indicator, i.e., Fatigue index (Ifatigue).

Hence, seven simulations (case scenarios) were built to show how modified values
of workload settings indicators (lower or higher than observed values), due to detected
correlations, impact the behavior of CRD fatigue indicator, i.e., fatigue index (Ifatigue).

4. Results

As explained previously, the fatigue index (or Ifatigue in the dataset) is the quotient
of the initial ballast (Bin) and final ballast (Bfin). It represents a derived indicator of the
direction of changes (an acceleration or a deceleration) in the speed of solving tasks in a
particular test, i.e., it represents the endurance and consequently fatigue—if the values of
the Fatigue index are greater than 1 that indicates the presence of fatigue.

Workload settings indicators that were the subject of examination are X5—Number
of individual days off in the previous 28 days, X6—Rest length, X7—Local night in daily
rest, X9—Changes in the schedule, X10—Sectors in the previous 7 days, X15—Duty time in
the previous 28 days, and X16—Multi-day shifts. These were examined because they show
a strong correlation with the fatigue index (Ifatigue) indicator, detected by the temporal
causal model, as per 3.2.

This part shows simulations (case scenarios) conducted to find how each workload
settings indicator impacts the fatigue indicator (fatigue index—Ifatigue). All simulations
were conducted in the software IBM SPSS Statistics 27.

Hence, all case scenarios (simulations) intend to establish whether a given modification
of workload settings indicators decreases the values of the fatigue index (Ifatigue), i.e., keeps
them at or below 1. The modification of workload settings indicators includes modifying
eight chosen points (results/entries from the used dataset) into increased or decreased
values. Case scenarios (simulations) also allow predicting seven points into the future,
i.e., they can show the future behavior of the targeted indicator based on the established
correlations and given workload settings’ modifications. Comparing the observed and
simulated values of the fatigue index by applying the defined correlations and modified
values of the workload settings’ indicators clearly shows the differences between them and
helps determine the desired values of workload settings that can be used to mitigate fatigue
risk in the future. Additionally, to confirm that the simulated values follow the results of
each case scenario, the simulations of how workload settings indicators impact two related
fatigue indicators, i.e., initial ballast (Bin) and final ballast (Bfin), are also conducted and
used for the comparison with the simulated fatigue index (Ifatigue) values.

4.1. Case Scenario 1—Impact on Fatigue Due to Increase of Workload Settings Indicator—Number
of Individual Days off in the Previous 28 Days

This case scenario shows the simulation of increasing workload settings indicator,
X5—Number of individual days off in the previous 28 days, and its impact on the fatigue
indicator Ifatigue—Fatigue index (Figure 7). Figure 7a shows the observed values of X5
and modified (increased) values of X5 by 3 extra days off (X5′ = X5 + 3), while Figure 7b
shows how the change in X5 impacts the values of the fatigue indicator Ifatigue. Figure 7b,
or the case scenario graph, shows one line and three curves. The red line represents the
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borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X5 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’, obtained by applying
the defined causal links between X5 and Ifatigue to the modified values of workload settings
indicator X5. A comparison of the green and pink curves shows direct differences between
different values of workload settings indicator X5.
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Table 7 shows the observed values of the workload settings indicator, X5—Number
of individual days off in the previous 28 days, the modified observed values of X5 or X5′,
the observed and original forecast values of the fatigue index (Ifatigue), and the simulated
values (case scenario) of the fatigue index (Ifatigue’) obtained by applying the defined
causal links between X5 and Ifatigue. It can be observed that by comparing these values
(from point 1 to point 7 of the forecasted values part in Table 7), the results show that
fatigue (Ifatigue’) decreases due to an increase in workload settings indicator X5—Number
of individual days off in the previous 28 days.

Table 7. Case scenario results for the fatigue index (Ifatigue’).

Variables 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X5 0 0 0 0 0 0 0 0 – – – – – – –
X5′ 3 3 3 3 3 3 3 3 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 1.46 2 2.03 2 1.80 2 1.19 2 0.76 2 1.13 2 1.11 2 1.20 2 0.71 2 0.96 2 0.39 2 1.05 2 0.68 2 1.54 2 0.25 2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 8 shows how the simulation of increasing workload settings indicator,
X5—Number of individual days off in the previous 28 days, impacts two related fatigue
indicators, i.e., initial ballast (Bin) and final ballast (Bfin), which are used to calculate the
fatigue index. Figure 8a shows the impact of a modified X5 on Bin, and Figure 8b shows
the impact of a modified X5 on Bfin. This is conducted to confirm that these values follow
the results of the case scenario simulating the impact of workload settings indicator X5 on
the values of the fatigue indicator Ifatigue, as per the previous Figure 7b.
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Table 8 shows a comparison of the observed values of the workload settings indicator,
X5—Number of individual days off in the previous 28 days, the modified observed values
of X5, i.e., X5′, the observed and original forecast values of the fatigue index (Ifatigue), and
the simulated values (case scenario) of the fatigue index (Ifatigue’) obtained by applying
the defined causal links between X5 and Ifatigue, the observed values of initial ballast (Bin)
and final ballast (Bfin), and the simulated values (case scenario values) of initial ballast
(Bin’) and final ballast (Bfin’) obtained by applying the defined causal links between X5
and Bin, and X5 and Bfin. Some of the calculated values of Bin’ and Bfin’ show negative
values because the software uses incorporated formulas to calculate the forecasted values,
which do not stop at 0, and there is no option to replace them, as it is evident that the
initial and final ballast times cannot be less than 0. Nevertheless, these are kept because the
aim was to see whether the forecasted values of the final ballast would be greater than the
values of the initial ballast, which shows the presence of fatigue and vice versa. It can be
observed that by comparing the values, the results show that fatigue (Ifatigue’) decreases
due to an increase in the workload settings indicator X5—Number of individual days off in
the previous 28 days.

Figure 9 shows two graphs. Figure 9a shows a graph with one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice
versa. Figure 9a shows two curves of the forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 9b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the
presence of fatigue. In this case, lower values of Bfin’ are observed due to an increase in
X5—Number of individual days off in the previous 28 days, which indicates the absence
of fatigue.
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Table 8. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X5 0 0 0 0 0 0 0 0 – – – – – – –
X5′ 3 3 3 3 3 3 3 3 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 1.46 2 2.03 2 1.80 2 1.19 2 0.76 2 1.13 2 1.11 2 1.20 2 0.71 2 0.96 2 0.39 2 1.05 2 0.68 2 1.54 2 0.25 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277 1 4960 1 −29,895
1 4638 1 8476 1 23,989

1
−25,659

1

Bin’ 29,177
2

−13,365
2

−6320
2

−14,816
2

−14,292
2

−22,925
2

−33,044
2

11,169
2

−6396
2

26,090
2

62,024
2

30,497
2

68,166
2

23,734
2

66,491
2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771 1 –3052 1 −24,765
1

–
12,462

1
8485 1 17,777

1
−8640

1

Bfin’ 52,746
2

−6311
2

23,883
2

32,905
2

17,225
2

14,168
2

28,690
2

35,494
2

11,778
2

14,448
2 8490 2 −10,030

2
−38,619

2
−30,379

2
−21,996

2

1 Original forecast. 2 Case scenario observed and forecasted values.
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Figure 9. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

From Figure 9, it is clear that Ifatigue’ shows the decreased values of the fatigue index
comparing them to the original forecast values (Ifatigue), which indicates that increasing
workload settings indicator, X5—Number of individual days off in the previous 28 days, by
3 extra days off decreases the values of the fatigue index and keeps them close or below 1.

4.2. Case Scenario 2—Impact on Fatigue Due to Increase/Decrease of Workload Settings
Indicator—Rest Length

For the workload settings indicator, X6—Rest length, two case scenarios were con-
ducted, i.e., Iteration 1 and Iteration 2. The first one simulated an increase in X6, and the
second one simulated a decrease in X6. Two iterations of case scenarios were performed
only when the first iteration provided inconclusive results.

4.2.1. Iteration 1—Increase of Workload Settings Indicator—Rest Length

The case scenario shows the simulation of increasing workload settings indicator,
X6—Rest length, and its impact on the fatigue indicator, Ifatigue—fatigue index (Figure 10).
Figure 10a shows the observed values of X6 and the modified (increased) values of X6 by
30% (X6′ = X6 × 1.3), while Figure 10b shows how the change in X6 impacts the values of
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the fatigue indicator, Ifatigue. Figure 10b, or the case scenario graph, shows one line and
three curves. The red line represents the borderline between the rested state and fatigue.
The values above the red line represent the presence of fatigue and vice versa. The blue
curve shows the observed values of the fatigue indicator, Ifatigue—fatigue index. The
green curve shows the original forecast values of Ifatigue obtained by applying the defined
causal links between X6 and Ifatigue. The pink curve shows simulated values (case scenario
values) of Ifatigue’ obtained by applying the defined causal links between X6 and Ifatigue.
A comparison of the green and pink curves shows direct differences for the different values
of workload settings indicator X6.
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Figure 10. Increasing workload settings indicator X6 in the observed dataset by 30% and its impact
on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator X6; (b) impact
of a modified X6 on Ifatigue (case scenario).

Table 9 shows the observed values of the workload settings indicator, X6—Rest length,
the modified observed values of X6 or X6′, the observed and original forecast values of
the fatigue index (Ifatigue), and the simulated values (case scenario) values of the fatigue
index (Ifatigue’) obtained by applying the defined causal links between X6 and Ifatigue. It
can be observed that by comparing these values (from point 1 to point 7 of the forecasted
values part in Table 9), the results show that the values of fatigue (Ifatigue’) are similar to
the original forecast values due to an increase in the workload settings indicator, X6—Rest
length; hence, the results are ambiguous.

Table 9. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X6 13.32 13.32 13.32 13.05 13.05 13.05 13.05 13.05 – – – – – – –
X6′ 17.31 17.31 17.31 16.97 16.97 16.97 16.97 16.97 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.21
2

1.49
2

1.45
2

0.98
2

0.62
2

1.54
2

1.06
2

1.47
2

1.38
2

2.28
2

0.78
2

1.32
2

1.62
2

3.10
2

2.01
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 11 shows how the simulation of increasing workload settings indicator,
X6—Rest length, impacts two related fatigue indicators, i.e., initial ballast (Bin) and fi-
nal ballast (Bfin), which are used to calculate the fatigue index. Figure 11a shows the impact
of a modified X6 on Bin, and Figure 11b shows the impact of a modified X6 on Bfin. This is
conducted to check whether these values follow the results of the case scenario simulating
the impact of workload settings indicator X6 on the values of the fatigue indicator Ifatigue,
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as per the previous Figure 10b. It can be observed that the values of Bfin’ are similar to the
Bin’ values, which further confirms the ambiguity.
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Figure 11. Impacts of an increased workload settings indicator X6 in the observed dataset by 30%
on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X6 on Bin
(scenario case); (b) impact of a modified X6 on Bfin (case scenario).

Table 10 shows a comparison of the observed values of the workload settings indicator,
X6—Rest length, the modified observed values of X6, i.e., X6′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario)
values of the fatigue index (Ifatigue’) obtained by applying the defined causal links between
X6 and Ifatigue, the observed values of the initial ballast (Bin) and final ballast (Bfin), and
the simulated values (case scenario values) of the initial ballast (Bin’) and final ballast (Bfin’)
obtained by applying the defined causal links between X6 and Bin, and X6 and Bfin. It can
be observed that by comparing the values of Ifatigue and Ifatigue’, the results show that the
case scenario fatigue (Ifatigue’) values are similar to the original forecast values (Ifatigue)
due to an increase in the workload settings indicator X6—Rest length, i.e., the results are
ambiguous. This is also confirmed by comparing the values of Bin’ and Bfin’, which further
confirms the ambiguity.

Table 10. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X6 13.32 13.32 13.32 13.05 13.05 13.05 13.05 13.05 – – – – – – –
X6′ 17.31 17.31 17.31 16.97 16.97 16.97 16.97 16.97 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71
1

1.59
1 2.13 1 1.89

1 2.10 1

Ifatigue’ 1.21
2

1.49
2

1.45
2 0.98 2 0.62 2 1.54 2 1.06

2
1.47

2 1.38 2 2.28 2 0.78
2

1.32
2 1.62 2 3.10

2 2.01 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 47,219
2

3156
2

9436
2

7648
2

25,920
2

7710
2

4869
2

31,744
2

−27,142
2

−42,570
2

−11,107
2

−619
2

54,743
2

−30,700
2

−22,171
2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1

−8640
1

Bfin’ 60,120
2

8395
2

16,727
2

20,936
2

19,052
2

14,006
2

14,699
2

25,777
2

16,571
2

−16,253
2

−31,652
2

−6056
2

8344
2

−3344
2

−13,146
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 12 shows two graphs. Figure 12a shows a graph with one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice versa.
Figure 12a shows two curves of the forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
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the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 12b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm
the presence of fatigue. In this case, similar values of Bfin’ and Bin’ are observed due to an
increase in X6—Rest length, which cannot confirm the presence or the absence of fatigue
with certainty.
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From Figure 12, it is not clear if the Ifatigue ’ values show any true change when
comparing them to the original forecast values (Ifatigue), which indicates that increasing
workload settings indicator X6—Rest length by 30% cannot confirm any conclusive change
in the values of the fatigue index.

