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Abstract 

A study of varying conditions of taskload to test various workload measures was conducted. 

The measures were tested for internal consistency, sensitivity, and correlations. The measures, 

selected on the basis of previous literature, include measures of primary and secondary 

performance, subjective measures, and physiological measures. Twenty tugboat captains 

performed two scenarios of varying workload in a simulated environment. Results showed 

that only a few of the investigated measures were sensitive to the task demands, and the 

correlations of the measures did not indicate a unitary mental workload concept. To further 

investigate whether the results were found because of too subtle task manipulations or 

measures that were not sensitive enough to measure the task manipulations, an individual 

differences analysis was performed on the captains that scored the highest on the mental 

workload measures. High values on primary performance criteria, which meant difficulty with 

performing the task correctly, did not correlate with the other measurement values that should 

indicate the difficulty with performing the tasks. It is concluded that it is difficult to attribute 

the lack of sensitivity to experimental design or construct validity. 
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1. Introduction 

In the field of human factors engineering (HFE), the study of humans who use 

complex systems safely, effectively, and efficiently is of great importance. This pursuit has 

not been fruitless. Improvements have been made by analyzing the work environment, 

addressing factors such as cognitive performance, decision making, and perception (e.g., 

Wickens, 2008; Klein, 2008). Some researchers focus on analyzing real-world behavior as it 

naturally occurs, while others simulate an environment in a laboratory setting to validate, 

illustrate, or create a theoretical framework which can help understand human behavior in 

relation to complex systems. The automotive and aviation industries are typical fields where 

improvements have been empirically tested and applied. A third sector that is becoming 

increasingly interested in the application of HFE research is the maritime industry (Sellberg, 

2017). Like other transport industries, safety is of great concern in maritime situations. A 

single accident can have grave consequences for the continuous activities within a port or 

cause serious environmental damages on the open waters. Additionally, it is likely that the 

accidents that do happen are due to a system that was not able to help the operator 

accordingly. The human factors expert helps the maritime sector by investigating that system 

and the effect of the system on the operator. After all, HFE is about adapting the system to the 

human, not vice versa. Through good operator performance fewer mistakes will be made and 

fewer accidents will occur (Matthews, Reinerman-Jones, Barber, & Abich IV, 2015). The 

rising amount of technology in the modern world asks ever more cognitive capabilities from 

operators, while physical demands decline.  

A concept that is associated with performance is mental workload. Mental workload is 

a concept that is ubiquitous in HFE literature, and presents an issue that becomes increasingly 

relevant (Young, Brookhuis, Wickens, & Hancock, 2015). There is an abundance of 

theoretical and applied references to mental workload (Van Acker, Parmentier, Vlerick, & 
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Saldien, 2018), and they do not all align. Therefore, the next paragraph will discuss the 

concept of mental workload in more detail. 

1.1 Mental Workload 

Even though there is no universal agreement on the definition of mental workload, 

there are shared aspects within the various ways it is defined. A number of definitions will be 

cited and their similarities will be described. Early on (Welford, 1978, p. 151) mental 

workload was defined “… in terms of the demands made by tasks, the capacities the subject 

brings to meet these demands, and the strategies he uses to relate the first to the second”. 

Another early study by Moray (1979, p. 13) described mental workload as “.. the rate at which 

information is processed by the human operator, and basically the rate at which decisions are 

made and the difficulty of making the decisions”. A more recent definition was described by 

Kramer and Parasuraman as (2007) “…a set of mental and composite brain states that 

modulate human performance in different perceptual, cognitive, and/or sensorimotor tasks” 

(p. 704). Ayaz et al. (2012) defined mental workload as “… how hard the brain is working to 

meet task demands” (p. 36). The definitions above all describe a relationship between the 

cognitive capability of the operator (e.g., capacities to meet demands; Welford, 1978) and task 

demands (e.g., perceptual, cognitive, and/or sensorimotor tasks; Kramer & Parasuraman, 

2007). 

This relationship is described more elaborately in other definitions. For example, 

Young et al., 2015 speak of  “…a limited capacity or limited resource system, when demands 

exceed supply, no further resources can be supplied” (p. 5). Noyes, Garland, and Robbins 

(2004) also see mental workload in this perspective, “…the interaction between the demands 

of a task that an individual experiences and his or her ability to cope with these demands.” (p. 

111). These definitions add to the concept of mental workload by describing the limitations of 
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cognitive capability of the operator and that cognitive resources have to be allocated (Van 

Acker et al., 2018).  

A ubiquitous term in the definitions given above is the demands of tasks. Task 

demands can vary through task complexity (Wickens, 2002). Low task complexity could 

cause an increase in automatization of processes, which would result in a lower mental 

workload (Van Acker et al., 2018). Coincidental changes in the environment (e.g., changes in 

the weather) or system failures (such as engine failure) are also factors of task complexity 

(Hart & Staveland, 1988). Another way to influence task demands is when an operator has to 

switch tasks (e.g., different maneuvers when sailing). In summary, task demands are aspects 

of the environment to which the operator can attend to by using his cognitive resources.   

Multiple Resource Theory gives another perspective on workload. Wickens (2002) 

proposes four categorical and dichotomous dimensions which can explain variance in 

performance. Namely, processing stages, perceptual modalities, visual channels, and 

processing codes. The processing stages can be split into perception, cognition, and 

responding. The perceptual modalities are defined as auditory and visual. The visual channels 

are focal and ambient vision. The processing codes involve a distinction between spatial and 

symbolic processes. According to Wickens (2002) the complexity lays in the type of 

resources that is being taxed. If the same resource category and dimension is being taxed, 

there would be a larger effect on workload than when the task demands are split over different 

categories or dimensions.  

Mental workload is a continuously changing state of the operator that is related to the 

amount of cognitive resources that is being used. The operator will perform most efficiently at 

moderate levels of mental workload, and efficiency will drop if there would be any overload 

or underload (Young et al., 2015). While there have been studies that tried to qualify a 

balanced mental workload (e.g., no overload or underload), an acceptable level of mental 
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workload is hard to define (Sivaraman, Yoon, & Mitros, 2016). Basic criteria are discussed by 

Brookhuis, de Waard, and Fairclough (2003), but they have not described a direct relation 

with accidents. However,  the rate of accidents can be lowered through correct measurement 

of mental workload in order to quantify the boundaries. By studying mental workload we gain 

insight in what sort of behavior is taxing the operator. The use of the cognitive resources is 

influenced by individual variations, like experience and internal goals of the operator (Van 

Acker et al., 2018).  In the perspective of the elaborate views on the construct of mental 

workload described via these theories, we note that it is difficult to find a single definition or 

measurement method that can describe the complexity of mental workload in its entirety. The 

definition of mental workload used in this study does not compel all of the refinement that 

stems from the literature. The definition results from agreements in the literature and is 

described in a collective way.  

 

“Mental workload is a subjectively experienced physiological processing state, 

revealing the interplay between one’s limited and multidimensional cognitive 

resources and the cognitive work demands being exposed to” (Van Acker et al., 2018, 

p. 358).  

 

The focus of this study is the investigation of mental workload experienced by tugboat 

captains in a simulated maritime environment. A three year old literature review noted that the 

levels of mental workload in a maritime environment are relatively unexplored (Young, 

2015). A ship’s bridge simulator is a common place where mental workload has been studied. 

There is a focus on individual navigators (Ngodang et al., 2012), and there are comparisons 

between the mental workload related to the roles of the crew (Liu, 2017). The mental 

workload of a vessel traffic service operator has also been studied (Malagoli, Corradini, 
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Corradini, Shuett, & Fonda, 2017). One study on the cognitive workload of tugboat captains 

was found in the literature (Miklody, Uitterhoeve, van Heel, Klinkenberg, & Blankertz, 

2017). Tugboat captains are excellent participants for a study on mental workload. Tugboat 

captains come into contact with differing levels of mental workload when they have to 

perform diverse maneuvers, while functioning in changing environmental circumstances, and 

because of the dynamic characteristics of maritime operations where tugboats are deployed.  

The Maritime Research Institute Netherlands (MARIN) is interested in mental 

workload in a maritime environment. It wants to investigate the various instruments for 

measuring mental workload described below.  The instruments are analyzed via criteria for 

mental workload described by Eggemeier, Wilson, Kramer, and Damos (1991) and the 

American Educational Research Association, American Psychological Association, and 

National Council on Measurement in Education (AERA, APA, & NCME, 1999). Firstly, 

psychometric constructs must take individual differences into account. Operators might differ 

in their estimation of a task, strategies for managing effort, and in competency. An 

appropriate standard for this is internal structure. Internal consistency (reliability) tests several 

measurements of the same instrument that propose to measure mental workload and whether 

they produce similar scores. Secondly, an instrument must be able to detect changes in 

cognitive demands (sensitivity). Thirdly, the standards require evidence on relationships of 

the measure with other variables (correlations). 