4.2.2. Iteration 2—Decrease of Workload Settings Indicator—Rest Length

The Iteration 2 case scenario shows the simulation of decreasing workload settings
indicator, X6—Rest length, and its impact on the fatigue indicator, Ifatigue—fatigue index
(Figure 13). Figure 13a shows the observed values of X6 and the modified (decreased)
values of X6 by 30% (X6′ = X6× 0.7), while Figure 13b shows how the change in X6 impacts
the values of fatigue indicator, Ifatigue. Figure 13b, or the case scenario graph, shows one
line and three curves. The red line represents the borderline between the rested state and
fatigue. The values above the red line represent the presence of fatigue and vice versa.
The blue curve shows the observed values of the fatigue indicator, Ifatigue—fatigue index.
The green curve shows the original forecast values of Ifatigue obtained by applying the
defined causal links between X6 and Ifatigue. The pink curve shows the simulated values
(case scenario values) of Ifatigue obtained by applying the defined causal links between
X6 and Ifatigue to the modified values of workload settings indicator X6. A comparison
of the green and pink curves shows direct differences for the different values of workload
settings indicator X6.
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Figure 13. Decreasing workload settings indicator X6 in the observed dataset by 30% and its impact
on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator X6; (b) impact
of a modified X6 on Ifatigue (case scenario).

Table 11 shows the observed values of the workload settings indicator, X6—Rest
length, the modified observed values of X6 or X6′, the observed and original forecast values
of the fatigue index (Ifatigue), and the simulated values (case scenario) of the fatigue index
(Ifatigue’) obtained by applying the defined causal links between X6 and Ifatigue. It can
be observed that by comparing these values (from point 1 to point 7 of the forecasted
values part in Table 11), the case scenario values are similar to the original forecast values
due to a decrease in the workload settings indicator X6—Rest length; hence, the results
are ambiguous.

Table 11. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X6 13.32 13.32 13.32 13.05 13.05 13.05 13.05 13.05 – – – – – – –
X6′ 9.32 9.32 9.32 9.14 9.14 9.14 9.14 9.14 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.24
2

1.51
2

1.49
2

1.00
2

0.65
2

1.56
2

1.07
2

1.48
2

1.39
2

2.26
2

0.73
2

1.28
2

1.56
2

3.07
2

1.96
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 14 shows how the simulation of decreasing workload settings indicator,
X6—Rest length, impacts two related fatigue indicators, i.e., initial ballast (Bin) and fi-
nal ballast (Bfin), which are used to calculate the fatigue index. Figure 14a shows the impact
of a modified X6 on Bin, and Figure 14b shows the impact of a modified X6 on Bfin. This is
conducted to confirm that these values follow the results of the case scenario simulating
the impact of workload settings indicator X6 on the values of the fatigue indicator Ifatigue,
as per the previous Figure 13b. It can be observed that the values of Bfin’ are similar to the
Bin’ values, which further confirms the ambiguity.
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Figure 14. Impacts of a decreased workload settings indicator X6 in the observed dataset by 30%
on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X6 on Bin
(scenario case); (b) impact of a modified X6 on Bfin (case scenario).

Table 12 shows a comparison of the observed values of the workload settings indicator
X6—Rest length, the modified observed values of X6, i.e., X6′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario)
of the fatigue index (Ifatigue’) obtained by applying the defined causal links between X6
and Ifatigue, the observed values of the initial ballast (Bin) and final ballast (Bfin), and the
simulated values (case scenario values) of the initial ballast (Bin’) and final ballast (Bfin’)
obtained by applying the defined causal links between X6 and Bin, and X6 and Bfin. It can
be observed that by comparing the values of Ifatigue and Ifatigue’, the results show that the
case scenario fatigue (Ifatigue’) values are similar to the original forecast values (Ifatigue)
due to a decrease in the workload settings indicator X6—Rest length, i.e., the results are
ambiguous. This is also confirmed by comparing the values of Bin’ and Bfin’, which further
confirms the ambiguity.

Table 12. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed values Forecasted values

X6 13.32 13.32 13.32 13.05 13.05 13.05 13.05 13.05 – – – – – – –
X6′ 9.32 9.32 9.32 9.14 9.14 9.14 9.14 9.14 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1 2.10 1

Ifatigue’ 1.24
2

1.51
2

1.49
2

1.00
2

0.65
2

1.56
2

1.07
2

1.48
2

1.39
2

2.26
2

0.73
2

1.28
2

1.56
2

3.07
2 1.96 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 46,966
2

1724
2

7764
2

5816
2

22,981
2

3559
2 718 2 26,998

2
−27,100

2
−40,715

2
−7665

2
4905

2
61,241

2
−23,244

2
−12,721

2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1

−8640
1

Bfin’ 59,937
2

7487
2

15,685
2

20,148
2

17,966
2

12,511
2

13,228
2

24,388
2

15,631
2

−16,425
2

−30,489
2

−4538
2

9327
2

−2336
2

−10,517
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 15a shows a graph with one line and two curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent
the presence of fatigue (marked in the red area) and vice versa. Figure 15a shows two
curves of the forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows
the original forecast values of the fatigue index (Ifatigue), and the second curve (dotted
pink) shows the simulated (case scenario) forecast values of the fatigue index (Ifatigue’).
Figure 15b shows the case scenario curves of the initial ballast (Bin’) and final ballast (Bfin’).
Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the presence of fatigue. In
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this case, similar values of Bfin’ and Bin’ are observed due to a decrease in X6—Rest length,
which cannot confirm the presence or the absence of fatigue with certainty.
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Figure 15. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

From Figure 15, it is not clear if the Ifatigue’ values show any true change when
comparing them to the original forecast values (Ifatigue), which indicates that decreasing
workload settings indicator X6—Rest length by 30% cannot confirm any conclusive change
in the values of Fatigue index.

4.2.3. Comparison of Iteration 1 and Iteration 2

Two case scenarios were conducted for the workload settings indicator X6—Rest
length, i.e., Iteration 1 and Iteration 2. The first one simulated an increase in X6, and the
second one simulated a decrease in X6. Two iterations of the case scenarios both provided
inconclusive results. In fact, both results obtained show almost exactly the same values
(Figure 16) for the increased X6 and for the decreased X6, which leads to the conclusion that
modifying workload settings indicator X6—Rest length has no significant impact on the
values of the fatigue index (Ifatigue’). Hence, whether the rest length is shorter or longer, it
does not impact the appearance of fatigue.
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Figure 16 shows the comparison of both iterations, i.e., Iteration 1—Increase of work-
load settings indicator X6—Rest length (Figure 16a) and Iteration 2—Decrease of workload
settings indicator X6—Rest length (Figure 16b).

4.3. Case Scenario 3—Impact on Fatigue Due to Increase/Decrease of Workload Settings
Indicator—Local Night in Daily Rest

For the workload settings indicator, X7—Local night in daily rest, two case scenarios
were conducted, i.e., Iteration 1 and Iteration 2. The first one simulated an increase in
X7, and the second one simulated a decrease in X7. Two iterations of case scenarios were
performed only when the first iteration provided inconclusive results.

4.3.1. Iteration 1—Increase of Workload Settings Indicator—Local Night in Daily Rest

This case scenario shows the simulation of increasing workload settings indicator,
X7—Local night in daily rest, and its impact on the fatigue indicator, Ifatigue—fatigue index
(Figure 17). Figure 17a shows the observed values of X7 and the modified (increased) values
of X7 for 3 extra local nights (X7′ = X7 + 3), while Figure 17b shows how the change in X7
impacts the values of the fatigue indicator Ifatigue. Figure 17b, or the case scenario graph,
shows one line and three curves. The red line represents the borderline between rested state
and fatigue. The values above the red line represent the presence of fatigue and vice versa.
The blue curve shows the observed values of the fatigue indicator Ifatigue—fatigue index.
The green curve shows the original forecast values of Ifatigue obtained by applying the
defined causal links between X7 and Ifatigue. The pink curve shows the simulated values
(case scenario values) of Ifatigue’ obtained by applying the defined causal links between X7
and Ifatigue. A comparison of the green and pink curves shows direct differences for the
different values of workload settings indicator X7.
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Figure 17. Increasing workload settings indicator X7 in the observed dataset for 3 extra local nights
and its impact on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator
X7; (b) impact of a modified X7 on Ifatigue (case scenario).

Table 13 shows the observed values of the workload settings indicator, X7—Local
night in daily rest, the modified observed values of X7 or X7′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario) of
the fatigue index (Ifatigue’) obtained by applying the defined causal links between X7 and
Ifatigue. It can be observed that by comparing these values (from point 1 to point 7 of the
forecasted values part in Table 13), the results show that fatigue (Ifatigue’) increases due to
an increase in the workload settings indicator X7—Local night in daily rest.
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Table 13. Case scenario results for Fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X7 1 1 1 1 1 1 1 1 – – – – – – –
X7′ 4 4 4 4 4 4 4 4 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 3.81
2

5.04
2

7.38
2

6.50
2

5.28
2

5.79
2

7.51
2

9.38
2

14.64
2

10.15
2

7.18
2

9.07
2

5.81
2

8.82
2

12.40
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 18 shows how the simulation of increasing workload settings indicator,
X7—Local night in daily rest, impacts two related fatigue indicators, i.e., initial ballast (Bin)
and final ballast (Bfin), which are used to calculate the fatigue index. Figure 18a shows the
impact of a modified X7 on Bin, and Figure 18b shows the impact of a modified X7 on Bfin.
This is conducted to confirm that these values follow the results of the case scenario simu-
lating the impact of workload settings indicator X7 on the values of the fatigue indicator
Ifatigue, as per the previous Figure 17b.
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Figure 19a shows a graph with one line and two curves. The red line represents the 
borderline between rested state and fatigue. The values above the red line represent the 
presence of fatigue (marked in the red area) and vice versa. Figure 19a shows two curves 
of the forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows the 
original forecast values of the fatigue index (Ifatigue), and the second curve (dotted pink) 
shows the simulated (case scenario) forecast values of the fatigue index (Ifatigue’). Figure 
19b shows the case scenario curves of the initial ballast (Bin’) and final ballast (Bfin’). 
Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the presence of fatigue. In 
this case, higher values of Bfin’ are observed due to an increase in X7—Local night in daily 
rest, indicating fatigue. 

Figure 18. Impacts of an increased workload settings indicator X7 in the observed dataset by 3 extra
local nights on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified
X7 on Bin (scenario case); (b) impact of a modified X7 on Bfin (case scenario).

Table 14 shows a comparison of the observed values of workload settings indicator,
X7—Local night in daily rest, the modified observed values of X7, i.e., X7′, the observed
and original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario) of the fatigue index (Ifatigue’) obtained by applying the defined causal links
between X7 and Ifatigue, the observed values of the initial ballast (Bin) and final ballast
(Bfin), and the simulated values (case scenario values) of Initial ballast (Bin’) and Final
ballast (Bfin’) obtained by applying the defined causal links between X7 and Bin, and X7
and Bfin. By comparing the values, the results show that fatigue (Ifatigue’) increases due to
an increase in the workload settings indicator X7—Local night in daily rest.
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Table 14. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X7 1 1 1 1 1 1 1 1 – – – – – – –
X7′ 4 4 4 4 4 4 4 4 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1 2.13 1 1.89 1 2.10 1

Ifatigue’ 3.81
2

5.04
2

7.38
2

6.50
2

5.28
2

5.79
2

7.51
2

9.38
2

14.64
2

10.15
2

7.18
2

9.07
2 5.81 2 8.82 2 12.40 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 72,696
2

36,194
2

63,098
2

148,456
2

182,972
2

192,454
2

245,395
2

309,951
2

−115,659
2

−66,328
2

−120,406
2

−73,851
2

−134,908
2

−133,430
2

−186,009
2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1 −8640 1

Bfin’ 136,952
2

81,888
2

106,569
2

167,401
2

166,468
2

151,386
2

162,473
2

247,703
2

120,089
2

−18,249
2

44,970
2

194,242
2

246,330
2

306,845
2

411,432
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 19a shows a graph with one line and two curves. The red line represents
the borderline between rested state and fatigue. The values above the red line represent
the presence of fatigue (marked in the red area) and vice versa. Figure 19a shows two
curves of the forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows
the original forecast values of the fatigue index (Ifatigue), and the second curve (dotted
pink) shows the simulated (case scenario) forecast values of the fatigue index (Ifatigue’).
Figure 19b shows the case scenario curves of the initial ballast (Bin’) and final ballast (Bfin’).
Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the presence of fatigue. In
this case, higher values of Bfin’ are observed due to an increase in X7—Local night in daily
rest, indicating fatigue.
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Figure 19. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

From Figure 19, it is clear that Ifatigue’ shows the increased values of the fatigue
index comparing them to the original forecast values (Ifatigue), which indicates that in-
creasing workload settings indicator, X7—Local night in daily rest, by 3 extra local nights
significantly increases the values of the fatigue index.
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4.3.2. Iteration 2—Decrease of Workload Settings Indicator—Local Night in Daily Rest

The following case scenario shows the simulation of decreasing workload settings indi-
cator, X7—Local night in daily rest, and its impact on the fatigue indicator
Ifatigue—fatigue index (Figure 20). Figure 20a shows the observed values of X7 and
the modified (decreased) values of X7 by 1 local night (X7′ = X7 − 1), while Figure 20b
shows how the change in X7 impacts the values of the fatigue indicator Ifatigue. Figure 20b,
or the case scenario graph, shows one line and three curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X7 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X7 and Ifatigue to the modified values of workload settings
indicator X7. A comparison of the green and pink curves shows direct differences for the
different values of workload settings indicator X7.
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Figure 20. Decreasing workload settings indicator X7 in the observed dataset by 1 local night and its
impact on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator X7;
(b) impact of a modified X7 on Ifatigue (case scenario).

Table 15 shows the observed values of the workload settings indicator, X7—Local
night in daily rest, the modified observed values of X7 or X7′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario) of
the fatigue index (Ifatigue’) obtained by applying the defined causal links between X7 and
Ifatigue. It can be observed that by comparing these values (from point 1 to point 7 of the
forecasted values part in Table 15), the results show that fatigue (Ifatigue’) decreases due to
a decrease in workload settings indicator X7—Local night in daily rest.

Table 15. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X7 1 1 1 1 1 1 1 1 – – – – – – –
X7′ 0 0 0 0 0 0 0 0 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 0.40
2

0.37
2

−0.53
2

−0.93
2

−0.87
2

0.21
2

−0.97
2

−0.92
2

−3.36
2

−0.64
2

−1.57
2

−0.14
2

−0.27
2

0.91
2

−2.56
2

1 Original forecast. 2 Case scenario observed and forecasted values.
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Figure 21 shows how the simulation of decreasing workload settings indicator
X7—Local night in daily rest impacts two related fatigue indicators, i.e., Initial ballast
(Bin) and Final ballast (Bfin). Figure 21a shows the impact of a modified X7 on Bin, and
Figure 21b shows the impact of a modified X7 on Bfin. This is conducted to confirm that
these values follow the results of the case scenario simulating the impact of workload
settings indicator X7 on the values of the fatigue indicator Ifatigue, as per the previous
Figure 20b.
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firm the presence of fatigue. In this case, lower values of Bfin’ are observed due to an in-
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Figure 21. Impacts of a decreased workload settings indicator X7 in the observed dataset by 1 local
night on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X7 on
Bin (scenario case); (b) impact of a modified X7 on Bfin (case scenario).

Table 16 shows a comparison of the observed values of the workload settings indicator,
X7—Local night in daily rest, the modified observed values of X7, i.e., X7′, the observed
and original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario) of the fatigue index (Ifatigue’) obtained by applying the defined causal links
between X7 and Ifatigue, the observed values of the initial ballast (Bin) and final ballast
(Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’) and final
ballast (Bfin’) obtained by applying the defined causal links between X7 and Bin, and X7
and Bfin. It can be observed that by comparing the values, the results show that fatigue
(Ifatigue’) decreases due to a decrease in the workload settings indicator X7—Local night in
daily rest.

Figure 22 shows two graphs. The one in Figure 22a depicts one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice versa.
Figure 22a shows two curves of the forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 22b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the
presence of fatigue. In this case, lower values of Bfin’ are observed due to an increase in
X7—Local night in daily rest, which indicates the absence of fatigue.

From Figure 22, it is clear that Ifatigue’ shows the decreased values of the fatigue index
comparing them to the original forecast values (Ifatigue), which indicates that decreasing
workload settings indicator, X7—Local night in daily rest by 1 extra local night, decreases
the values of the fatigue index and keeps them under the value of 1.



Aerospace 2023, 10, 904 30 of 60

Table 16. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X7 1 1 1 1 1 1 1 1 – – – – – – –
X7′ 0 0 0 0 0 0 0 0 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 0.40 2 0.37 2 −0.53
2

−0.93
2

−0.87
2 0.21 2 −0.97

2
−0.92

2
−3.36

2
−0.64

2
−1.57

2
−0.14

2
−0.27

2 0.91 2 −2.56 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 44,187
2

−4230
2

−12,617
2

−36,796
2

−27,989
2

−53,445
2

−77,985
2

−73,548
2

19,089
2

−4743
2

49,956
2

−13,487
2

105,581
2 5343 2 122,539

2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1 −8640 1

Bfin’ 39,988
2

−11,390
2

−17,551
2

−31,670
2

−30,532
2

−26,844
2

−38,872
2

−50,984
2

−16,153
2 147 2 −41,391

2
−70,273

2
−89,406

2
−109,609

2
−133,500

2

1 Original forecast. 2 Case scenario observed and forecasted values.
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Figure 22. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

4.3.3. Comparison of Iteration 1 and Iteration 2

Two case scenarios were conducted for the workload settings indicator, X7—Local
night in daily rest, i.e., Iteration 1 and Iteration 2. The first one simulated an increase in X7,
and the second one simulated a decrease in X7. Two iterations of the case scenarios both
provided conclusive results. For the increased X7, the obtained results show the increased
values of the fatigue index, and for the decreased X7, the results show the decreased values
of the fatigue index (Figure 23). This leads to the conclusion that modifying the workload
settings indicator, X7—Local night in daily rest, has a clear impact on the values of the
fatigue index. In conclusion, having a local night in daily rest implies an increase in the
level of fatigue.



Aerospace 2023, 10, 904 31 of 60
Aerospace 2023, 10, x FOR PEER REVIEW 32 of 61 
 

 

  
(a) (b) 

Figure 23. Comparison of the case scenario Iteration 1 and Iteration 2: (a) Increasing workload 
settings indicator X7 and its impact on the values of the fatigue index; (b) decreasing workload 
settings indicator X7 and its impact on the values of the fatigue index. 

4.4. Case Scenario 4—Impact on Fatigue Due to Increase of Workload Settings Indicator—
Changes in the Schedule 

The case scenario shows the simulation of increasing workload settings indicator, 
X9—Changes in the schedule, and its impact on the fatigue indicator, Ifatigue—fatigue 
index (Figure 24). Figure 24a shows the observed values of X9 and the modified (in-
creased) values of X9 by 2 extra changes in the schedule (X9′ = X9 + 2), while Figure 24b 
shows how the change in X9 impacts the values of the fatigue indicator Ifatigue. Figure 
24b, or the case scenario graph, shows one line and three curves. The red line represents 
the borderline between the rested state and fatigue. The values above the red line repre-
sent the presence of fatigue and vice versa. The blue curve shows the observed values of 
the fatigue indicator Ifatigue—fatigue index. The green curve shows the original forecast 
values of Ifatigue obtained by applying the defined causal links between X9 and Ifatigue. 
The pink curve shows the simulated values (case scenario values) of Ifatigue’ obtained by 
applying the defined causal links between X9 and Ifatigue to modified values of workload 
settings indicator X9. A comparison of the green and pink curves shows direct differences 
for the different values of workload settings indicator X9. 

  

(a) (b) 

Figure 24. Increasing workload settings indicator X9 in the observed dataset by 2 extra changes in 
the schedule and its impact on the values of the fatigue index (Ifatigue): (a) A modified workload 
settings indicator X9; (b) impact of a modified X9 on Ifatigue (case scenario). 

Figure 23. Comparison of the case scenario Iteration 1 and Iteration 2: (a) Increasing workload
settings indicator X7 and its impact on the values of the fatigue index; (b) decreasing workload
settings indicator X7 and its impact on the values of the fatigue index.

Figure 23 shows the comparison of both iterations, i.e., Iteration 1—Increase of work-
load settings indicator X7—Local night in daily rest (Figure 23a) and Iteration 2—Decrease
of workload settings indicator X7—Local night in daily rest (Figure 23b).

4.4. Case Scenario 4—Impact on Fatigue Due to Increase of Workload Settings Indicator—Changes
in the Schedule

The case scenario shows the simulation of increasing workload settings indicator,
X9—Changes in the schedule, and its impact on the fatigue indicator, Ifatigue—fatigue
index (Figure 24). Figure 24a shows the observed values of X9 and the modified (increased)
values of X9 by 2 extra changes in the schedule (X9′ = X9 + 2), while Figure 24b shows
how the change in X9 impacts the values of the fatigue indicator Ifatigue. Figure 24b, or
the case scenario graph, shows one line and three curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X9 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X9 and Ifatigue to modified values of workload settings
indicator X9. A comparison of the green and pink curves shows direct differences for the
different values of workload settings indicator X9.
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the schedule and its impact on the values of the fatigue index (Ifatigue): (a) A modified workload
settings indicator X9; (b) impact of a modified X9 on Ifatigue (case scenario).
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Table 17 shows the observed values of workload settings indicator X9—Changes in
the schedule, the modified observed values of X9 or X9′, the observed and original forecast
values of the fatigue index (Ifatigue), and the simulated values (case scenario) of the fatigue
index (Ifatigue’) obtained by applying the defined causal links between X9 and Ifatigue. By
comparing these values (from point 1 to point 7 of the forecasted values part in Table 17),
the results show that fatigue (Ifatigue’) increases by a few points due to an increase in
workload settings indicator X9—Changes in the schedule. However, the results are still not
clear enough to draw any conclusion.

Table 17. Case scenario results for Fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X9 0 0 0 0 0 0 0 0 – – – – – – –
X9′ 2 2 2 2 2 2 2 2 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 0.37
2

1.40
2

0.90
2

0.10
2

−0.49
2

1.63
2

−0.13
2

1.37
2

−1.42
2

2.18
2

−1.16
2

2.65
2

0.34
2

3.18
2

−0.36
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 25 shows how the simulation of increasing workload settings indicator,
X9—Changes in the schedule, impacts two related fatigue indicators, i.e., initial ballast
(Bin) and final ballast (Bfin). Figure 25a shows the impact of a modified X9 on Bin, and
Figure 25b shows the impact of a modified X9 on Bfin. This is conducted to confirm that
these values follow the results of the case scenario simulating the impact of workload
settings indicator X9 on the values of the fatigue indicator Ifatigue, as per the previous
Figure 24b. It can be observed from Figure 25 that most Bfin’ values are higher than Bin’
values, which confirms the presence of fatigue. By comparing the graphs in Figure 25, the
results still do not provide an unambiguous conclusion.
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Table 18 shows a comparison of the observed values of workload settings indicator
X9—Changes in the schedule, the modified observed values of X9, i.e., X9′, the observed
and original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario) of the fatigue index (Ifatigue’) obtained by applying the defined causal links
between X9 and Ifatigue, the observed values of the initial ballast (Bin) and final ballast
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(Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’) and final
ballast (Bfin’) obtained by applying the defined causal links between X9 and Bin, and X9
and Bfin. By comparing the values, the results show that fatigue (Ifatigue’) increases by a
few points due to an increase in workload settings indicator X9—Changes in the schedule,
but the results are still inconclusive.

Table 18. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X9 0 0 0 0 0 0 0 0 – – – – – – –
X9′ 2 2 2 2 2 2 2 2 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1 2.13 1 1.89 1 2.10 1

Ifatigue’ 0.37
2

1.40
2

0.90
2

0.10
2

−0.49
2

1.63
2

−0.13
2

1.37
2

−1.42
2

2.18
2

−1.16
2

2.65
2 0.34 2 3.18 2 −0.36 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 87,181
2

35,465
2

20,573
2

41,099
2

80,677
2

48,325
2

59,103
2

15,319
2

−3299
2

−78,746
2

−68,
692 2

−200,575
2

−45,130
2

−235,275
2

−74,604
2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1 −8640 1

Bfin’ 86,400
2

39,258
2

7374
2

29,523
2

40,714
2

29,197
2 756 2 27,921

2
19,794

2
−32,766

2
−85,421

2
−73,648

2
−65,677

2
−116,096

2
−145,900

2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 26a presents a graph with one line and two curves. The red line represents the
borderline between the rested state and fatigue. All values above the red line represent
the presence of fatigue (marked in the red area) and vice versa. Figure 26a shows two
curves of the forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows
the original forecast values of the fatigue index (Ifatigue), and the second curve (dotted
pink) shows the simulated (case scenario) forecast values of the fatigue index (Ifatigue’).
Figure 26b shows the case scenario curves of the initial ballast (Bin’) and the final ballast
(Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the presence
of fatigue. In this case, some higher values of Bfin’ are observed due to an increase in
X9—Changes in the schedule, which indicates the presence of fatigue, but not all of them;
hence, no conclusion can be drawn.

From Figure 26, it is not certain that the Ifatigue’ values increase when comparing
them to the original forecast values (Ifatigue), which does not provide clear informa-
tion on whether increasing workload settings indicator X9—Changes in the schedule by
2 extra changes in the schedule affects values of the fatigue index. Since the values of the
designated set for modification record the lowest possible values, i.e., 0, the simulation of a
decrease cannot be conducted; due to that, another additional simulation of increase was
conducted, but this time X9—Changes in the schedule was increased by 5 extra changes in
the schedule, to confirm the initial results. The additional simulation results showed almost
exactly the same values as the initial one, which leads to the conclusion that modifying
workload settings indicator X9—Changes in the schedule, has no significant impact on the
values of the fatigue index (Ifatigue’). Hence, it can be concluded that whether the number
of changes in the schedule is higher or lower, it does not impact the appearance of fatigue.
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Figure 26. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

4.5. Case Scenario 5—Impact on Fatigue Due to Increase/Decrease of Workload Settings
Indicator—Sectors in the Previous 7 Days

For the workload settings indicator X10—Sectors in the previous 7 days, two case
scenarios were conducted, i.e., Iteration 1 and Iteration 2. The first one simulated an
increase in X10, and the second one simulated a decrease in X10. Two iterations of case
scenarios were performed only when the first iteration provided inconclusive results.

4.5.1. Iteration 1—Increase of Workload Settings Indicator—Sectors in the Previous 7 Days

This case scenario shows the simulation of increasing workload settings indicator,
X10—Sectors in the previous 7 days, and its impact on the fatigue indicator Ifatigue—fatigue
index (Figure 27). Figure 27a shows the observed values of X10 and the modified (increased)
values of X10 by 30% (X10′ = X10 × 1.3), while Figure 27b shows how the change in X10
impacts the values of the fatigue indicator Ifatigue. Figure 27b, or the case scenario graph,
shows one line and three curves. The red line represents the borderline between the rested
state and fatigue. The values above the red line represent the presence of fatigue and vice
versa. The blue curve shows the observed values of the fatigue indicator, Ifatigue—fatigue
index. The green curve shows the original forecast values of Ifatigue obtained by applying
defined causal links between X10 and Ifatigue. The pink curve shows simulated values
(case scenario values) of Ifatigue’ obtained by applying the defined causal links between
X10 and Ifatigue to the modified values of workload settings indicator X10. A comparison
of the green and pink curves shows direct differences for the different values of workload
settings indicator X10.