1.2 Beginners and Experts 

It is expected that experts will experience less mental workload than the novice 

captains. Although the cited studies are mostly performed in non-maritime settings, the aim of 

these studies was also to investigate differences in mental workload between expertise levels. 

The instruments used to measure mental workload are also the same as in this study (e.g., the 

pupil diameter was analyzed by Erridge, Ashra, Purkayastha, Darzi, & Sodergen in 2017).  
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A study conducted by Bunce et al. (2011) on command and control systems found that 

greater expertise was associated with less neural activity at low to moderate levels of taskload, 

but higher neural activity in the prefrontal cortex, measured with functional near infrared 

spectroscopy, at high levels of taskload. The novices showed higher levels of neural activity 

at low to moderate levels of taskload. However, there was even less neural activity at higher 

levels of task difficulty. The researchers related this to the novices giving up, because the task 

was too difficult. Another study (Jo, Lee, & Lee, 2014) on automobile drivers found that 

experts had an easier time processing information than novices at a higher speed of driving. 

The authors suggested that this probably resulted from previous experiences with high speed 

driving. A study by Erridge et al. (2017) found similar results as well. They found that experts 

exert more focused attention on the most relevant stimuli in their work environment, 

experience less mental workload and are able to concentrate better than novices. A study by 

Li, Chiu, Kuo, and Wu (2013) found that experienced operators were more efficient at 

executing their tasks (also due to knowing where the relevant information can be gained, as in 

the study by Erridge et al. in 2017) and performed better at these tasks. Additionally, Li et al. 

(2016) also found that experts improve their performance due to timely knowledge of which 

stimuli need attending.  

It seems that the relation between expertise and task demands can create an effect on 

the spending of cognitive resources which has implications for the sensitivity of parameters 

that are supposed to measure task demands and mental workload (O’Donnell & Eggemeier, 

1986). These studies are evidence for a probable difference in mental workload due to a 

difference in expertise, meaning that experts will experience less mental workload than novice 

operators. 
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1.3 Measurement Theory  

 1.3.1 Primary performance. 

 The first category of measurement depends on the collection of data that directly stems 

from the operator’s success on the primary task. This is based on an acceptable low error 

likelihood, whilst the operator is also being efficient. In the maritime environment of a 

tugboat captain, and within the sort of scenarios that were ran, general and specific 

performance criteria can be defined. These criteria are further elaborated on in the method 

section. 

 1.3.2 Secondary performance. 

 In a realistic work environment with a dominant task, performance on a secondary task 

is related to the left over resources unused by the primary task through error rate and time 

(Young et al., 2015). A secondary task that taxes the same resource as the primary task can be 

applied as an indicator of mental workload. A fitting tool to assess the visual and executive 

component of mental workload of an operator on a primary task is the simultaneous 

performance on a peripheral detection task (PDT). If visual demands of the primary task are 

high, PDT has proved to be a sensitive indicator of mental workload (Vlakveld et al., 2015; 

Martens & Van Winsum, 2000). However, these studies were conducted with car drivers and 

cyclists. The visual demands of a tugboat captain while he is maneuvering in and near a port 

or while he is navigating close to an offshore platform are also taxed, although no previous 

studies on this have been found. With an increase of mental workload, reaction times become 

slower and the hit rate will drop (Vlakveld et al., 2015).  

 1.3.3 Subjective workload measures. 

1.3.3.1 NASA TLX. 

 The National Aeronautics and Space Administration Task Load Index (NASA-TLX) is  

a multidimensional self-assessment scale which has been used and validated in various 
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domains, including the maritime industry (Hart & Staveland, 1988; Rauffet, Chauvin, Nistico, 

& Judas, 2016). Hart (2006) notes that the NASA-TLX has been reliably translated in various 

languages, using appropriate wording for the respective culture and language. In the literature 

the NASA-TLX is validated with other subjective surveys for mental workload, like the 

Subjective Workload Assessment Technique and Workload Profile (Rubio, Díaz, Martín, & 

Puente, 2004). Additionally, the NASA-TLX is often validated with task performance and 

physiological measures (e.g., Luque-Casado, Perales, Cárdenas, & Sanabria, 2016). The 

NASA-TLX was conducted as an evaluation survey after a scenario was completed. This 

made it only possible to analyze differences between-subjects, and it was expected that 

novices would report higher workload than the experts. 

 1.3.3.4 RSME (Rating Scale Mental Effort). 

 The Rating Scale Mental Effort (RSME) is a unidimensional self-assessment scale. 

The question arises if unidimensional scales provide the same insight as multidimensional 

scales. A better diagnosticity can be provided by multiple scales, because it is possible to 

determine which dimensions influence workload. However, unidimensional scales (including 

the RSME; Zijlstra, 1993; De Waard, 1996) have been found to be just as sensitive as 

multidimensional scales in various scenarios (Rubio et al., 2004). A higher score indicates a 

higher mental effort.  

1.3.4 Physiological measures. 

 1.3.4.1 Pupil dilation. 

 The measurement of pupillary response has been used to study various psychological 

phenomena, such as non-visual stimulation, political and sexual preferences, fatigue, and 

mental effort (Marquart, Cabrall, & De Winter, 2015; Mandrick, Peysakhovich, Rémy, 

Lepron, & Causse, 2016; Gavas, Chatterjee, & Sinha, 2017). When lighting sources in the 

environment stay constant, pupil size correlates with mental workload (Rodriguez-Paras, 
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Yang, & Ferris, 2016; Kahneman & Beatty, 1966; Young et al., 2015; Coyne & Sibley, 2016). 

The size of cameras has decreased significantly and their resolution has increased.  

Additionally, computers became more powerful as well. The improvements in technology 

made it more practical to measure the pupil dilation in a more naturalistic environment like a 

tugboat simulator. The operator is not restricted in his movement, because only the eye-

tracking glasses have to be worn in combination with a mobile phone to collect the data. 

 1.3.4.2 Functional near infrared spectroscopy. 

Functional near infrared spectroscopy (FNIRS) is a method for uninterrupted 

observation of operators’ brain activity (Ayaz et al., 2011). This method tries to quantify 

mental recourses spent via the energy use needed for task demands in the cellular levels of the 

brain. The increase of oxygenated blood causes the FNIRS measure of oxygenated blood to 

increase, while deoxygenated blood decreases (Ayaz et al., 2011). However, the relation 

between neural activity and the supply of oxygen is very complex and might not be the same 

for different parts of the brain, often described as neurovascular coupling (Unni et al., 2016). 

It cannot be assumed that brain activity is directly related to the changes in the oxygenation 

levels. In spite of this fact, a clear observation of neurovascular coupling via FNIRS might be 

a relevant physiological index for quantifying variations in brain activity. Through these facts 

mental workload might be indexed via FNIRS. It has been shown that mentally challenging 

tasks require resources associated with brain activity in the prefrontal cortex, meaning that an 

increase of oxygenated hemoglobin and a decrease of deoxygenated hemoglobin can be 

related to an increase of mental workload (Causse, Chua, Peysakhovich, Del campo, & 

Matton, 2017). FNIRS is safe to use for an operator, relatively cheap, and simple to use 

(Ferrari & Quaresima, 2012). FNIRS utilizes light to measure the oxygenated and 

deoxygenated hemoglobin in the cerebral cortex (Sato et al., 2013). FNIRS indicators of 

mental workload assume that metabolic variations in the prefrontal cortex are relevant (Unni 
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et al., 2016). The prefrontal cortex is often observed because of the association with working 

memory, decision making, and executive functions (Hincks, Afergan, & Jacob, 2016). An 

increasing number of studies on prefrontal cortex activity via FNIRS have concluded that it is 

a relevant index for mental workload while performing complex cognitive tasks (Figner et al., 

2010).  

1.3.4.3 Electrodermal activity. 

Electrodermal activity is measured via transpiration of the skin. The sweat glands are 

under control of the sympathetic autonomous nervous system, so we can infer that 

electrodermal activity gives an indication of arousal (Roth, 1983). Mental workload is related 

to a decline in parasympathetic autonomous nervous system activity, and an activation of the 

sympathetic autonomous nervous system (Gawron, Schiflett, & Miller, 1989). The apparent 

changes of the autonomous nervous system can be made visible with skin conductance 

sensors (Roth, 1983). There are many studies that discuss this effect of electrodermal activity 

(Hogervorst, Brouwer, & Van Erp, 2014; Mehler, Reimer, Coughlin, & Dusek, 2009; Verwey 

& Veltman, 1996). Finally, one study found that EDA matches better with other measures of 

workload when the workload is high than when workload is only moderate. It is expected that 

the intensity of arousal will increase with an increase of task difficulty (Broekhoeven, 2016). 

 1.3.4.4 Electrocardiography. 

 Mental workload is related to increased arousal, and neural activity is associated with 

metabolic demands (Berntson et al., 1997). This is likely the reason that an increase of heart 

rate is associated with an increase of mental workload (Veltman & Gaillard, 1998). Heart rate 

can be calculated using the subsequent R-peaks in an ECG. The root mean squared successive 

difference (Goedhart, van der Sluis, Houtveen, Willemsen, & de Geus, 2007) between the 

RR-intervals is an index for heart rate variability. Heart rate variability (HRV) is influenced 

via the activation and suppression of the sympathetic and parasympathetic autonomous 
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nervous system, and a decrease of HRV can be related to an increase in mental workload 

(Berntson et al., 1997). Only the parasympathetic autonomous nervous system has an effect 

on high frequency HRV (0.14 Hz to 0.50 Hz), while both the parasympathetic and 

sympathetic autonomous nervous system have an effect on low frequency HRV (0.07 Hz to 

0.14 Hz; Berntson et al., 1997). The suppression of parasympathetic activity is related to a 

heightened mental workload for both frequency ranges. This causes less change in blood 

pressure and therefore less HRV (Hogervorst, Brouwer, & van Erp, 2014). Therefore a ratio 

of LF/HF HRV can be used as an index too, and it is expected that the ratio would increase 

with an increase of the task difficulty. 

1.4 Aim of Study 

The gathered data made it possible to investigate the psychometric issues related to 

criteria for mental workload assessment (Eggemeier et al., 1991; AERA et al., 1999). These 

psychometric issues led to the following research questions. (1) To what extent do multiple 

measures of the same mental workload instrument correlate? (2) To what extent are the 

mental workload measures sensitive to differences in task difficulty? (3) To what extent do 

concurrent measures with multiple mental workload instruments react to the manipulations in 

task demands? (4) To what extent can we attribute the results to the experimental design or 

construct validity? Finally, it is expected that the novices will experience more mental 

workload than the experts. 

The investigation of the multiple mental workload measures was conducted using a 

simulation of the maritime environment of a tugboat captain. Two scenarios were employed 

for this study, varying in task demands. The difference in demands is categorized between 

resting phases, medium difficulty, and high difficulty. The difficulties were established by 

experts who train tugboat captains. The trainers suggested that difficulties could be 

manipulated by allowing less room for errors (e.g., narrow space to navigate between), 
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changing how the tugboat is controlled (e.g., sailing backwards), and influencing the 

environmental conditions (e.g., an increase of swell of the ocean). For the first scenario six 

common maneuvers were selected and employed in a racecourse setting. Three of these 

maneuvers were judged by the experts to have a medium difficulty, and another three 

maneuvers were judged to have a high difficulty. The second scenario simulates a realistic 

hoisting operation near an offshore platform. The difficulty in the second scenario is 

influenced by changing the environment, namely increasing the swell of the sea. The trainers 

based their judgment of the difficulty of the maneuvers on their experience training tugboat 

captains. The measures were categorized as performance criteria, subjective reports, and 

physiological measures.  

2. Method 

2.1 Participants 

Twenty participants took part in the study (mean age = 46, SD = 13). Out of the 

twenty participants, eight were categorized as novice captains (mean years of experience = 3, 

SD = 1), and twelve were categorized as experts (mean years of experience = 23, SD = 18). 

There was a clear difference in years of experience as a captain between two groups, t (13) = 

3.65, p < .01. The inclusion criterion was a basic understanding of how to operate a tugboat. 

Experience with the specific Azimuth Stern Drive tugboat (Damen 3211) used in the 

scenarios was not required. None of the participants had problems with their eye sight during 

the experiments, however nine participants needed glasses while sailing. The participants 

were reimbursed (250 EUR) for their efforts. The ethics committee of the faculty of 

Behavioural, Management, and Social Sciences of the University of Twente approved this 

study. 



MENTAL WORKLOAD MEASUREMENT  

14 
 

2.2 Materials 

 2.2.1 Scenarios. 

 2.2.1.1 The racecourse scenario. 

The racecourse scenario contained six maneuvers, excluding a resting phase in 

between each of these six maneuvers. The order in which the maneuvers were performed was 

in a fixed order. This scenario took 50 minutes to complete. The resting phases’ interval lasted 

from the end of a maneuver until the arrival at the following one. These resting phases had 

two functions. The mental workload was low, so the results can be compared to the 

maneuvers which were classified differently. Table 1 describes the scenario, and Figure 1 

depicts the map of the scenario. 
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Table 1. A schematic overview of the racecourse scenario. 

Maneuver Description Expected mental 
workload 

AB Sailing from A to B. Low 

B Zigzag between buoys (65m apart). Medium 

BC Sailing from B to C. Low 

C Moor at the quay frontally, depart backwards. Medium 

CD Sailing from C to D. Low 

D Pivot around the buoy. Medium 

DE Sailing from D to E. Low 

E Zigzag backwards between buoys (65m apart). High 

EF Sailing from E to F. Low 

F Zigzag backwards between buoys (45m apart) High 

FG Sailing from F to G. Low 

G Navigate backwards into starting position, after 
the notification that starboard engine has failed. 

High 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The map of the racecourse scenario. 
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2.2.1.2 The hoisting operation scenario. 

The hoisting scenario evolved around the tugboat captain navigating towards the 

platform (Figure 2). There was a crane located on the east side of the platform. A basket that 

carried personnel hung from it. The captain was asked to try and stabilize beneath the basket 

for five minutes. Then, the basket was lowered on deck and pulled back up again. Afterwards, 

the captain was asked to retreat back to open sea. While the captain was retreating, the swell 

was increased in order to increase the difficulty of the operation. Then, the captain was asked 

to perform the same maneuver. A schematic overview is given in Table 2. The scenario lasted 

about twenty minutes, and the order of the manipulation was fixed.  

 

Table 2. A schematic overview of the hoisting scenario operation. 

Maneuver Description Expected mental workload 

Resting phase From starting point towards 
the easy maneuver  

Low 

Easy difficulty Picking up personnel from 
the basket without any sea or 
swell 

Medium 

Resting phase Navigating back from the 
platform (while the sea and 
swell are increased) 

Low 

High difficulty Picking up personnel from 
the basket with increased sea 
and swell 

High 

Resting phase Moving back to starting 
position 

Low 
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Figure 2. The map of the hoisting scenario operation. 

2.2.2 Simulator specification. 

The simulator software and the consoles to operate the simulator were built by 

MARIN. The simulator is comprised of six high definition LCD screens which form a 

hexagon. The participant was seated in the middle of the hexagon with two consoles to 

operate the simulator. Through this a 360 degree visual projected scenery can be created. In 

front of the participant were three monitors that displayed the electronic map, radar, and 

various parameters of the ship (e.g., speed and rate of turn). The two consoles corresponded, 

in this experiment, to the propellers that were placed in the pods that can be rotated to any 

horizontal angle. Figure 3 displays the laboratory in which the experiments were conducted. 
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Normally the LCD screens form a hexagon, but in this photo they have been pushed to the 

sided to give an overall view. 

Figure 3. Photo of the tugboat simulator laboratory.  

 

 2.2.3 Primary performance parameters. 

For the entire racecourse scenario, time to complete the scenario was analyzed. For the 

zigzag maneuvers within the racecourse scenario, (1) distance to an ideal line, (2) the number 

of angle changes and the (3) number of accelerations were analyzed. The ideal line was 

defined by the five best performing participants. The criteria for their performance was speed, 

number of collisions with buoys, and no deviant sailing (e.g., 360 degree rotation somewhere 

during the zigzag). The standard deviation and mean of the distance to the ideal line were 

selected as primary performance criteria, and lower values meant better performance. For the 

pivot maneuver, the distance to the buoy was defined as a performance indicator. A lack of 

variation of the distance to the buoy can be an indicator of being in control of the tugboat. The 
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mean and the standard deviation of the distance to the buoy were analyzed, and lower values 

meant better performance. 

For the hoisting operation one performance criterion was defined. Namely the distance 

of the tugboat to the basket while the participant was trying to position the tugboat under the 

basket. Again, a lack of variation in the distance to the basket can be an indicator of low 

workload performance. The mean and the standard deviation of the distance to the basket with 

personnel were analyzed to index performance, where lower values represented better 

performance. 

 2.2.4 Secondary performance. 

 The PDT transmitted the signal via a wireless connection to a dedicated server. A LED 

light emitted a pulse every three, four, or five seconds. If the participant responded later than 

two seconds, the reaction was scored a miss. The computer logged the time when the LED 

emitted a pulse, and registered the reaction time in the same row. This made it possible to 

calculate the reaction time, and the hit rate. The reaction time and hit rate were averaged per 

maneuver. It was not possible to calculate the number of false alarms, because these actions 

were not logged. This prohibited the application of signal detection theory. 

2.2.5 Subjective reports. 

 2.2.5.1 NASA-TLX. 

 The NASA-TLX was administered as an evaluative test after the racecourse or 

hoisting scenario was completed. The test was conducted with pen and paper.  