Table 19 shows the observed values of the workload settings indicator, X10—Sectors in
the previous 7 days, the modified observed values of X10 or X10′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario) of
the fatigue index (Ifatigue’) obtained by applying the defined causal links between X10
and Ifatigue. It can be observed that by comparing these values (from point 1 to point 7
of the forecasted values part in Table 19), the results show that fatigue (Ifatigue’) values
show a high increase on a few points due to an increase in workload settings indicator
X10—Sectors in the previous 7 days. However, the results are still not clear enough to draw
any concrete conclusion.
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Figure 27. Increasing workload settings indicator X10 in the observed dataset by 30% and its
impact on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator X10;
(b) impact of a modified X10 on Ifatigue (case scenario).

Table 19. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X10 13 13 13 9 9 9 9 9 – – – – – – –
X10′ 16.90 16.90 16.90 11.70 11.70 11.70 11.70 11.70 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.01
2

1.26
2

0.82
2

0.54
2

0.71
2

1.36
2

1.04
2

1.60
2

1.14
2

2.42
2

0.45
2

1.91
2

2.12
2

3.05
2

1.60
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 28 shows how the simulation of increasing the workload settings indicator,
X10—Sectors in the previous 7 days, impacts two related fatigue indicators, i.e., initial
ballast (Bin) and final ballast (Bfin). Figure 28a shows the impact of a modified X10 on
Bin, and Figure 28b shows the impact of a modified X10 on Bfin. This is conducted to
confirm that these values follow the results of the case scenario simulating the impact of
workload settings indicator X10 on the values of the fatigue indicator Ifatigue, as per the
previous Figure 27b. By comparing the graphs in Figure 28, the results do not provide an
unambiguous conclusion.

Table 20 shows a comparison of the observed values of workload settings indicator,
X10—Sectors in the previous 7 days, the modified observed values of X10, i.e., X10′, the
observed and original forecast values of the fatigue index (Ifatigue), and the simulated
values (case scenario) of the fatigue index (Ifatigue’) obtained by applying the defined causal
links between X10 and Ifatigue, the observed values of the initial ballast (Bin) and final
ballast (Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’) and
final ballast (Bfin’) obtained by applying the defined causal links between X10 and Bin, and
X10 and Bfin. By comparing the values, the results show that fatigue (Ifatigue’) increases in
some points due to an increase in workload settings indicator X10—Sectors in the previous
7 days, but the results are still inconclusive.
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Figure 28. Impacts of an increased workload settings indicator X10 in the observed dataset by 30%
on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X10 on Bin
(scenario case); (b) impact of a modified X10 on Bfin (case scenario).

Table 20. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X10 13 13 13 9 9 9 9 9 – – – – – – –
X10′ 16.90 16.90 16.90 11.70 11.70 11.70 11.70 11.70 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 1.01 2 1.26 2 0.82 2 0.54 2 0.71 2 1.36 2 1.04 2 1.60 2 1.14 2 2.42 2 0.45 2 1.91 2 2.12 2 3.05 2 1.60 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1 8476 1 23,989

1
−25,659

1

Bin’ 47,021
2

−7360
2

−6892
2

−9958
2

−982
2

−26,981
2

−35,240
2

−26,829
2

−41,752
2

−55,402
2

−12,269
2

13,637
2

51,716
2

−31,629
2 −494 2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1 8485 1 17,777

1 −8640 1

Bfin’ 63,455
2

1089
2

−1604
2

4681
2

11,810
2

−1130
2

4646
2

23,217
2

14,832
2

−19,875
2

−26,806
2

26,719
2

17,094
2

13,534
2 1274 2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 29a shows one line and two curves. The red line represents the borderline
between the rested state and fatigue. The values above the red line represent the presence
of fatigue (marked in the red area) and vice versa. Figure 29a shows two curves of the
forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows the original
forecast values of the fatigue index (Ifatigue), and the second curve (dotted pink) shows
the simulated (case scenario) forecast values of the fatigue index (Ifatigue’). Figure 29b
shows the case scenario curves of the initial ballast (Bin’) and final ballast (Bfin’). Higher
values of Bfin’, in comparison to Bin’, as a rule, confirm the presence of fatigue. In this case,
higher values of Bfin’ are observed in a few points due to an increase in X10—Sectors in the
previous 7 days, which indicates the presence of fatigue, but not in all of them; hence, no
conclusion can be drawn yet.

From Figure 29 it is not certain that Ifatigue’ increases due to the increase in workload
settings indicator X10—Sectors in the previous 7 days by 30%, but it does indicate the
presence of fatigue due to the fact that increasing workload settings indicator X10 does
increase the fatigue index in few points. This will be confirmed or not by conducting the
following Iteration 2.
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Figure 29. Comparison of the case scenario values: (a) The original forecast values of the fatigue index
(Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) The case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

4.5.2. Iteration 2—Decrease of Workload Settings Indicator—Sectors in the Previous 7 Days

The following case scenario shows the simulation of decreasing the workload settings
indicator, X10—Sectors in the previous 7 days, and its impact on the fatigue indicator,
Ifatigue—fatigue index (Figure 30). Figure 30a shows the observed values of X10 and the
modified (decreased) values of X10 by 30% (X10′ = X10 × 0.7), while Figure 30b shows
how the change in X10 impacts the values of the fatigue indicator, Ifatigue. Figure 30b,
or the case scenario graph, shows one line and three curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X10 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X10 and Ifatigue. A comparison of the green and pink
curves shows direct differences for the different values of workload settings indicator X10.

Table 21 shows the observed values of workload settings indicator X10—Sectors in the
previous 7 days, the modified observed values of X10 or X10′, the observed and original
forecast values of the fatigue index (Ifatigue), and the simulated values (case scenario values)
of the fatigue index (Ifatigue’) obtained by applying the defined causal links between X10
and Ifatigue. It can be observed that by comparing these values (from point 1 to point 7
of the forecasted values part in Table 21), the results show that fatigue (Ifatigue’) values
show an increase in a few points due to a decrease in the workload settings indicator
X10—Sectors in the previous 7 days. However, the results are not clear enough to draw
any conclusion.
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Table 21. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X10 13 13 13 9 9 9 9 9 – – – – – – –
X10′ 9.10 9.10 9.10 6.30 6.30 6.30 6.30 6.30 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.65
2

1.86
2

1.62
2

1.04
2

0.83
2

1.54
2

1.39
2

1.57
2

1. 04
2

2.50
2

0.74
2

1.58
2

1.98
2

3.04
2

1.61
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 31 shows how the simulation of decreasing the workload settings indicator,
X10—Sectors in the previous 7 days, impacts two related fatigue indicators, i.e., initial
ballast (Bin) and final ballast (Bfin). Figure 31a shows the impact of a modified X10 on
Bin, and Figure 31b shows the impact of a modified X10 on Bfin. This is conducted to
confirm that these values follow the results of the case scenario simulating the impact of
workload settings indicator X10 on the values of the fatigue indicator Ifatigue, as per the
previous Figure 30b. By comparing the graphs in Figure 31, the results still do not provide
an unambiguous conclusion.

Table 22 shows a comparison of the observed values of the workload settings indicator
X10—Sectors in the previous 7 days, the modified observed values of X10, i.e., X10′, the
observed and original forecast values of the fatigue index (Ifatigue), and the simulated
values (case scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined
causal links between X10 and Ifatigue, the observed values of the initial ballast (Bin) and
final ballast (Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’)
and final ballast (Bfin’) obtained by applying the defined causal links between X10 and
Bin, and X10 and Bfin. By comparing the values, the results show that fatigue (Ifatigue’)
increased in some points due to a decrease in the workload settings indicator X10—Sectors
in the previous 7 days, but the results are still inconclusive.
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Table 22. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X10 13 13 13 9 9 9 9 9 – – – – – – –
X10′ 9.10 9.10 9.10 6.30 6.30 6.30 6.30 6.30 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1 2.10 1

Ifatigue’ 1.65
2

1.86
2

1.62
2

1.04
2

0.83
2

1.54
2

1.39
2

1.57
2

1. 04
2

2.50
2

0.74
2

1.58
2

1.98
2

3.04
2 1.61 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1

8476
1

23,989
1

−25,659
1

Bin’ 57,095
2

18,642
2

27,230
2

35,051
2

58,877
2

44,631
2

40,893
2

80,825
2

−36,160
2

−35,523
2

11,128
2

35,111
2

63,452
2

−9346
2 4544 2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1

8485
1

17,777
1

−8640
1

Bfin’ 69,937
2

24,773
2

29,861
2

31,642
2

38,020
2

25,270
2

22,885
2

32,628
2

16,431
2

−3690
2

−21,967
2

37,704
2

41,189
2

42,385
2

24,445
2

1 Original forecast. 2 Case scenario observed and forecasted values.

A graph in Figure 32a shows one line and two curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent
the presence of fatigue (marked in the red area) and vice versa. Figure 32a shows two
curves of the forecasted fatigue index (Ifatigue) values. The first curve (dotted green) shows
the original forecast values of the fatigue index (Ifatigue), and the second curve (dotted
pink) shows the simulated (case scenario) forecast values of the fatigue index (Ifatigue’).
Figure 32b shows the case scenario curves of the initial ballast (Bin’) and final ballast
(Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the presence of
fatigue. In this case, higher values of Bfin’ are observed in a few points due to a decrease in
X10—Sectors in the previous 7 days, which indicates the presence of fatigue, but not in all
of them; hence, no conclusion can be drawn yet.
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Figure 32. Comparison of the case scenario values: (a) The original forecast values of the fatigue 
index (Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) the case sce-
nario values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’). 

From Figure 32, it is not certain that Ifatigue’ shows increased values in the fatigue 
index comparing them to the original forecast values (Ifatigue). Hence, it cannot be deter-
mined that decreasing workload settings indicator X10—Sectors in the previous 7 days by 
30% increases the values of the fatigue index. 

Figure 32. Comparison of the case scenario values: (a) The original forecast values of the fatigue
index (Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) the case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

From Figure 32, it is not certain that Ifatigue’ shows increased values in the fatigue index
comparing them to the original forecast values (Ifatigue). Hence, it cannot be determined
that decreasing workload settings indicator X10—Sectors in the previous 7 days by 30%
increases the values of the fatigue index.

4.5.3. Comparison of Iteration 1 and Iteration 2

Two case scenarios were conducted for the workload settings indicator X10—Sectors
in the previous 7 days, i.e., Iteration 1 and Iteration 2. The first one simulated an increase in
X10, and the second one simulated a decrease in X10. Two iterations of the case scenarios
both provided inconclusive results. In fact, both results obtained showed almost exactly
the same values (Figure 33) for the increased X10 and for the decreased X10, which leads to
the conclusion that modifying the workload settings indicator X10—Sectors in the previous
7 days has no significant impact on the values of the fatigue index (Ifatigue’). Hence,
whether the number of sectors conducted in the previous 7 days is higher or lower does
not impact the appearance of fatigue.
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Figure 33 shows the comparison of both iterations, i.e., Iteration 1—Increase of workload
settings indicator X10—Sectors in the previous 7 days (Figure 33a) and Iteration
2—Decrease of workload settings indicator X10—Sectors in the previous 7 days (Figure 33b).

4.6. Case Scenario 6—Impact on Fatigue Due to Increase/Decrease of Workload Settings
Indicator—Duty Time in the Previous 28 Days

For the workload settings indicator X15—Duty time in the previous 28 days, two case
scenarios were conducted, i.e., Iteration 1 and Iteration 2. The first simulated an increase
in X15, and the second simulated a decrease in X15. Two iterations of case scenarios were
performed only when the first iteration provided inconclusive results.

4.6.1. Iteration 1—Increase of Workload Settings Indicator—Duty Time in the Previous
28 Days

This case scenario shows the simulation of increasing the workload settings indi-
cator, X15—Duty time in the previous 28 days, and its impact on the fatigue indicator,
Ifatigue—fatigue index (Figure 34). Figure 34a shows the observed values of X15 and the
modified (increased) values of X15 by 30% (X15′ = X15 × 1.3), while Figure 34b shows
how the change in X15 impacts the values of the fatigue indicator, Ifatigue. Figure 34b,
or the case scenario graph, shows one line and three curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator, Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X15 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X15 and Ifatigue to the modified values of the workload
settings indicator X15. A comparison of the green and pink curves shows direct differences
for the different values of workload settings indicator X15.
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Figure 34. Increasing workload settings indicator X15 in the observed dataset by 30% and its impact
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impact of a modified X15 on Ifatigue (case scenario).

Table 23 shows the observed values of the workload settings indicator X15—Duty
time in the previous 28 days, the modified observed values of X15 or X15′, the observed
and original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined causal
links between X15 and Ifatigue. By comparing the values (from point 1 to point 7 of the
forecasted values part in Table 23), the results show that fatigue (Ifatigue’) increases due to
an increase in workload settings indicator X15—Duty time in the previous 28 days.
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Table 23. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X15 100.02 100.02 100.02 144.80 144.80 144.80 144.80 144.80 – – – – – – –
X15′ 130.02 130.02 130.02 188.24 188.24 188.24 188.24 188.24 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.28
2

1.71
2

1.66
2

1.19
2

0.99
2

1.74
2

1.74
2

2.13
2

2.47
2

3.02
2

1.60
2

2.03
2

1.92
2

3.34
2

2.55
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 35 shows how the simulation of increasing the workload settings indicator,
X15—Duty time in the previous 28 days, impacts two related fatigue indicators, i.e., initial
ballast (Bin) and final ballast (Bfin). Figure 35a shows the impact of a modified X15 on
Bin, and Figure 35b shows the impact of a modified X15 on Bfin. This is conducted to
confirm that these values follow the results of the case scenario simulating the impact of
the workload settings indicator X15 on the values of the fatigue indicator Ifatigue, as per
the previous Figure 34b. It can be observed in Figure 35 that most of the Bfin’ values are
higher than the Bin’ values, which confirms the presence of fatigue.
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Figure 35. Impacts of an increased workload settings indicator X15 in the observed dataset by 30%
on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X15 on Bin
(scenario case); (b) impact of a modified X15 on Bfin (case scenario).