 2.2.5.2 Rating Scale Mental Effort 

 The RSME was administered during the scenario at every phase. The scores on the 

resting phases were averaged. 
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 2.2.6 Physiological measures. 

 2.2.6.1 Pupil response. 

 The pupil dilation was measured with the SensoMotoric Instruments Eye Tracking 

Glasses (SMI, n. d.). The glasses were equipped with two small cameras, mounted on the 

inside of the frame. These cameras recorded the pupil size. The data were saved on a mobile 

phone, which the participant carried while the experiments were conducted. The eye tracker 

was calibrated per participant. The data was processed in BeGaze (SensoMotoric Instruments, 

n. d.).  

2.2.6.2 Functional near infrared spectroscopy. 

 The oxygenation of the prefrontal cortex was measured with the fNIR103P system 

(Biopac Systems Inc., 2018a). The data were collected via four light sensors. Before the 

collection of the data started, a baseline was established. This took no more than five seconds. 

The software package COBIstudio was used for the collection of the data (Version 1.3; 

Biopac Systems Inc.). Next, some post processing of the data was needed via the software 

package fNIRsoft (Version 4.8; Biopac Systems Inc.). Three filters were applied to minimize 

the noise in the signal. The first filter tried to cancel out ambient noise that was left in the 

signal. The second filter was a finite impulse response filter (FIR), which tried to cancel out 

unwanted frequencies in the signal. The last filter tried to minimize the number of artefacts 

(e.g., unwanted movement of the sensor). After the filtering the oxygenation could be 

calculated by subtracting deoxygenated hemoglobin from oxygenated hemoglobin.  

2.2.6.3 Electrodermal activity. 

The BN-PPGED (Biopac Systems Inc, 2018b) was used to collect the data. The data 

were collected via two electrodes connected to the palm of the right hand within the unit of 

µSiemens. The wires leading from the electrodes were connected to a wireless transmitter 

connected to the wrist. The device had to be calibrated for each participant before the data 
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collection started. The data were analyzed with the AcqKnowledge software package 

(Version 5.0; Biopac Systems Inc.). The threshold of a skin conductance response was set at 

0.05 µSiemens. The difference between the amplitude of the skin conductance response and 

the baseline amplitude was calculated to give a representation of the intensity of the arousal of 

the participant. 

 2.2.6.4 Electrocardiography. 

 The BN-ECG2 (Biopac Systems Inc, 2018c) was employed to collect the data. The 

ECG data were collected via a device that was attached to the abdomen of the participant with 

a Velcro band. The ECG had to be calibrated for each participant before a measurement 

started. The AcqKnowledge software (Version 5.0; Biopac Systems Inc.) was used to retrieve 

the heart rate (RR interval) and the heart rate variability (RMSSD; Goedhart et al., 2007) from 

the data. The lower frequency HRV was divided by the higher frequency HRV to get to the 

ratio of LF to HF. A higher ratio was associated with a higher mental workload. 

 2.2.6.5 Video cameras and observation software. 

Three 1080p video cameras were used to capture the experiments. This was useful for 

two reasons. If there would be any unexplainable results, the recordings might give us a better 

idea of what happened. Additionally, the recordings were used to indicate when maneuvers 

were performed on a time interval with the software package Observer XT (Version 14.0; 

Noldus). 

2.3 Research Design 

Every participant performed in all conditions. This study used a between-subjects and 

a within-subjects repeated measures ANOVA design. The between-subject factor consisted of 

the two groups that differed in experience with sailing (novices and experts), while the within-

subjects factor related to the changes in difficulty that were manipulated for every participant. 

The difficulty level was not counterbalanced within the scenarios. The dependent variables 
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consisted of the measurement instruments (e.g., primary performance, secondary 

performance, subjective reports, and physiological measures). 

2.4 Procedure 

One participant was tested at a time. The participants were given an explanation of the 

experiment, and were provided an informed consent form. They were given another form 

where they were asked to fill in their demographics and experience. Next, the physiological 

sensors were attached to the participant and calibrated if needed. Participants were explained 

what the goal of the scenario was a second time. The racecourse scenario was the first 

scenario that was executed. During each maneuver the RSME was conducted. At the end of 

the run the NASA-TLX was conducted. The participant was offered a break after completing 

the racecourse scenario. The hoisting scenario was conducted next. The same procedure was 

taken for the hoisting scenario. The experiment lasted approximately two hours. 

2.5 Statistical Analyses 

Averages of the parameters were calculated for each maneuver for the statistical 

analysis. Cronbach’s alpha was computed to analyze the internal consistency of a parameter. 

A repeated measures analysis of variance (ANOVA) was performed to test the difference of 

the measure to the level of difficulty. The level of expertise was added as a between-subjects 

factor. Mauchly’s test was employed to indicate the assumption of sphericity and the 

Greenhouse-Geisser sphericity correction was used if applicable, we did report the degrees of 

freedom as if sphericity was assumed. Further analysis into the differences of the means per 

expertise level were only sought when the between-subjects effects were significant. Effect 

size was reported in partial eta squared. Pearson’s correlation coefficient was used to test for 

correlations of the dependent variables. The correlations were calculated for each scenario and 

difficulty level. 
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3. Results 

 Data were lost due to loss of signal from one or more sensors. Analyses were based 

on the twelve remaining participants. An analysis of power was calculated for the remaining 

participants and a desired power of .8 was reached. The experimental design of this study 

might have called for a statistical analysis via multivariate analysis of variance, testing all 

dependent variables in one go. However, due to the exploratory nature of this study towards 

various mental workload measures, the choice was made to test the sensitivity of the various 

parameters independently.  

3.1 Internal Consistency 

The internal consistency was calculated via Cronbach’s alpha per measurement 

instrument and per scenario (racecourse scenario, Table 3; hoisting operation scenario, Table 

4). It was notable that alpha coefficients are above .8, with the exception of the ECG 

parameters for the hoisting operation scenario (heart rate, heart rate variability, and LF/HF 

ratio of HRV). These results indicated that something was being measured reliably, however 

this does not give us sufficient evidence that the parameters were measures for mental 

workload in this study. The next paragraphs about sensitivity, correlations and individual 

differences will try to answer this question. 
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Table 3. Internal consistency for the racecourse scenario. 
Instrument Cronbach’s alpha (α) 

RSME .86 

PDT Hit rate .95 

PDT Reaction time .89 

Oxygenation .88 

Pupil diameter .97 

Electrodermal activity .82 

Heart rate .99 

Heart rate variability .99 

LF to HF ratio of HRV .99 

 

Table 4. Internal consistency for the hoisting operation scenario. 

Instrument Cronbach’s alpha (α) 

RSME .84 

PDT Hit rate .95 

PDT Reaction time .82 

Oxygenation .95 

Pupil diameter .92 

Electrodermal activity .92 

Heart rate .65 

Heart rate variability .72 

LF to HF ratio of HRV .66 

 

3.2 Sensitivity 

A repeated measures ANOVA was performed per parameter over the three difficulty 

levels (within-subjects), while expertise (between-subjects) was factored in.  
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 3.2.1 Racecourse scenario. 

 3.2.1.1 Primary performance. 

The primary performance was analyzed for specific maneuvers, because the 

parameters that were selected for the analysis were only relevant for that specific maneuver. 

The first parameter time (Figure 3), was marginally significant within-subjects, F (2,36) = .25, 

p = .051, ηp
2 = .15. With respect to the post hoc tests, there was a marginally significant 

difference between zigzag B (306 seconds) and zigzag F (375seconds), F (2,36) = .22, p = .06,  

ηp
2 = .26. No differences between expertise levels were found. 

The second parameter of interest was the mean distance to the ideal line. The ANOVA 

showed a marginally significant difference for the mean distance to the ideal line between the 

zigzag maneuvers, F (2,36) = 2.93, p = .07, ηp
2 = .14 . No significant differences between 

expertise levels were found. Post hoc tests were not significant. Figure 4 depicts the data. 
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Figure 3. Time by zigzag maneuver, split by expertise. 

Figure 4. Mean distance to the ideal line by maneuver, split by expertise. 

The third parameter was the standard deviation of the distance to the ideal line, the 

ANOVA showed there were no significant differences between the zigzag maneuvers.  
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The fourth parameter, the frequencies of acceleration, was significant for the 

differences between the zigzag maneuvers, F (2,36) = 3.74, p = .03, ηp
2 = .17. Figure 5 

includes a graph of the data. No differences between expertise were found. Post hoc tests were 

also not significant.  

 

Figure 5. Frequency of acceleration by zigzag maneuver, split per expertise. 

 

The fifth parameter, frequency of angle changes was not significantly different 

between the zigzag maneuvers. 

The mean and the standard deviation of the distance to the buoy was tested between 

the expertise groups (novice and experts). The mean distance to the buoy was not significantly 

different between expertise groups. The standard deviation of the distance to the buoy was 

much higher for the novices (8.50m) than for the experts (4.57m). This difference was 

statistically significant, F (1,35) = 9.24, p < .01, ηp
2 = .34. 
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 3.2.1.2 Secondary performance. 

No significant differences were found between novices and experts for both 

parameters (hit rate & reaction time), therefore the compared means contain data for both 

groups. The differences between the difficulty levels for the PDT hit rates were significant, F 

(2,36) = 23.15, p < .01, ηp
2 = .56. All post hoc tests were significant. The hit rate decreased 

from Easy (51%) to Medium (41%) difficulty, p < .01, ηp
2 = .50, from Easy (51%) to High 

(36%) difficulty, p < .01, ηp
2 = .67, and from Medium (41%) to High (36%) difficulty, p = 

.05, ηp
2 = .29. The differences between the difficulty levels of the PDT reaction times were 

not significant. 

Figure 6. PDT hit rate by difficulty level, split per expertise. 

3.2.1.3 Subjective reports. 

No significant differences were found between novices and experts, therefore the 

compared means contain data for both groups. The differences between the difficulty levels 

for the RSME scores were significant, F (2,34) = 25.04, p < 01, ηp
2 = .60. All post hoc tests 

were significant. The score of the RSME increased from Easy (34) to Medium (52) difficulty, 
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p < .01, ηp
2 = .47, from Easy (34) to High difficulty (64), p < .01, ηp

2 = .71, and from Medium 

(52) to High (64) difficulty, p < .01, ηp
2 = .41. Figure 7 shows a depiction of the data. 

Additionally, the NASA-TLX was tested between-subjects (novices and experts). This 

difference was not significant. 

Figure 7. RSME by difficulty level, split per expertise. 

3.2.1.4 Physiological measures. 

No significant difference was found for the between-subjects tests. Meaning that the 

compared means were not split for novices and experts. The differences between the difficulty 

levels for the oxygenation levels were significant, F (2,20) = 6.32, p < .01, ηp
2 = .39. The post 

hoc test between Easy (-0.71 µMol/L) and Medium (-1.38 µMol/L) difficulty was marginally 

significant, p = .06, ηp
2 = .44. Additionally, the post hoc test between Medium (-1.38 µMol/L) 

and High (-0.39 µMol/L) difficulty was significant, p = .03, ηp
2 = .50. Figure 8 depicts the 

oxygenation per difficulty level.  
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 Figure 8. Oxygenation by difficulty level, split per expertise. 

 

The differences between the difficulty levels for the heart rate were significant, F 

(2,28) = 18.46, p < .01, ηp
2 = .57. The heart rate increased from Easy (79) to Medium (85) 

difficulty, p < .01, ηp
2 = .59, from Easy (79) to High difficulty (90), p < .01, ηp

2 = .67, and 

from Medium (85) to High (90) difficulty, p = .05, ηp
2 = .35. Figure 9 depicts the data of the 

heart rate by difficulty level. 

The differences between the difficulty levels for the pupil diameter, EDA, HRV, and 

LF/HF ratio of HRV were not significant.  
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Figure 9. Heart rate by difficulty level, split per expertise. 

 3.2.2 Hoisting operation scenario. 

 3.2.2.1 Primary performance.  

The mean and the standard deviation of the distance of the tugboat to the basket with 

personnel were tested between the medium and the hard phase of the scenario, and the 

expertise level was factored in. The mean distance to the basket was not significantly different 

within the difficulty levels or between the novices and experts. The standard deviation of the 

distance to the basket was also not significantly different within the difficulty levels or 

between the novices and experts. 

 3.2.2.2 Secondary performance. 

No significant differences were found between novices and experts, therefore the 

compared means contain data for both groups. The differences between the difficulty levels 

for the PDT hit rates and reaction times were not significant. 
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3.2.2.3 Subjective reports. 

No significant differences were found between novices and experts, therefore the 

compared means contained data for both groups. The RSME showed a significant difference 

of the score between the task difficulty levels, F (2,34) = 27.36, p <.01, ηp
2 = .62.  The score 

of the RSME increased from Easy (23) to Medium (47) difficulty, p < .01, ηp
2 = .56, from 

Easy (23) to High difficulty (58), p < .01, ηp
2 = .74, and from Medium (47) to High (58) 

difficulty, p = .05, ηp
2 = .29. The NASA-TLX was only tested between-subjects, the 

difference was not significant. Figure 10 shows the data of the RSME for the hoisting 

scenario.  

Figure 10. RSME by difficulty level, split per expertise. 

3.2.2.4 Physiological measures. 

No significant differences were found between novices and experts, therefore the 

compared means contain data for both groups. The oxygenation levels showed a significant 

difference of the score between the task difficulty levels, F (2,24) = 26.41, p < .01, ηp
2 = .69. 

The post hoc comparison between Easy (-0.73 µMol/L) and Medium (-2.14 µMol/L) 
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difficulty was significant, p < .01, ηp
2 = .77. Additionally, the post hoc comparison between 

Medium (-2.14 µMol/L) and High (-0.29µmol/L) difficulty was significant, p < .01, ηp
2 = .72. 

The differences between the difficulty levels for the pupil diameter, EDA, heart rate, HRV, 

and LF/HF ratio of HRV were not significant. 

Figure 11. Oxygenation by difficulty level, split per expertise. 

 

3.3 Correlations 

This paragraph reports the extension to which concurrent measures reacted to the 

manipulations in task difficulty via Pearson’s correlation coefficient. The tables are 

constructed as follows. The upper side of Table 5 represents the correlations over the entire 

scenario, while the lower side divides the correlations per task difficulty level. The top value 

represents the easy task difficulty, the middle value expresses the medium task difficulty 

level, and the lower value describes the high task difficulty level. The analysis was not 

performed per expertise level, since all ANOVA tests yielded non-significant results. The 
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correlations were tested one-sidedly, since we have described expectations about the way 

parameters should  
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Table 5. Correlation matrix for the measurements of the racecourse scenario.  
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Time 
 