Table 24 shows a comparison of the observed values of the workload settings indicator
X15—Duty time in the previous 28 days, the modified observed values of X15, i.e., X15′, the
observed and original forecast values of Fatigue index (Ifatigue), and the simulated values
(case scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined causal
links between X15 and Ifatigue, the observed values of the initial ballast (Bin) and final
ballast (Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’) and
final ballast (Bfin’) obtained by applying the defined causal links between X15 and Bin, and
X15 and Bfin. By comparing the values, the results show that fatigue (Ifatigue’) increases
due to an increase in workload settings indicator X15—Duty time in the previous 28 days.
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Table 24. Comparison of all case scenario results.

Variables 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X15 100.02 100.02 100.02 144.80 144.80 144.80 144.80 144.80 – – – – – – –
X15′ 130.02 130.02 130.02 188.24 188.24 188.24 188.24 188.24 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 1.28 2 1.71 2 1.66 2 1.19 2 0.99 2 1.74 2 1.74 2 2.13 2 2.47 2 3.02 2 1.60 2 2.03 2 1.92 2 3.34 2 2.55 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1 8476 1 23,989

1
−25,659

1

Bin’ 58,623
2

12,805
2

10,210
2

28,882
2

54,300
2

47,992
2

53,940
2

94,813
2

−6410
2

15,159
2

48,058
2

67,581
2

131,776
2

83,409
2 81,371 2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1 8485 1 17,777

1 −8640 1

Bfin’ 63,601
2

13,946
2

7355
2

20,854
2

25,878
2

29,865
2

29,719
2

40,185
2

49,701
2

14,378
2

14,767
2

74,441
2

129,760
2

143,032
2

125,120
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 36 shows two graphs. Figure 36a shows a graph with one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice versa.
Figure 36a shows two curves of the forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 36b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the
presence of fatigue. In this case, higher values of Bfin’ are observed in most points due to
an increase in X15—Duty time in the previous 28 days, indicating fatigue.
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Figure 36. Comparison of the case scenario values: (a) The original forecast values of the fatigue
index (Ifatigue) vs. the case scenario forecast values of the fatigue index (Ifatigue’); (b) the case scenario
values of the final ballast (Bfin’) vs. the case scenario values of the initial ballast (Bin’).

From Figure 36 it is indicative that Ifatigue’ shows the increased values of the fatigue
index comparing them to the original forecast values (Ifatigue), which suggests that increas-
ing workload settings indicator X15—Duty time in the previous 28 days by 30% increases
the values of the fatigue index. Iteration 2 should confirm these results.
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4.6.2. Iteration 2—Decrease of Workload Settings Indicator—Duty Time in the Previous
28 Days

The next case scenario shows the simulation of decreasing the workload settings
indicator, X15—Duty time in the previous 28 days, and its impact on the fatigue indicator,
Ifatigue—fatigue index (Figure 37). Figure 37a shows the observed values of X15 and the
modified (decreased) values of X15 by 30% (X15′ = X15 × 0.7), while Figure 37b shows
how the change in X15 impacts the values of the fatigue indicator Ifatigue. Figure 37b,
or the case scenario graph, shows one line and three curves. The red line represents the
borderline between the rested state and fatigue. The values above the red line represent the
presence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X15 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X15 and Ifatigue. A comparison of the green and pink
curves shows direct differences for the different values of workload settings indicator X15.
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Figure 37. Decreasing workload settings indicator X15 in the observed dataset by 30% and its
impact on the values of the fatigue index (Ifatigue): (a) A modified workload settings indicator X15;
(b) impact of a modified X15 on Ifatigue (case scenario).

Table 25 shows the observed values of the workload settings indicator X15—Duty
time in the previous 28 days, the modified observed values of X15 or X15′, the observed
and original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined causal
links between X15 and Ifatigue. By comparing these values (from point 1 to point 7 of the
forecasted values part in Table 25), the results show that fatigue (Ifatigue’) decreases due to
a decrease in workload settings indicator X15—Duty time in the previous 28 days.

Table 25. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X15 100.02 100.02 100.02 144.80 144.80 144.80 144.80 144.80 – – – – – – –
X15′ 70.01 70.01 70.01 101.36 101.36 101.36 101.36 101.36 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 1.29
2

1.26
2

1.41
2

0.40
2

0.22
2

1.30
2

0.73
2

0.88
2

0.42
2

1.16
2

0.11
2

0.63
2

1.17
2

2.73
2

1.46
2

1 Original forecast. 2 Case scenario observed and forecasted values.
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Figure 38 shows how the simulation of decreasing the workload settings indicator,
X15—Duty time in the previous 28 days, impacts two related fatigue indicators, i.e., initial
ballast (Bin) and final ballast (Bfin). Figure 38a shows the impact of a modified X15 on Bin,
and Figure 38b shows the impact of a modified X15 on Bfin. This is conducted to confirm
that these values follow the results of the case scenario simulating the impact of workload
settings indicator X15 on the values of the fatigue indicator Ifatigue, as per the previous
Figure 37b. From Figure 38, it is clear that the Bfin’ values are lower than the Bin’ values,
which confirms the absence of fatigue.
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on the values of the initial ballast (Bin) and final ballast (Bfin): (a) Impact of a modified X15 on Bin
(scenario case); (b) impact of a modified X15 on Bfin (case scenario).

Table 26 shows a comparison of the observed values of the workload settings indicator
X15—Duty time in the previous 28 days, the modified observed values of X15, i.e., X15′,
the observed and original forecast values of the fatigue index (Ifatigue), and the simulated
values (case scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined
causal links between X15 and Ifatigue, the observed values of the initial ballast (Bin) and
final ballast (Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’)
and final ballast (Bfin’) obtained by applying the defined causal links between X15 and
Bin, and X15 and Bfin. By comparing these values, the results show that fatigue (Ifatigue’)
decreases due to a decrease in workload settings indicator X15—Duty time in the previous
28 days.

Table 26. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X15 100.02 100.02 100.02 144.80 144.80 144.80 144.80 144.80 – – – – – – –
X15′ 70.01 70.01 70.01 101.36 101.36 101.36 101.36 101.36 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 1.29 2 1.26 2 1.41 2 0.40 2 0.22 2 1.30 2 0.73 2 0.88 2 0.42 2 1.16 2 0.11 2 0.63 2 1.17 2 2.73 2 1.46 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1 8476 1 23,989

1
−25,659

1

Bin’ 54,110
2

5805
2

−383
2 27 2 3800

2
−13,675

2
−37,461

2
−22,934

2
−57,048

2
−85,668

2
−81,817

2
−73,143

2
−41,077

2
−126,192

2
−125,589

2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1 8485 1 17,777

1 −8640 1

Bfin’ 74,163
2

14,191
2

16,988
2

8718
2

13,882
2

12,022
2

8942
2

9386
2

−13,330
2

−66,599
2

−100,595
2

−86,328
2

−86,169
2

−107,341
2

−140,325
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 39 shows two graphs. Figure 39a shows a graph with one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice
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versa. Figure 39a shows two curves of forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 39b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the
presence of fatigue. In this case, mostly lower values of Bfin’ are observed due to a decrease
in X15—Duty time in the previous 28 days, which indicates the absence of fatigue.
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From Figure 39, it is clear that Ifatigue’ shows the decreased values in the fatigue index
comparing them to the original forecast values (Ifatigue), which indicates that decreasing
workload settings indicator X15—Duty time in the previous 28 days by 30% decreases the
values of the fatigue index. This Iteration 2 confirms the results from Iteration 1.

4.6.3. Comparison of Iteration 1 and Iteration 2

Two case scenarios were conducted for the workload settings indicator X15—Duty
time in the previous 28 days, i.e., Iteration 1 and Iteration 2. The first one simulated an
increase in X15, and the second one simulated a decrease in X15. Two iterations of the
case scenarios both provided clear results. For the increased X15, the obtained results
show the increased values of the fatigue index, and for the decreased X15, the results show
the decreased values of the fatigue index (Figure 40). This leads to the conclusion that
modifying workload settings indicator X15—Duty time in the previous 28 days has a clear
impact on the values of the fatigue index. Therefore, having less duty time in the previous
28 days decreases fatigue.



Aerospace 2023, 10, 904 47 of 60
Aerospace 2023, 10, x FOR PEER REVIEW 48 of 61 
 

 

  
(a) (b) 

Figure 40. Comparison of the case scenario Iteration 1 and Iteration 2: (a) Increasing workload 
settings indicator X15 and its impact on the values of the fatigue index; (b) Decreasing workload 
settings indicator X15 and its impact on the values of the fatigue index. 

4.7. Case Scenario 7—Impact on Fatigue Due to Increase/Decrease of Workload Settings 
Indicator—Multi-Day Shifts 

The last case scenario shows the simulation of increasing the workload settings indi-
cator, X16—Multi-day shifts, and its impact on the fatigue indicator, Ifatigue—fatigue in-
dex (Figure 41). Figure 41a shows the observed values of X16 and the modified (increased) 
values of X16 for 3 extra days on the shift (X16′ = X16 + 3), while Figure 41b shows how 
the change in X16 impacts the values of the fatigue indicator Ifatigue. Figure 41b, or the 
case scenario graph, shows one line and three curves. The red line represents the border-
line between the rested state and fatigue. The values above the red line represent the pres-
ence of fatigue and vice versa. The blue curve shows the observed values of the fatigue 
indicator, Ifatigue—fatigue index. The green curve shows the original forecast values of 
Ifatigue obtained by applying the defined causal links between X16 and Ifatigue. The pink 
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying 
the defined causal links between X16 and Ifatigue to the modified values of the workload 
settings indicator X16. A comparison of the green and pink curves shows direct differences 
for the different values of workload settings indicator X16. 

  

(a) (b) 

Figure 41. Increasing workload settings indicator X16 in the observed dataset by 3 extra days on 
the shift and its impact on the values of the fatigue index (Ifatigue): (a) A modified workload set-
tings indicator X16; (b) impact of a modified X16 on Ifatigue (case scenario). 

Figure 40. Comparison of the case scenario Iteration 1 and Iteration 2: (a) Increasing workload
settings indicator X15 and its impact on the values of the fatigue index; (b) Decreasing workload
settings indicator X15 and its impact on the values of the fatigue index.

Figure 40 shows the comparison of both iterations, i.e., Iteration 1—Increase of work-
load settings indicator X15—Duty time in the previous 28 days (Figure 40a) and Iteration
2—Decrease of workload settings indicator X15—Duty time in the previous 28 days (Figure 40b).

4.7. Case Scenario 7—Impact on Fatigue Due to Increase/Decrease of Workload Settings
Indicator—Multi-Day Shifts

The last case scenario shows the simulation of increasing the workload settings indica-
tor, X16—Multi-day shifts, and its impact on the fatigue indicator, Ifatigue—fatigue index
(Figure 41). Figure 41a shows the observed values of X16 and the modified (increased)
values of X16 for 3 extra days on the shift (X16′ = X16 + 3), while Figure 41b shows how the
change in X16 impacts the values of the fatigue indicator Ifatigue. Figure 41b, or the case
scenario graph, shows one line and three curves. The red line represents the borderline
between the rested state and fatigue. The values above the red line represent the pres-
ence of fatigue and vice versa. The blue curve shows the observed values of the fatigue
indicator, Ifatigue—fatigue index. The green curve shows the original forecast values of
Ifatigue obtained by applying the defined causal links between X16 and Ifatigue. The pink
curve shows the simulated values (case scenario values) of Ifatigue’ obtained by applying
the defined causal links between X16 and Ifatigue to the modified values of the workload
settings indicator X16. A comparison of the green and pink curves shows direct differences
for the different values of workload settings indicator X16.
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Figure 41. Increasing workload settings indicator X16 in the observed dataset by 3 extra days on the
shift and its impact on the values of the fatigue index (Ifatigue): (a) A modified workload settings
indicator X16; (b) impact of a modified X16 on Ifatigue (case scenario).

Table 27 shows the observed values of the workload settings indicator X16—Multi-day
shifts, the modified observed values of X16 or X16′, the observed and original forecast
values of the fatigue index (Ifatigue), and the simulated values (case scenario values) values
of the fatigue index (Ifatigue’) obtained by applying the defined causal links between X16
and Ifatigue. By comparing these values (from point 1 to point 7 of the forecasted values
part in Table 27), the results show that fatigue (Ifatigue’) increases due to an increase in
workload settings indicator X16—Multi-day shifts.

Table 27. Case scenario results for the fatigue index (Ifatigue’).

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X16 2 2 2 2 2 2 2 2 – – – – – – –
X16′ 5 5 5 5 5 5 5 5 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13
1

1.11
1

1.71
1

1.59
1

2.13
1

1.89
1

2.10
1

Ifatigue’ 0.12
2

0.77
2

1.97
2

1.04
2

2.10
2

0.58
2

1.01
2

1.22
2

2.74
2

1.71
2

2.89
2

1.93
2

2.84
2

2.40
2

3.12
2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 42 shows how the simulation of increasing the workload settings indicator,
X16—Multi-day shifts, impacts two related fatigue indicators, i.e., initial ballast (Bin) and
final ballast (Bfin), which are used to calculate the fatigue index. Figure 42a shows the
impact of a modified X16 on Bin, and Figure 42b shows the impact of a modified X16 on Bfin.
This is conducted to confirm that these values follow the case scenario results simulating
the impact of the workload settings indicator X16 on the values of the fatigue indicator
Ifatigue, as per the previous Figure 41b. It can be observed in Figure 42 that the Bfin’ values
are higher than the Bin’ values, which confirms the presence of fatigue.