 
- 

 
-.03 

 
.14 

 
-.02 

 
.14* 

 
.12 

 
.09 

 
.24 

 
.08 

 
-.09 

 
.54** 

 
.57** 

 
.46** 

 
.06 

 
.62* 

 
.68** 

 
NASA-TLX 
 

 
-.26 

 
.28 

 
-.30 

 
.22 

 
.15 

 
-.37 

 
.34 

 
.30 

 
.07 

 
-.04 

 
NA 

 
NA 

 
NA 

 
NA 

 
NA 

 
NA 

 
RSME 
 

.49 
.47** 
.37 

 
- 

 
.06 

 
-.06 

 
.28 

 
.12 

 
-.04 

 
.12 

 
.11 

 
-.01 

 
.41** 

 
.27 

 
.27 

 
.23 

 
.18 

 
.44 

 
PDT Hit rate 
 

.05 

.03 

.04 

.35 

.16 

.06 

 
- 

 
-.46 

 
.25 

 
.16 

 
-.02 

 
.07 

 
-.25 

 
-.11 

 
.08 

 
.07 

 
.01 

 
.05 

 
-.15 

 
-.17 

 
PDT Reaction time 
 

.01 
-.01 
-.04 

-.32 
-.05 
.02 

-.64 
-.40* 
-.46* 

 
- 

 
-.29 

 
-.23 

 
.26 

 
.14** 

 
.06 

 
.05 

 
-.03 

 
-.01 

 
.05 

 
.01 

 
-.21 

 
-.03 

 
Oxygenation 
 

.30 

.10 

.14 

.51 

.24 

.28 

.33 

.25 

.24 

-.28 
-.36 
-.15 

 
- 

 
-.04 

 
-.33 

 
.46** 

 
-.38* 

 
.22 

 
.10 

 
.06 

 
-.38 

 
-.04 

 
.19 

 
-.10 

 
Pupil diameter 
 

.14 

.16 

.02 

.40 

.24 

.01 

.40 

.07 

.21 

-.35 
-.24 
-.23 

-.25 
-.10 
.07 

 
- 

 
-.53** 

 
-.31 

 
-.06 

 
.14 

 
-.07 

 
-.10 

 
-.19 

 
-.30 

 
.10 

 
.27 

 
EDA 
 

-.29 
.04 
.07 

-.24 
-.12 
.11 

.03 
-.02 
-.06 

.48 

.37 

.14 

-.39 
-.25 
-.47 

.17 
-.43 

-.75* 

 
- 

 
-.23 

 
-.15 

 
-.19 

 
-.13 

 
.02 

 
.05 

 
.30 

 
.30 

 
.17 

Heart rate 
 

.10 
-.15 
-.25 

-.03 
-.09 
.15 

.04 

.13 

.11 

.13 

.11 

.10 

.78 

.42 

.55 

.78 
-.37 
-.14 

-.17 
-.26 
-.15 

 
- 

 
-.07 

 
-.17 

 
.04 

 
.13 

 
-.02 

 
.31 

 
-.41 

 
-.55 

 
Heart rate variability 
 

.19 

.08 

.19 

-.17 
-.08 
-.23 

-.45 
-.24 
-.22 

.20 
-.06 
.06 

-.24 
-.40 
-.40 

-.20 
.02 
-.15 

-.36 
-.21 
-.03 

.15 

.05 
-.27 

 
- 

 
-.32** 

 
.20 

 
.31 

 
.35 

 
.11 

 
.24 

 
-.03 

 
LF/HF ratio of HRV 
 

.23 
-.02 
-.16 

.34 
-.08 
-.14 

.37 
-.15 
-.09 

.26 

.10 
-.02 

.29 

.35 
-.01 

.38 

.05 

.26 

.31 
-.17 
-.24 

-.20 
-.26 
-.16 

-.52 
-.30 
-.36 

 
- 

 
-.13 

 
-.17 -.04 .00 52 -.02 

Distance to  
ideal line – mean 

.55 
.69* 
.55 

-.40 
.64 
.48 

.20 

.09 

.03 

-.19 
-.04 
.12 

.08 

.01 

.30 

-.08 
.07 
-.47 

-.11 
.06 
.05 

.50 
-.13 
-.06 

.41 

.35 
-.01 

-.29 
-.04 
-.21 

- .93 .25 .12 NA NA 

Distance to  
ideal line – SD 

.51 
.76** 
.48 

-.35 
.54 
.38 

.22 

.06 
-.05 

-.14 
-.04 
.23 

.02 
-.03 
.24 

-.10 
.14 
-.46 

-.07 
.09 
.11 

.52 
-.09 
-.15 

.51 

.38 

.04 

-.29 
-.02 
-.26 

.98 

.95 

.97 
- .30 .17 NA NA 

Acceleration  
frequency 

.47 

.52 

.40 

.27 

.06 

.37 

-.14 
-.11 
.20 

.18 

.18 
-.12 

-.41 
-.60 
.18 

-.10 
-.25 
-.17 

.41 

.29 

.38 

-.05 
.08 
-.12 

.42 

.42 

.29 

.01 

.04 
-.12 

.20 

.23 

.28 

.29 

.38 

.22 
- .66 NA NA 

Angle change  
frequency 

-.01 
-.08 
.10 

.03 
-.22 
.51 

-.12 
.10 
.16 

-.18 
.21 
.04 

-.23 
-.18 
.46 

-.24 
-.20 
-.38 

.30 

.44 

.26 

.29 

.64 

.07 

.41 
-.14 
.10 

.11 

.24 
-.22 

.21 
-.17 
.30 

.25 
-.04 
.21 

.54 

.60 

.74 
- NA NA 

Buoy  
pivot – mean  

.62* .18 -.15 -.21 .19 .10 -.16 -.41 .24 52 NA NA NA NA - .63* 

Buoy  
pivot – SD  

.68** .44 -.17 -.03 -.10 .27 .17 -.55 -.03 -.02 NA NA NA NA .63* - 
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Table 6. Correlation matrix for the measurements of the hoisting operation scenario. 

 

 
R

SM
E

 

PD
T

 
H

it
 r

at
e 

PD
T

 
R

ea
ct

io
n 

ti
m

e 

O
xy

ge
na

tio
n 

Pu
pi

l 
di

am
et

er
 

E
D

A
 

H
ea

rt
 r

at
e 

H
ea

rt
 r

at
e 

va
ri

ab
ili

ty
 

L
F/

H
F

 r
at

io
 

of
 H

R
V

 

D
is

ta
nc

e 
to

 
ba

sk
et

 –
 

m
ea

n 

D
is

ta
nc

e 
to

 
ba

sk
et

 –
 S

D
 

 
NASA-TLX 
 

 
-.39 

 
-.31 

 
.07 

 
.07 

 
-.21 

 
.01 

 
.44 

 
.59 

 
-.32 NA NA 

 
RSME 
 

 
- 

 
.18 

 
-.06 

 
.07 

 
.35 

 
-.01 

 
-.22 

 
-.22 

 
.09 .20 -11 

 
PDT Hit rate 
 

.31 

.06 

.31 

 
- 

 
-.34 

 
-.19 

 
.29 

 
-.20 

 
-.06 

 
.36 

 
-.18 .32 -.34 

 
PDT Reaction time 
 

-.30 
.11 
.18 

-.50 
-.46 
.01 

 
- 

 
-.18 

 
-.12 

 
-.17 

 
.50 

 
.08 

 
-.30 -.18 .13 

 
Oxygenation 
 

.27 

.26 
-.04 

-.21 
-.26 
-.17 

.04 
-.12 
-.28 

 
- 

 
-.14 

 
.20 

 
.05 

 
.07 

 
.24 .43 -.28 

 
Pupil diameter 
 

.20 

.49 

.28 

.40 

.28 

.25 

-.79 
.27 
.23 

-.17 
-.36 
.06 

 
- 

 
.30* 

 
.18 

 
.15 

 
.27 -.14 .18 

 
EDA 
 

.22 

.13 
-.20 

-.28 
-.14 
-.21 

-.07 
-.14 
-.44 

.24 

.43 

.07 

.01 

.47 

.42 

 
- 

 
-.32 

 
-.24 

 
.09 -.19 .13 

Heart rate 
 

-.35 
.01 
-.12 

-.22 
-.10 
.15 

.21 

.69 

.62 

.35 
-.08 
-.22 

-.27 
-.74 
-.37 

-.53 
-.23 
-.25 

 
- 

 
.27 

 
-.01 .21 -.15 

 
Heart rate variability 
 

-.19 
-.16 
.08 

.08 

.69 

.37 

-.16 
-.14 
.58 

.24 
-.44 
.16 

.09 

.21 

.35 

-.42 
-.21 
-.15 

.38 

.03 

.12 

 
- 

 
-.41 -.33 .39 

 
LF/HF ratio of HRV 
 

-.21 
.29 
.06 

.24 
-.41 
-.39 

-.28 
.01 
-.55 

.01 

.39 

.22 

.17 

.43 

.21 

-.11 
.40 
.04 
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behave in the measurement theory section of this manuscript. Table 5 and 6 show an 

overview of all correlations that were calculated per scenario. Appendix A contains a 

discussion on the manner we chose to correct for multiple testing. 

 3.3.1 The racecourse scenario. 

 Fifty-five correlations were calculated for the racecourse scenario. Twelve of these 

correlations were significant. Namely, time and oxygenation (r =.14, p < .05), time and mean 

distance to the ideal line (r =.54, p < .01), time and the standard deviation of the distance to 

the ideal line (r =.57, p < .01), time and acceleration frequency (r =.46, p < .01), time and the 

standard deviation of the distance to the pivot buoy (r =.68, p < .01), the RSME and the mean 

distance to the ideal line (r =.41, p < .01), PDT reaction time and heart rate (r =.14, p < .01), 

oxygenation and heart rate (r =.46, p < .01), oxygenation and HRV (r = -.38, p < .05), pupil 

diameter and EDA (r = -.53, p < .01), HRV and the ratio of HRV in LF/HF (r = -.32, p < .01), 

and the standard deviation of the distance to the pivot buoy and the mean of the distance to 

the pivot buoy (r =.63, p < .05). 

 Out of these twelve significant correlations, only one of the observed effects was not 

in line of expectation. Namely, pupil diameter and EDA were negatively correlated. It was 

expected that the widening of the pupil diameter would be correlated with an increase in 

electrodermal activity. These results showed weak evidence that convergent validity was 

found among all correlated parameters. Nevertheless, there were some remarkable 

correlations. Time strongly correlated with all other primary performance criteria, except for 

the angle change frequency.  

3.3.2 The hoisting operation scenario. 

Forty-five correlations were calculated over the entire scenario. None of these 

correlations were significant in the upper part of the table. In the lower part of the table, the 

only significant correlation was between the mean distance to the basket and the standard 
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deviation of the distance to the basket. This was an unexpected result, since in this case one 

would expect that when the mean decreases that the standard deviation would decrease as 

well.  

3.4 Individual Analysis 

The previous paragraphs tried to investigate the results in terms of reliability, construct 

validity, and convergent validity. This still made it hard to relate the results towards the 

validity of the parameters or the experimental design. Moreover, were the differences in task 

difficulty discriminant enough to induce changes in mental workload of the participant? Or 

was it the instrument that was not able to capture the changes in mental workload?  

The approach to these questions was made via analyses on an individual level. We 

hypothesized that high values on the primary performance criteria (e.g., a high mean or 

standard deviation of the distance to the basket with personnel) represented difficulty with 

performing the task as instructed. The next step was to describe the values of the other 

parameters for that individual who scored high on the primary performance criteria. This can 

give a broader perspective on the question if the results originated from a lack of task 

difficulty or instruments being insensitive to measure these apparent difficulties with 

performing the primary task correctly. Zigzag maneuver F and hard phase of the hoisting 

operation were chosen for this analysis, because they were amongst the most difficult 

maneuvers. Therefore, the manipulations of task difficulty should be most noticeable within 

these maneuvers.  