Table 28 shows a comparison of the observed values of the workload settings indicator
X16—Multi-day shifts, the modified observed values of X16, i.e., X16′, the observed and
original forecast values of the fatigue index (Ifatigue), and the simulated values (case
scenario values) of the fatigue index (Ifatigue’) obtained by applying the defined causal
links between X16 and Ifatigue, the observed values of the initial ballast (Bin) and final
ballast (Bfin), and the simulated values (case scenario values) of the initial ballast (Bin’) and
final ballast (Bfin’) obtained by applying the defined causal links between X16 and Bin, and
X16 and Bfin. By comparing the values, the results show that fatigue (Ifatigue’) increases
due to an increase in workload settings indicator X16—Multi-day shifts.
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Table 28. Comparison of all case scenario results.

Variables
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

Observed Values Forecasted Values

X16 2 2 2 2 2 2 2 2 – – – – – – –
X16′ 5 5 5 5 5 5 5 5 – – – – – – –

Ifatigue 1.31 0.88 1.24 1.25 1.12 0.89 1.11 1.22 1.13 1 1.11 1 1.71 1 1.59 1 2.13 1 1.89 1 2.10 1

Ifatigue’ 0.12 2 0.77 2 1.97 2 1.04 2 2.10 2 0.58 2 1.01 2 1.22 2 2.74 2 1.71 2 2.89 2 1.93 2 2.84 2 2.40 2 3.12 2

Bin 64,774 9336 2148 11,861 14,602 42,932 7404 2990 3277
1

4960
1

−29,895
1

4638
1 8476 1 23,989

1
−25,659

1

Bin’ 45,660
2

2792
2

55,736
2

48,314
2

15,067
2

−1921
2

−22,851
2 756 2 −58,537

2
−61,686

2
−141,993

2
−84,822

2
−145,946

2
−92,746

2
−150,069

2

Bfin 84,942 8250 2672 14,909 16,413 38,306 8260 3651 4771
1

−3052
1

−24,765
1

−12,462
1 8485 1 17,777

1 −8640 1

Bfin’ 60,635
2

−23,290
2

15,832
2

40,640
2 536 2 −31,541

2
−63,445

2
−78,187

2
−66,089

2
−48,404

2
−39,856

2
−52,874

2
−100,000

2
−87,854

2
−45,263

2

1 Original forecast. 2 Case scenario observed and forecasted values.

Figure 43 shows two graphs. Figure 43a shows a graph with one line and two curves.
The red line represents the borderline between the rested state and fatigue. The values
above the red line represent the presence of fatigue (marked in the red area) and vice versa.
Figure 43a shows two curves of the forecasted fatigue index (Ifatigue) values. The first
curve (dotted green) shows the original forecast values of the fatigue index (Ifatigue), and
the second curve (dotted pink) shows the simulated (case scenario) forecast values of the
fatigue index (Ifatigue’). Figure 43b shows the case scenario curves of the initial ballast (Bin’)
and final ballast (Bfin’). Higher values of Bfin’, in comparison to Bin’, as a rule, confirm the
presence of fatigue. In this case, higher values of Bfin’ are observed due to an increase in
X16—Multi-day shifts, indicating fatigue.

From Figure 43, it is clear that Ifatigue’ shows the increased values of the fatigue index
comparing them to the original forecast values (Ifatigue), which indicates that increasing
workload settings indicator X16—Multi-day shifts by 3 extra days on the shift increases the
values of the fatigue index.
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4.8. Summary of Results

After conducting all the simulations, Table 29 shows a summary of all the results and
conclusions obtained from this research. These can be used to plan the future flight crew
workload set-up to mitigate (prevent/avoid) the appearance of fatigue.

Table 29. Summary of results and conclusions.

Examined Workload Settings
Indicator—Label/Name Implemented Modification Fatigue

Index—Results Conclusion

X5—Number of individual
days off in the previous

28 days
Increased by 3 extra days off (X5 + 3) Decrease

More individual days off
in the previous 28 days

implies a lower level
of fatigue.

X6—Rest length Increased for 30%
(X6 × 1.3) Inconclusive Rest length shows no

significant impact on the
appearance of fatigue.X6—Rest length Decreased for 30%

(X6 × 0.7) Inconclusive

X7—Local night in daily rest Increased by 3 extra local nights (X7 + 3) Increase Having a local night
implies an increased level

of fatigue. 1X7—Local night in daily rest Decreased by 1 extra local night (X7 − 3) Decrease

X9—Changes in the schedule Increased by 2 extra changes in the
schedule (X9 + 2) Inconclusive

The number of changes in
the schedule shows no

significant impact on the
appearance of fatigue.

X10—Sectors in the previous
7 days

Increased for 30%
(X10 × 1.3) Inconclusive The number of sectors in

the previous 7 days shows
no significant impact on

the appearance of fatigue.
X10—Sectors in the previous

7 days
Decreased for 30%

(X10 × 0.7) Inconclusive



Aerospace 2023, 10, 904 51 of 60

Table 29. Cont.

Examined Workload Settings
Indicator—Label/Name Implemented Modification Fatigue

Index—Results Conclusion

X15—Duty time in the
previous 28 days

Increased for 30%
(X15 × 1.3) Increase Less duty time in the

previous 28 days implies a
lower level of fatigue.X15—Duty time in the

previous 28 days
Decreased for 30%

(X15 × 0.7) Decrease

X16—Multi-day shifts Increased by 3 extra days on the shift
(X16 + 3) Increase

Shorter multi-day shifts
imply a lower level of

fatigue.
1 This should be additionally examined.

5. Discussion/Conclusions

In flight operations, fatigue affects numerous tasks, such as performing inaccurate
flight procedures, missing radio calls, missing or being too slow to pick up system warnings,
and forgetting or performing routine tasks inaccurately. Flight crew workload factors
include shift work, duty time, flight time, number of sectors, rest periods, time of day, duty
patterns, number of time-zone transitions, number of consecutive duty days, and changes
in the schedule. As per the reviewed literature, workload impacts the appearance of fatigue
in flight operations. The focus of this paper was to find which flight crew workload settings
indicators impact fatigue the most and to simulate their modification in order to mitigate
or prevent the appearance of fatigue. The results showed that fatigue can be mitigated
by modifying workload settings indicators, specifically the number of individual days off
in the previous 28 days, local night in daily rest, duty time in the previous 28 days, and
multi-day shifts.

The first part of the paper described the process of data collection regarding flight
crew workload settings and fatigue using objectivation methods, such as an electronic CRD
system of standardized chronometric cognitive tests and subjective self-assessment fatigue
scales that capture the subjective perception of fatigue by the flight crew. All measurements
were conducted anonymously with four male pilots of an average age of 42 years (+/− two
years), who have been professional airline pilots for the last 11 years (standard deviation of
4.7 years) and have an average of 6.305 flight hours (standard deviation of 2.532 flight hours).
Pilots completed a full set of tests (five CRD tests) and filled out four subjective surveys
(self-assessment tables regarding their emotional state, energy level, self-confidence, and
anxiety level). The CRD tests included five tests, i.e., CRD 13 test—Spatial visualization
test, CRD 241 test—Identifying progressive series of numbers, CRD 23 test—Complex
convergent visual orientation, CRD 324 test—Actualization of short-term memory, and
CRD 422 test—Operative thinking with sound stimuli. The purpose of these tests was
a chronometric measurement of the effectiveness of achieving mental and psychomotor
functions and determining the dynamic features and functional disturbances in the process
of mental processing. Independent variables of the collected data represent the elements of
workload settings, while the CRD measurement results or CRD fatigue indicators represent
the dependent variables. The most important indicator of the collected data is the fatigue
index. The fatigue index is a derived indicator of the direction of the changes in the speed
(an acceleration or a deceleration) of solving tasks in a particular test, i.e., it represents
endurance and, consequently, fatigue. Where the values of the Fatigue index are greater
than 1, this indicates the presence of fatigue; this indicator was referred to as “the targeted
indicator” in the later stages of the study. Additionally, collected data included indicators
of subjective self-assessment fatigue scales, which captured the subjective perception of
fatigue by the flight crew. Variables of subjective self-assessments represent the subjective
results of self-assessments regarding the emotional state, energy level, self-confidence, and
anxiety level. The variables of subjective self-assessment scales were considered as both
independent and dependent variables.
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In the next part, causal modeling techniques were used to detect correlations among
flight crew workload settings indicators, indicators of the subjective perception of fatigue,
and CRD fatigue indicators, using previously collected and analyzed data regarding flight
crew fatigue. Detecting correlations among indicators showed impacts (causes or effects) of
indicators on one another, which in turn provides the possibility to improve the planning
of future actions that can help mitigate fatigue risks in flight operations.

To obtain the correlations (causal links) among all indicators in the defined dataset,
temporal causal modeling tools of the IBM SPSS Statistics 27 software were used. A dataset
used for this part of the study included 135 entries for 16 indicators of workload settings,
four indicators of subjective self-assessments, and eight measured CRD indicators of mental
processing, i.e., fatigue indicators. The setup was made in such a way that the independent
variables, i.e., workload settings indicators, were set to be “inputs” in a temporal causal
model, and the dependent and independent variables were set to be “both inputs and
targets”. The temporal causal model of flight crew workload settings, subjective self-
assessments, and fatigue indicators was created, with the highly positive evaluation of
the model fit using the R-squared criterion (whose values ranged from 0.70 to 0.87). The
most interesting correlations are those related to the independent variables of workload
settings because they are susceptible to modification. As mentioned before, one indicator
in the dataset was of particular interest in this study, i.e., the fatigue index (or Ifatigue
in the dataset). Hence, in the temporal causal model, the focus was to observe which
indicators correlate with this particular indicator, i.e., the fatigue index. The results showed
that the fatigue index correlates strongly with seven workload settings indicators, namely
X5—Number of individual days off in the previous 28 days, X6—Rest length, X7—Local
night in daily rest, X9—Changes in the schedule, X10—Sectors in the previous 7 days,
X15—Duty time in the previous 28 days, and X16—Multi-day shifts.

The final and main part of the paper presented simulations (case scenarios) conducted
to show the impacts of flight crew workload settings indicators on the appearance of fatigue.
By applying the temporal causal model, the simulations of modifying workload settings
were conducted to show how values of chosen workload settings indicators (in this case,
the seven most relevant workload settings indicators) affect the behavior of the CRD fatigue
indicator, i.e., the fatigue index.

The results show that by increasing the workload settings indicator X5—Number
of individual days off in the previous 28 days, the fatigue index decreases, i.e., more
individual days off in the previous 28 days implies a lower level of fatigue. For workload
settings indicator X6—Rest length, two iterations of case scenarios were performed, and
the results revealed that the length of the rest has no significant impact on the appearance
of fatigue. For workload settings indicator X7—Local night in daily rest, two iterations of
case scenarios were performed, and the results revealed that having a local night before
duty time implies an increased level of fatigue. The number of changes in the schedule (X9)
showed no significant impact on the appearance of fatigue. For workload settings indicator
X10—Sectors in the previous 7 days, two iterations of case scenarios were performed, and
the results revealed that the number of sectors in the previous 7 days does not affect the
appearance of fatigue. Workload settings indicator X15—Duty time in the previous 28 days
included two iterations of case scenarios as well, and the results showed that less duty
time in the previous 28 days implies a lower level of fatigue. The last examined was the
workload settings indicator X16—Multi-day shifts, and the results showed that shorter
multi-day shifts imply a lower level of fatigue. The simulations revealed significant useful
information regarding which flight crew workload settings elements impact fatigue, i.e.,
number of individual days off in the previous 28 days, local night in daily rest, duty time
in the previous 28 days, and multi-day shifts. This can be useful for the future planning
process of flight crew workload set-up.

This study has certain limitations. The study does not include all elements of workload
settings that can impact the appearance of fatigue. In future research, more elements of the
work environment and personal factors should be examined to obtain more information
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regarding the appearance of fatigue in flight operations. Another limitation refers to the
fact that this study was performed on four male pilots of similar age and work experience;
therefore, characteristics such as age, gender, or experience were not examined in relation
to the impact on the appearance of fatigue. Collecting data on a larger number (more than
four) of female and male pilots with different ages, experience, and other characteristics
might provide an even better background to detect and simulate more parameters affecting
the appearance of fatigue.

Future research will focus on detecting more elements of workload settings affecting
fatigue in flight operations, as well as the other relevant causal factors, with the aim of
defining the optimal flight crew workload setup that will have the least impact on the
appearance of fatigue, to ensure the highest level of safety in flight operations.
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Appendix A

The part of the collected data (the results) on flight crew fatigue, i.e., the independent
and dependent variables obtained using the CRD tests and subjective self-assessment scales,
are presented in Table A1. Collected data presented in this table were used to detect the
workload settings impacting flight crew fatigue and to simulate the case scenarios that
show which elements of workload settings can be modified to mitigate fatigue risk in flight
operations. Each indicator of the dataset is explained in Section 3.1, Table 1.