Concerning zigzag maneuver F, the same goes for the primary performance criteria of 

frequency of acceleration and angle changes. In the perspective of the primary performance 

criteria for pivot maneuver D, mean and standard deviation of the tugboat to the buoy, none of 

the three highest scoring captains showed high values on the other dependent variables. 

Concerning the hard phase of the hoisting operation, the three captains who deviated (mean 
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and standard deviation) the most from the basket with personnel did not have uniformly high 

scores on the dependent variables in comparison with the overall data set. 

From these results it was concluded that we were not successful at detecting the 

manipulated task demands. There were indications that one participant had great difficulty 

with performing the task. However, the employed instruments did not register that.  

4. Discussion 

The research questions of this study concerned internal consistency, sensitivity, 

correlations, and individual analysis. Significant differences in sensitivity to task demands 

where found for time, distance to the ideal line, PDT hit rate, oxygenation, and heart rate. 

Almost no correlations were found between the instruments. We were also unable to find 

indicative results of higher task demands on the individual level, meaning that high scoring 

individuals did not reflect high values on the mental workload instruments. The results of the 

internal consistency tests showed that we did measure reliably, however validating these 

results proved to be difficult.  

4.1 Sensitivity  

We were not able to measure mental workload with the primary performance criteria 

defined for the hoisting operation scenario, neither within the difficulty levels nor between the 

novices and experts. In this case, it is very hard to argue against the validity of this parameter 

to index performance. The goal was clear, position steadily below the basket while the 

personnel is being transferred. Not conforming to these demands is directly related to the 

distance to the basket. Therefore it is more logical to reason that the manipulations to the task 

difficulty might have been too small in the case of the hoisting operation. 

It is difficult to attribute the discrepancies in sensitivity to either the experimental 

design or construct validity, because the manipulations were unique. Because of the 

uniqueness of each maneuver the task demands might have been influenced differently, 
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instead of a steady increase of a certain stimulus frequency. For example in the racecourse 

scenario, we used zigzag maneuvers and mooring maneuvers. Zigzag B, E, and F are easier to 

compare than comparing zigzag B with mooring maneuver G.  This might explain the 

incongruence found in the primary performance criteria.   

It was predicted that the primary performance criteria would be sensitive to the 

changes in mental workload between the different maneuvers, but also that they would be 

sensitive to differences between the novices and experts. The lack of differences between the 

novices and experts could have resulted from the types of tasks that we designed. We 

employed common maneuvers and tried to make them more difficult by creating smaller 

spaces to maneuver in or increase the swell of the ocean. However, the maneuvers remain the 

same. Maybe differences in experience will be clearer when uncommon maneuvers have to be 

performed. In that case the likelihood is probably smaller that novices know these maneuvers 

and the lack of knowledge and experience relative to experts might become clear. 

The literature on the PDT states that reaction time and hit rate are negatively 

correlated (Vlakveld et al., 2015; Martens & Van Winsum, 2000). Within the racecourse 

scenario only the hit rate was sensitive to the manipulations, and for the hoisting operation 

both parameters were not sensitive. However, when looking at the correlations of reaction 

time and hit rate it is very clear that they are negatively correlated. This stresses the 

importance of testing the parameters independently and also analyzing correlations between 

the measures (O’Donnell et al., 1991; AERA et al., 1999).  

The RSME was the only measure that was sensitive to the task manipulations in the 

racecourse scenario, and also in the hoisting operation scenario. Consistent increased scores 

were found with an increase of task demands. Results on the survey might have been more 

salient because participants knew that they were being tested, and reasoned that the 
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maneuvers should be more difficult than the resting phases. It is not possible to control for 

this effect, since the participant has to actively judge his own mental effort. 

Unexpected results were found through the analysis of the oxygenation of the 

prefrontal cortex. Oxygenation did not increase with task difficulty consistently. It is not 

possible to pinpoint why this is so, although one study claims that heightened situational 

awareness decreases the oxygenation in the PFC (McKendrick et al., 2016). Within the 

racecourse scenario, when traveling from C to D, the captain exits the port. It might be that 

the captains were also preoccupied with their surroundings while transitioning from port to 

open sea. Moreover, the first phase during the hoisting operation has the lowest oxygenation 

level. It might be that the captain was engaged with his surroundings throughout the first 

phase.  

The pupil diameter was not sensitive to task manipulations in either scenario. This was 

surprising, since the relation between pupil diameter and mental workload is so well 

documented (Rodriguez-Paras et al., 2016; Kahneman & Beatty, 1966). In the early phases of 

this study we contemplated that ambient lighting from LCD monitors might influence the 

pupil diameter, although the effect has been found in simulated settings before (Marquart et 

al., 2015). However, the limited results might stem from the number of LCD monitors. The 

simulator that was used for this study consisted of six 52” LCD monitors surrounding the 

participant, while it is more common to use 3 monitors which only cover 180 degrees (e.g., 

Coyne & Sibley, 2016). Although there is no normalization for what constitutes a large pupil 

diameter, the diameters found in this study range on average from 2.39 mm to 2.71 mm. 

Physiologically it is possible for the eye to reach a dilation of 3 to 8 mm (Winn, Whitaker, 

Elliott, & Phillips, 1994). The intensity of the ambient lighting might have limited the 

sensitivity of the pupil diameter.   
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The EDA was sensitive to the task manipulations in both scenarios. But, the found 

effects were opposite to what we expected. The intensity of arousal decreased with an 

increase of task difficulty. The results might have been influenced during the calibration of 

the signal. The calibration of the signal was performed just after the introduction of the study, 

it could be so that the captain was nervous or excited. This might have influenced the baseline 

to be higher.  

Three parameters were extracted from the ECG data. Only the heart rate averages of 

the racecourse scenario increased significantly with increased task difficulty. The HRV 

measure was sensitive to changes in task manipulations in the hoisting operation scenario, but 

these changes were not significant. The LF/HF ratio of HRV was not sensitive either. It is 

difficult to explain these results. It might result from task manipulations being too small to be 

measured with an ECG. Especially, since the HRV is such a well-documented measure for 

mental workload (Berntson et al., 1997).  

To summarize, part of the primary performance instruments, the RSME, and part of 

the physiological measures were sensitive to the manipulations in task demands. The 

oxygenation levels did not change as we expected them to. We conclude that we were 

partially unable to reproduce cited studies  of the effect of task demands on the used mental 

workload instruments (PDT reaction time, Vlakveld et al., 2015; NASA-TLX, Hart & 

Staveland, 1988; pupil dilation, Rodriguez-Paras, Yang, & Ferris, 2016; oxygenation, Ayaz et 

al., 2011; electro dermal activity, Hogervorst, Brouwer, & Van Erp, 2014; heart rate 

variability and LF/HF ratio of heart rate variability, Berntson et al., 1997). 

4.2 Correlations 

The correlations tried to shed light on convergent validity through alternative 

measures of the same latent construct. The diverging results of the various mental workload 

indices indeed pose a complex question. The correlations did not substantiate any claim for a 
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unitary mental workload response. In either scenario there were weak correlations, while part 

of them were in the opposite direction of the expected polarity. Not to say there were not any 

correlations, but as previously discussed some might have been due to chance. It is 

remarkable that the RSME, PDT hit rate, and heart rate did not correlate strongly, yet were the 

most sensitive indices in the racecourse scenario. This further substantiates the necessity of 

following the guidelines published by O’Donnell et al. (1991) and the AERA et al. (1999).  

There were different imaginable reasons for the lack of converging validity of the 

different indices. The latent construct of mental workload is approximated by the instruments 

that correlate with it. Not being able to find strong evidence for the latent construct could 

indicate that the measurement model contains errors. Possibly, a single measure might reflect 

mental workload and the other indices measure different constructs. There might also be 

variations on the individual level within the different measurements. A study on the 

autonomous nervous system suggested that there can be differences between the reactions of 

individual systems (Christie & Friedman, 2004). Therefore, mental workload indices might be 

different for individuals as well. If this were the case, then analysis of such a construct should 

take place on an individual basis.  

In another perspective, assuming that mental workload is a general latent construct can 

be incorrect. When the task demands increase, there might be multidimensional underlying 

cognitive systems as described by Wickens (2002). For example, within the processing stages 

the resources for perception and cognitive activities appear to be the same. These resources 

are separate from the resources for the selection and execution of a task. The PDT required 

the participant to be aware of the signal (perception), and to press the trigger (execution). 

Taxing resources from different stages might result in a lack of effect when measuring 

performance. 
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 Independent of the dimension that is being taxed, if an increase in task difficulty 

would elicit use of an abundance of these cognitive systems, then any singular activated 

system can be a mental workload measure. However, this does not automatically mean that 

the cognitive systems should correlate between the individuals. This is also reflected by the 

fact that we were not able to significantly distinguish different workload dimensions with a 

correlation analysis.  