Aerospace 2023, 10, 904 54 of 60

Table A1. CRD tests results (the collected data) on flight crew workload settings elements, indicators of subjective perception of fatigue, and measured CRD fatigue
indicators.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 S1 S2 S3 S4 Nerr Ttot Tmin Tmax Btot Bin Bfin Ifatigue

1 20.17 0 2 14 2 21.48 1 2 0 8 20 13.37 33.48 21.72 77.78 0 8 6 8 8 2 16,222 367 687 3377 862 2516 2.9199
2 20.17 0 2 9 1 32.50 1 1 1 8 39 9.85 63.52 19.68 142.13 1 7 7 7 8 1 37,892 544 2344 18,852 8639 10,213 1.1822
3 20.25 0 2 10 4 20.23 1 2 0 10 42 17.33 71.67 43.00 150.13 0 7 6 8 8 1 36,503 629 1748 14,488 5121 9368 1.8294
4 20.17 0 2 9 1 32.50 1 1 1 8 39 9.85 63.52 19.68 142.13 1 7 7 7 8 3 52,834 697 4446 28,439 13,065 15,375 1.1768
5 20.25 0 2 10 4 20.23 1 2 0 10 42 17.33 71.67 43.00 150.13 0 7 6 8 8 6 53,360 722 3590 28,090 10,511 17,579 1.6724
6 20.17 0 2 9 1 32.50 1 1 1 8 39 9.85 63.52 19.68 142.13 1 7 7 7 8 1 78,969 108 12,369 74,649 46,639 28,010 0.6006
7 20.25 0 2 10 4 20.23 1 2 0 10 42 17.33 71.67 43.00 150.13 0 7 6 8 8 0 85,185 203 14,895 77,065 35,019 42,046 1.2007
8 20.17 0 2 9 1 32.50 1 1 1 8 39 9.85 63.52 19.68 142.13 1 7 7 7 8 4 26,644 153 1261 17,464 10,352 7112 0.6870
9 20.25 0 2 10 4 20.23 1 2 0 10 42 17.33 71.67 43.00 150.13 0 7 6 8 8 1 22,903 231 599 9043 5193 3850 0.7414
10 20.17 0 2 9 1 32.50 1 1 1 8 39 9.85 63.52 19.68 142.13 1 7 7 7 8 8 12,191 282 577 2321 1036 1285 1.2403
11 20.25 0 2 8 2 28.25 1 2 0 13 56 15.22 72.93 45.32 172.37 0 8 8 8 8 0 37,792 886 2203 6782 2430 4352 1.7909
12 21.08 0 3 12 0 33.43 1 1 0 9 43 10.53 48.33 30.50 116.72 0 6 6 6 6 0 29,322 595 1441 8497 3733 4765 1.2765
13 21.08 0 3 12 0 33.43 1 1 0 9 43 10.53 48.33 30.50 116.72 0 6 6 6 6 1 37,984 864 2039 7744 3694 4050 1.0964
14 20.25 0 2 8 2 28.25 1 2 0 13 56 15.22 72.93 45.32 172.37 0 8 8 8 8 0 50,869 1110 3568 12,019 4376 7643 1.7466
15 20.25 0 2 8 2 28.25 1 2 0 13 56 15.22 72.93 45.32 172.37 0 8 8 8 8 0 23,701 301 720 5641 3185 2456 0.7711
16 21.08 0 3 12 0 33.43 1 1 0 9 43 10.53 48.33 30.50 116.72 0 6 6 6 6 0 18,486 141 1144 10,026 5864 4162 0.7098
17 21.08 0 3 12 0 33.43 1 1 0 9 43 10.53 48.33 30.50 116.72 0 6 6 6 6 0 62,539 187 11,750 55,059 35,959 19,100 0.5312
18 20.25 0 2 8 2 28.25 1 2 0 13 56 15.22 72.93 45.32 172.37 0 8 8 8 8 0 104,551 296 16,661 92,711 44,247 48,464 1.0953
19 21.08 0 3 12 0 33.43 1 1 0 9 43 10.53 48.33 30.50 116.72 0 6 6 6 6 0 14,580 307 588 3835 1509 2327 1.5423
20 20.25 0 2 8 2 28.25 1 2 0 13 56 15.22 72.93 45.32 172.37 0 8 8 8 8 4 16,040 275 743 6415 2822 3594 1.2736
21 19.10 1 4 8 2 13.82 1 2 1 8 34 11.48 40.07 28.45 152.80 0 8 5 8 6 1 30,130 624 1354 8290 3190 5100 1.5987
22 19.10 1 4 8 2 13.82 1 2 1 8 34 11.48 40.07 28.45 152.80 0 8 5 8 6 0 39,954 918 1483 7824 3570 4254 1.1916
23 19.10 1 4 8 2 13.82 1 2 1 8 34 11.48 40.07 28.45 152.80 0 8 5 8 6 0 75,681 202 13,052 67,601 41,322 26,279 0.6360
24 19.10 1 4 8 2 13.82 1 2 1 8 34 11.48 40.07 28.45 152.80 0 8 5 8 6 0 16,050 114 556 9210 4903 4307 0.8784
25 18.58 1 4 10 4 18.15 1 2 2 12 40 14.82 56.00 26.25 157.37 0 8 6 8 7 0 36,338 623 2232 14,533 6718 7816 1.1635
26 18.58 1 4 10 4 18.15 1 2 2 12 40 14.82 56.00 26.25 157.37 0 8 6 8 7 5 61,740 1191 2821 20,055 7188 12,868 1.7903
27 18.58 1 4 10 4 18.15 1 2 2 12 40 14.82 56.00 26.25 157.37 0 8 6 8 7 0 116,194 473 33,791 97,274 58,696 38,578 0.6573
28 18.58 1 4 10 4 18.15 1 2 2 12 40 14.82 56.00 26.25 157.37 0 8 6 8 7 0 24,176 245 625 9476 4844 4632 0.9562
29 19.10 1 4 8 2 13.82 1 2 1 8 34 11.48 40.07 28.45 152.80 0 8 5 8 6 0 11,561 222 894 3791 1684 2107 1.2512
30 18.58 1 4 10 4 18.15 1 2 2 12 40 14.82 56.00 26.25 157.37 0 8 6 8 7 0 13,162 236 735 4902 2310 2592 1.1221
31 21.05 1 3 14 1 41.13 1 2 0 9 27 16.70 43.33 31.53 91.45 0 8 6 8 8 0 36,120 743 2575 10,115 5807 4309 0.7420
32 20.00 1 4 21 0 17.08 1 1 0 3 13 5.75 22.97 11.17 45.23 0 8 6 8 8 2 40,148 733 2597 14,493 8622 5872 0.6810
33 20.00 1 4 21 0 17.08 1 1 0 3 13 5.75 22.97 11.17 45.23 0 8 6 8 8 1 54,991 1039 3377 18,626 4312 14,315 3.3201
34 21.05 1 3 14 1 41.13 1 2 0 9 27 16.70 43.33 31.53 91.45 0 8 6 8 8 2 61,787 1107 3446 23,042 5885 17,158 2.9157
35 21.05 1 3 14 1 41.13 1 2 0 9 27 16.70 43.33 31.53 91.45 0 8 6 8 8 0 139,839 234 22,395 130,479 66,298 64,181 0.9681
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Table A1. Cont.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 S1 S2 S3 S4 Nerr Ttot Tmin Tmax Btot Bin Bfin Ifatigue

36 20.00 1 4 21 0 17.08 1 1 0 3 13 5.75 22.97 11.17 45.23 0 8 6 8 8 3 98,933 127 13,928 93,853 65,499 28,354 0.4329
37 21.05 1 3 14 1 41.13 1 2 0 9 27 16.70 43.33 31.53 91.45 0 8 6 8 8 1 27,118 165 759 17,218 8876 8342 0.9398
38 20.00 1 4 21 0 17.08 1 1 0 3 13 5.75 22.97 11.17 45.23 0 8 6 8 8 0 28,452 137 1518 20,232 10,584 9648 0.9116
39 21.05 1 3 14 1 41.13 1 2 0 9 27 16.70 43.33 31.53 91.45 0 8 6 8 8 0 15,980 332 579 4360 1801 2559 1.4209
40 20.00 1 4 21 0 17.08 1 1 0 3 13 5.75 22.97 11.17 45.23 0 8 6 8 8 2 15,761 315 620 4736 1957 2780 1.4206
41 20.88 1 7 16 2 297.47 1 2 0 0 25 0.00 41.40 0.00 95.33 0 7 6 6 6 1 47,783 663 3046 24,578 11,769 12,810 1.0885
42 21.45 1 3 7 4 22.68 1 2 0 2 34 4.05 65.53 7.07 149.13 0 6 5 6 6 1 44,105 600 2647 23,105 11,050 12,055 1.0910
43 20.65 1 1 9 3 33.00 1 2 0 2 33 2.58 56.72 27.72 137.07 0 6 5 6 6 1 43,261 620 4914 21,561 7941 13,620 1.7151
44 20.88 1 7 16 2 297.47 1 2 0 0 25 0.00 41.40 0.00 95.33 0 7 6 6 6 4 76,663 1030 4405 40,613 18,289 22,324 1.2206
45 21.45 1 3 7 4 22.68 1 2 0 2 34 4.05 65.53 7.07 149.13 0 6 5 6 6 7 73,752 776 4320 46,592 22,544 24,048 1.0667
46 20.65 1 1 9 3 33.00 1 2 0 2 33 2.58 56.72 27.72 137.07 0 6 5 6 6 1 49,869 923 2826 17,564 6365 11,200 1.7597
47 20.88 1 7 16 2 297.47 1 2 0 0 25 0.00 41.40 0.00 95.33 0 7 6 6 6 1 119,304 288 9762 107,784 64,361 43,423 0.6747
48 21.45 1 3 7 4 22.68 1 2 0 2 34 4.05 65.53 7.07 149.13 0 6 5 6 6 0 110,491 200 15,972 102,491 56,396 46,095 0.8173
49 20.65 1 1 9 3 33.00 1 2 0 2 33 2.58 56.72 27.72 137.07 0 6 5 6 6 0 110,867 267 29,153 100,187 40,453 59,734 1.4766
50 21.45 1 3 7 4 22.68 1 2 0 2 34 4.05 65.53 7.07 149.13 0 6 5 6 6 0 28,119 296 1045 10,359 4712 5647 1.1984
51 20.65 1 1 9 3 33.00 1 2 0 2 33 2.58 56.72 27.72 137.07 0 6 5 6 6 0 30,047 268 884 13,967 6505 7462 1.1471
52 20.88 1 7 16 2 297.47 1 2 0 0 25 0.00 41.40 0.00 95.33 0 7 6 6 6 6 34,546 275 2194 18,046 4434 13,612 3.0699
53 21.45 1 3 7 4 22.68 1 2 0 2 34 4.05 65.53 7.07 149.13 0 6 5 6 6 9 14,462 338 608 2632 938 1694 1.8060
54 20.88 1 7 16 2 297.47 1 2 0 0 25 0.00 41.40 0.00 95.33 0 7 6 6 6 0 16,956 312 752 6036 2867 3169 1.1053
55 20.65 1 1 9 3 33.00 1 2 0 2 33 2.58 56.72 27.72 137.07 0 6 5 6 6 0 14,508 258 954 5478 2507 2971 1.1851
56 21.67 1 2 16 1 16.10 1 2 1 10 20 11.80 24.63 36.27 91.50 0 7 7 7 7 0 32,729 593 1571 11,974 5692 6283 1.1038
57 21.67 1 2 16 1 16.10 1 2 1 10 20 11.80 24.63 36.27 91.50 0 7 7 7 7 1 45,795 894 2346 14,505 6949 7556 1.0874
58 21.67 1 2 16 1 16.10 1 2 1 10 20 11.80 24.63 36.27 91.50 0 7 7 7 7 0 22,968 306 778 4608 2249 2359 1.0489
59 21.67 1 2 16 1 16.10 1 2 1 10 20 11.80 24.63 36.27 91.50 0 7 7 7 7 0 83,933 267 7525 73,253 45,676 27,577 0.6038
60 21.67 1 2 16 1 16.10 1 2 1 10 20 11.80 24.63 36.27 91.50 0 7 7 7 7 0 14,721 334 539 3031 1029 2002 1.9456
61 21.05 1 4 13 0 21.02 1 2 1 4 25 4.00 27.83 23.73 118.43 0 8 6 8 6 2 39,858 610 2398 18,508 9894 8614 0.8706
62 21.05 1 4 13 0 21.02 1 2 1 4 25 4.00 27.83 23.73 118.43 0 8 6 8 6 1 45,003 1027 1886 9058 4719 4340 0.9197
63 21.05 1 4 13 0 21.02 1 2 1 4 25 4.00 27.83 23.73 118.43 0 8 6 8 6 0 80,844 209 15,144 72,484 36,809 35,675 0.9692
64 21.05 1 4 13 0 21.02 1 2 1 4 25 4.00 27.83 23.73 118.43 0 8 6 8 6 1 21,293 139 735 12,953 6095 6858 1.1252
65 18.33 1 2 11 3 42.53 1 2 0 12 16 19.30 26.37 42.63 88.88 0 8 5 6 6 0 34,367 650 1675 11,617 5401 6216 1.1509
66 18.33 1 2 11 3 42.53 1 2 0 12 16 19.30 26.37 42.63 88.88 0 8 5 6 6 5 49,160 1040 2479 12,760 4925 7835 1.5909
67 18.33 1 2 11 3 42.53 1 2 0 12 16 19.30 26.37 42.63 88.88 0 8 5 6 6 1 67,096 255 5033 56,896 35,160 21,736 0.6182
68 18.33 1 2 11 3 42.53 1 2 0 12 16 19.30 26.37 42.63 88.88 0 8 5 6 6 0 21,941 194 662 10,301 5340 4961 0.9290
69 21.82 1 2 6 2 21.92 1 2 0 8 16 9.08 19.93 32.77 111.78 0 8 6 8 6 0 28,792 648 1403 6112 2031 4081 2.0094
70 21.82 1 2 6 2 21.92 1 2 0 8 16 9.08 19.93 32.77 111.78 0 8 6 8 6 2 40,802 904 1404 9162 4684 4478 0.9560
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Table A1. Cont.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 S1 S2 S3 S4 Nerr Ttot Tmin Tmax Btot Bin Bfin Ifatigue

71 21.82 1 2 6 2 21.92 1 2 0 8 16 9.08 19.93 32.77 111.78 0 8 6 8 6 0 43,302 182 3348 36,022 20,999 15,023 0.7154
72 21.82 1 2 6 2 21.92 1 2 0 8 16 9.08 19.93 32.77 111.78 0 8 6 8 6 0 17,394 97 1050 11,574 6823 4751 0.6963
73 21.05 1 4 13 0 21.02 1 2 1 4 25 4.00 27.83 23.73 118.43 0 8 6 8 6 1 12,721 224 735 4881 2210 2671 1.2086
74 18.33 1 2 11 3 42.53 1 2 0 12 16 19.30 26.37 42.63 88.88 0 8 5 6 6 4 11,663 232 520 3543 1504 2039 1.3557
75 21.82 1 2 6 2 21.92 1 2 0 8 16 9.08 19.93 32.77 111.78 0 8 6 8 6 1 10,676 166 469 4866 2290 2576 1.1249
76 19.68 1 7 22 0 216.75 1 2 0 0 12 0.00 18.83 0.00 46.00 0 8 6 8 8 6 53,930 764 4265 27,190 18,640 8550 0.4587
77 19.78 1 4 16 1 46.68 1 2 0 2 19 2.00 31.77 21.87 81.28 0 8 6 8 8 1 35,228 689 1637 11,113 4582 6532 1.4256
78 19.98 1 2 14 0 18.25 0 1 0 8 27 12.60 40.75 26.33 94.43 1 8 6 8 8 1 40,475 773 1861 13,420 7659 5762 0.7523
79 19.92 1 2 11 2 20.08 1 2 0 6 24 10.13 38.08 23.80 111.03 0 8 6 8 8 1 34,512 706 1483 9802 4797 5005 1.0434
80 19.92 1 2 11 2 20.08 1 2 0 6 24 10.13 38.08 23.80 111.03 0 8 6 8 8 4 50,530 942 3055 17,560 7361 10,199 1.3855
81 19.78 1 4 16 1 46.68 1 2 0 2 19 2.00 31.77 21.87 81.28 0 8 6 8 8 3 48,723 969 2668 14,808 5360 9449 1.7629
82 19.68 1 7 22 0 216.75 1 2 0 0 12 0.00 18.83 0.00 46.00 0 8 6 8 8 2 56,692 1028 2459 20,712 6978 13,734 1.9682
83 19.98 1 2 14 0 18.25 0 1 0 8 27 12.60 40.75 26.33 94.43 1 8 6 8 8 2 61,508 1056 5393 24,548 7521 17,027 2.2639
84 19.78 1 4 16 1 46.68 1 2 0 2 19 2.00 31.77 21.87 81.28 0 8 6 8 8 0 80,223 188 13,363 72,703 43,091 29,612 0.6872
85 19.68 1 7 22 0 216.75 1 2 0 0 12 0.00 18.83 0.00 46.00 0 8 6 8 8 0 149,004 162 18,150 142,524 98,975 43,549 0.4400
86 19.98 1 2 14 0 18.25 0 1 0 8 27 12.60 40.75 26.33 94.43 1 8 6 8 8 0 149,015 465 16,770 130,415 58,137 72,278 1.2432
87 19.92 1 2 11 2 20.08 1 2 0 6 24 10.13 38.08 23.80 111.03 0 8 6 8 8 1 111,350 152 15,477 105,270 67,556 37,714 0.5583
88 19.68 1 7 22 0 216.75 1 2 0 0 12 0.00 18.83 0.00 46.00 0 8 6 8 8 2 28,685 196 890 16,925 8985 7940 0.8837
89 19.92 1 2 11 2 20.08 1 2 0 6 24 10.13 38.08 23.80 111.03 0 8 6 8 8 3 27,924 123 844 20,544 10,070 10,474 1.0401
90 19.78 1 4 16 1 46.68 1 2 0 2 19 2.00 31.77 21.87 81.28 0 8 6 8 8 2 26,983 110 1253 20,383 10,968 9415 0.8584
91 19.98 1 2 14 0 18.25 0 1 0 8 27 12.60 40.75 26.33 94.43 1 8 6 8 8 0 28,935 180 827 18,135 9133 9002 0.9857
92 19.98 1 2 14 0 18.25 0 1 0 8 27 12.60 40.75 26.33 94.43 1 8 6 8 8 0 15,993 333 647 4338 1589 2750 1.7309
93 19.92 1 2 11 2 20.08 1 2 0 6 24 10.13 38.08 23.80 111.03 0 8 6 8 8 3 15,019 335 611 3294 1366 1929 1.4123
94 19.78 1 4 16 1 46.68 1 2 0 2 19 2.00 31.77 21.87 81.28 0 8 6 8 8 12 14,831 340 555 1699 1196 503 0.4206
95 19.68 1 7 22 0 216.75 1 2 0 0 12 0.00 18.83 0.00 46.00 0 8 6 8 8 3 15,461 296 643 5101 2299 2802 1.2188
96 20.90 1 5 11 3 40.00 1 2 0 4 36 6.52 61.12 18.15 129.93 0 6 5 6 6 0 39,822 672 2617 16,302 7387 8915 1.2068
97 20.90 1 5 11 3 40.00 1 2 0 4 36 6.52 61.12 18.15 129.93 0 6 5 6 6 2 62,921 686 4858 38,911 17,394 21,517 1.2370
98 20.90 1 5 11 3 40.00 1 2 0 4 36 6.52 61.12 18.15 129.93 0 6 5 6 6 1 102,063 302 16,578 89,983 24,508 65,475 2.6716
99 20.90 1 5 11 3 40.00 1 2 0 4 36 6.52 61.12 18.15 129.93 0 6 5 6 6 0 24,765 218 721 11,685 6480 5205 0.8032
100 20.90 1 5 11 3 40.00 1 2 0 4 36 6.52 61.12 18.15 129.93 0 6 5 6 6 2 13,648 293 805 3393 1560 1834 1.1757
101 20.95 1 2 19 0 17.30 1 2 1 15 20 18.78 26.05 36.60 68.98 0 7 7 7 6 0 30,855 610 1594 9505 4305 5200 1.2079
102 21.77 1 2 17 0 15.15 1 2 0 12 23 11.85 23.30 32.70 78.67 0 6 6 6 6 1 31,794 608 1498 10,514 5258 5256 0.9996
103 18.27 1 5 18 0 12.17 1 2 1 0 16 0.00 16.73 8.00 71.43 0 7 7 7 7 0 30,297 637 1539 8002 3792 4211 1.1105
104 20.95 1 2 19 0 17.30 1 2 1 15 20 18.78 26.05 36.60 68.98 0 7 7 7 6 2 43,923 836 1797 14,663 8374 6289 0.7510
105 18.27 1 5 18 0 12.17 1 2 1 0 16 0.00 16.73 8.00 71.43 0 7 7 7 7 0 43,862 965 1837 10,087 3754 6334 1.6874
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Table A1. Cont.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 S1 S2 S3 S4 Nerr Ttot Tmin Tmax Btot Bin Bfin Ifatigue

106 21.77 1 2 17 0 15.15 1 2 0 12 23 11.85 23.30 32.70 78.67 0 6 6 6 6 0 42,698 1040 1600 6298 3230 3068 0.9498
107 18.27 1 5 18 0 12.17 1 2 1 0 16 0.00 16.73 8.00 71.43 0 7 7 7 7 0 17,640 214 484 4800 2451 2349 0.9584
108 21.77 1 2 17 0 15.15 1 2 0 12 23 11.85 23.30 32.70 78.67 0 6 6 6 6 0 18,397 178 637 7717 4260 3457 0.8115
109 20.95 1 2 19 0 17.30 1 2 1 15 20 18.78 26.05 36.60 68.98 0 7 7 7 6 0 22,695 191 1742 11,235 4882 6353 1.3013
110 20.95 1 2 19 0 17.30 1 2 1 15 20 18.78 26.05 36.60 68.98 0 7 7 7 6 0 77,577 172 8529 70,697 46,719 23,978 0.5132
111 21.77 1 2 17 0 15.15 1 2 0 12 23 11.85 23.30 32.70 78.67 0 6 6 6 6 0 58,345 227 6089 49,265 25,053 24,212 0.9664
112 18.27 1 5 18 0 12.17 1 2 1 0 16 0.00 16.73 8.00 71.43 0 7 7 7 7 0 59,546 300 6115 47,546 25,010 22,536 0.9011
113 20.95 1 2 19 0 17.30 1 2 1 15 20 18.78 26.05 36.60 68.98 0 7 7 7 6 2 13,792 295 529 3467 1484 1984 1.3370
114 18.27 1 5 18 0 12.17 1 2 1 0 16 0.00 16.73 8.00 71.43 0 7 7 7 7 0 14,711 316 630 3651 1650 2001 1.2127
115 21.77 1 2 17 0 15.15 1 2 0 12 23 11.85 23.30 32.70 78.67 0 6 6 6 6 0 13,618 301 546 3083 1439 1645 1.1432
116 20.77 1 1 6 3 34.92 1 1 1 12 25 15.48 37.73 40.97 122.38 3 8 6 8 6 0 32,450 639 1482 10,085 4782 5304 1.1092
117 20.77 1 1 6 3 34.92 1 1 1 12 25 15.48 37.73 40.97 122.38 3 8 6 8 6 3 53,631 1060 3893 16,531 6849 9682 1.4136
118 20.77 1 1 6 3 34.92 1 1 1 12 25 15.48 37.73 40.97 122.38 3 8 6 8 6 0 74,068 393 9284 58,348 34,856 23,492 0.6740
119 20.77 1 1 6 3 34.92 1 1 1 12 25 15.48 37.73 40.97 122.38 3 8 6 8 6 1 20,984 178 642 10,304 5550 4754 0.8566
120 20.82 1 2 10 1 13.27 1 2 0 11 20 12.68 25.22 40.25 145.33 2 8 6 8 8 0 36,645 773 2135 9590 5763 3828 0.6642
121 20.82 1 2 10 1 13.27 1 2 0 11 20 12.68 25.22 40.25 145.33 2 8 6 8 8 2 55,586 1272 2483 11,066 4286 6780 1.5819
122 20.82 1 2 10 1 13.27 1 2 0 11 20 12.68 25.22 40.25 145.33 2 8 6 8 8 2 75,727 349 6821 61,767 31,613 30,154 0.9538
123 20.82 1 2 10 1 13.27 1 2 0 11 20 12.68 25.22 40.25 145.33 2 8 6 8 8 1 23,328 191 694 11,868 6394 5474 0.8561
124 20.77 1 1 6 3 34.92 1 1 1 12 25 15.48 37.73 40.97 122.38 3 8 6 8 6 0 11,091 231 681 3006 779 2228 2.8613
125 20.82 1 2 10 1 13.27 1 2 0 11 20 12.68 25.22 40.25 145.33 2 8 6 8 8 1 12,621 231 576 4536 2097 2440 1.1636
126 20.62 1 2 13 0 13.32 1 2 0 13 29 21.82 45.55 39.40 100.02 2 8 6 8 8 0 36,827 760 1672 10,227 5104 5123 1.0037
127 20.62 1 2 13 0 13.32 1 2 0 13 29 21.82 45.55 39.40 100.02 2 8 6 8 8 1 63,795 1114 4864 24,805 6003 18,802 3.1321
128 20.62 1 2 13 0 13.32 1 2 0 13 29 21.82 45.55 39.40 100.02 2 8 6 8 8 0 162,276 314 30,380 149,716 64,774 84,942 1.3114
129 20.62 1 2 13 0 13.32 1 2 0 13 29 21.82 45.55 39.40 100.02 2 8 6 8 8 1 29,406 197 966 17,586 9336 8250 0.8837
130 20.62 1 2 13 0 13.32 1 2 0 13 29 21.82 45.55 39.40 100.02 2 8 6 8 8 0 16,300 328 671 4820 2148 2672 1.2439
131 20.88 1 2 8 0 13.05 1 2 0 9 37 15.53 58.70 36.88 144.80 2 5 5 6 6 2 50,920 690 2242 26,770 11,861 14,909 1.2570
132 20.88 1 2 8 0 13.05 1 2 0 9 37 15.53 58.70 36.88 144.80 2 5 5 6 6 4 59,715 820 3766 31,015 14,602 16,413 1.1240
133 20.88 1 2 8 0 13.05 1 2 0 9 37 15.53 58.70 36.88 144.80 2 5 5 6 6 0 91,758 263 7274 81,238 42,932 38,306 0.8922
134 20.88 1 2 8 0 13.05 1 2 0 9 37 15.53 58.70 36.88 144.80 2 5 5 6 6 0 26,104 174 1097 15,664 7404 8260 1.1156
135 20.88 1 2 8 0 13.05 1 2 0 9 37 15.53 58.70 36.88 144.80 2 5 5 6 6 0 15,495 253 612 6640 2990 3651 1.2211
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19. Steiner, S.; Fakleš, D.; Bartulović, D. Methodological Approach to Fatigue Risk Mitigation in Flight Operations. In Proceedings of
the International Conference on Traffic and Transport Engineering (ICTTE 2018), Belgrade, Serbia, 27–28 September 2018.

20. Gander, P.H.; Graeber, R.C.; Foushee, H.C.; Lauber, J.K.; Connell, L.J. Crew Factors in Flight Operations II: Psychophysiological
Responses to Short-Haul Air Transport Operations; NASA Ames Research Center: Moffett Field, USA, 1994.

21. CRD Series Tests of Cognitive Functions. Available online: https://www.crd.hr/wp/ (accessed on 12 March 2023).
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