4.3 Individual Analysis 

The individual analysis tried to approach the question whether the results were due to 

the experimental design or construct validity. It was evident from the individual analysis that 

high values on primary performance criteria did not result in consistent values that represent 

the increased task demands on secondary performance, subjective surveys or physiological 

measures. However, can it be assumed that the high values on the primary performance 

criteria represent difficulty with performing the task correctly? There are no norms for this, 

although a practical approximation can be made. For example, what would constitute a high 

deviation in distance from the ideal line? The tugboat used in the simulator is 32 m long and 

11 m wide, and the distance between the buoys is 45 m in zigzag F. Captain #20 deviated 24 

m on average from the ideal line. Even if we would not relate this 24 m to the scores of the 

other captains, we would argue that this is a high deviation from the ideal line. It is striking 

that captain #20 is represented by high values in all but one primary performance criterion. 

All the more reason to think that he of all probably experienced a high mental workload. 

However, he only scored substantially higher than the mean values of time and the RSME. 

This might serve as evidence that we were unable to capture the manipulated task demands, 

which apparently at least did exist for captain #20, with all the instruments and indices that 

were employed.   
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4.5 Recommendations for Future Research 

It remains interesting for future authors to investigate which cognitive systems 

correlate with mental workload. However, a lack of a universal definition creates more 

ambiguity towards the study of mental workload. If one wants to measure something that is 

not clearly defined, the data will be much harder to interpret. Another recommendation is to 

be aware of individual differences in the responses to the instruments. Individual differences 

towards sensitivity might indicate that it is functional to create indices on a personal level. It 

is also useful to be aware of the complexity of task demands that is presented to the 

participant in a practical simulation like in this study. We tried to manipulate task demands, 

but did not exactly define how the task demands would increase. There might be interactive 

effects between the various ways the task demands were manipulated, which makes it harder 

to define what influenced the increase in difficulty. There will always be a trade-off when 

validating the instruments in an applied environment, instead of a laboratory where one has 

more control of the manipulations that are presented to the participant.  

There is a discrepancy between the manner in which the difficulty level is manipulated 

in this study, and the way it is often done in other studies. Within the racecourse scenario we 

employed various unique maneuvers or slight manipulations of the same maneuver (the 

zigzag maneuvers). It is hard to quantify the variations in difficulty level if executed in this 

manner, especially when comparing our method with other methods of manipulating the 

difficulty level. For example, in Matthews et al. (2014) the difficulty level was manipulated 

by increasing the frequency in which the stimulus was presented. Hogervorst et al. (2014) and 

Mehler et al. (2009) employed an n-back task, where participants have to call out a number 

after it has been presented. Difficulty was then increased by instructing to call out the number 

that was presented one or two times before the current number. Another study conducted by 

Verwey and Veltman (1996) involved loading tasks for increasing time intervals. By 
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influencing the difficulty level via nominally defined criteria, we made it harder to distinguish 

and validate difficulty levels in comparison to influencing the difficulty level on an interval 

level. Within the hoisting operation we influenced the swell of the ocean. Although this is 

easier to quantify, we probably manipulated the difficulty level too subtly in the hoisting 

operation scenario. Therefore it is recommended to clearly define (in a quantitative manner) 

what is supposed to be a certain difficulty level. This could be realized in a pilot study, which 

also could function to check if measurement instruments work as intended. An analysis of 

individual data might indicate what sort of manipulations can be employed to influence the 

difficulty level. Lastly, Appendix B describes a practical evaluation of the instruments which 

may prove useful for further studies using the same hardware and software.  
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Appendix A. Theory of multiple test corrections. 

Large numbers of correlations were calculated per scenario. By analyzing this much 

data in one matrix one is bound to find some significant results by chance. For the previous 

question of sensitivity this could be remediated by correcting via the Bonferroni procedure. 

However, the Bonferroni method is too strict when a high number of measures are correlated 

concurrently (e.g., a .05 α criterion becomes .05  / 100 = .00005). The odds of running into a 

Type II error increases with the increase of compared measures. There are alternatives to the 

Bonferroni method that are less strict when the amount of comparisons is large. Common 

suggestions for a correction for multiple comparisons are the (1) False Discovery Rate 

(Benjamini & Hochberg, 1995), (2) the Šidák correction (Šidák, 1967), and (3) the Holm–

Bonferroni method (Holm, 1979).  

The False Discovery Rate is an application of Bayes’ rule which calculates the 

probability (Rate) that no false positives were found. The FDR controls for the expected 

proportion (the prior in Bayes’ rule) of statistical significant results that are false (Type I 

error). The FDR method is less strict when controlling for Type I errors than procedures for 

familywise error rate corrections such as the Bonferroni procedure. The FDR procedure by 

Benjamini and Hochberg (1995) is valid when the tests are independent, with the exception of 

some scenarios in which the tests can be dependent (Benjamini & Yekutieli, 2001). However, 

the adjustment for the dependence of the tests is replaced by the requirement for a positive 

correlation between tests (Hommel, 1988).  

The Šidák correction (αsidak = 1 – (1 – α) 1/n, with n being sample size and α = .05) is 

only slightly less strict with its’ allowance of Type I errors than the Bonferroni correction 

(αbonferroni = α / k, where k is the number of tests). For example, for the racecourse scenario 

intercorrelations (106 tests and a sample of 20) that would be αsidak = 0.00256 and αbonferroni = 

0.00047. The Šidák correction is an improvement over the Bonferroni correction. However, 
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the Šidák correction assumes that the individual tests are independent (Šidák, 1967), and that 

is probably not the case in this calculation of the intercorrelations of mental workload 

measurements. 

The Holm-Bonferroni method employs a version of the Bonferroni correction in a 

sequential manner to correct for familywise error rates when comparing multiple tests. This is 

performed by sorting all p-values from smallest to largest, let m be the number of p-values. 

Give all p-values an index (i), starting with the smallest (e.g., smallest p-value gets index 1). 

The Holm-Bonferroni correction is then calculated as follows, new p-value = (m – i + 1) * 

original p-value. These new p-values can then be evaluated with the alpha criterion of choice, 

which is the standard .05 in this case.  

The assumptions of dependency for the FDR and Šidák correction were violated in the 

case of this study. It is possible to adjust for the dependency and need for positive dependency 

of the FDR, however the Holm-Bonferroni offers more elegance since no assumptions are 

violated at all. The Holm-Bonferroni method always has the same or more power than the 

classic Bonferroni correction (Holm, 1979). Considering the different methods outlined 

above, the authors chose to employ the Holm-Bonferroni method to adjust for multiple 

comparisons.  
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Appendix B. Implementation Requirements 

The implementation requirements of the instruments included an evaluation of the 

practical limitations related to software and training needed to use the instruments. In contrast 

to the previous analysis, this was a qualitative report of experience. Four categories of 

instruments were employed, (1) primary performance measures, (2) secondary performance 

measures, (3) subjective reports, and (4) physiological measures.  

The data were collected with four independent incoming streams of data. Namely, (1) 

the simulator itself, (2) video cameras, ECG, EDA, and the eye-tracker, (3) FNIRS, and (4) 

PDT. The independent data streams were practically synchronized, because we started all 

systems at the same time. Later on in the analysis of the data we found out that this 

assumption was sometimes violated, as explained in more detail below. The primary 

performance data were post processed with MATLAB software. Extensive knowledge of this 

software package was needed to calculate the ideal line, and the distance to this line for each 

captain. However, the time intervals of the maneuvers were selected via data stream #2. The 

analysis of the simulator data logs did not make sense, because the time intervals from stream 

#2 were not in sync with the data from steam #1. We corrected the time intervals for this 

discrepancy, but it is important to note this for future research of studies like these within the 

simulator laboratory at MARIN. On a different note, the analysis of the data was impractical 

because time intervals were unique per captain per experimental run. Thus, it was impossible 

to automate much of the analysis. Additionally, the synchronized time intervals still had to be 

imported manually within the different software packages. This does not hinder the possible 

analysis, but it is relevant to be aware of this when designing a study like this in order to make 

an estimate about the time that is needed to perform the analysis. Next, experiences with the 

hardware and software will be described. 



MENTAL WORKLOAD MEASUREMENT  

55 
 

The PDT apparatus consisted of a dedicated server that wirelessly communicated with 

the device with the LED in the peripheral vision of the participant. The setup of the dedicated 

server required some IT knowledge about networks. It was a very reliable device, batteries 

lasted long enough for this study as well. It was not possible to use signal detection theory 

(sensitivity to the signal) on the data logs, since false alarms were not logged. A downside to 

the PDT was the trigger that needed to be pressed when a signal was presented, because the 

captain was already using his hands to control the tugboat. The subjective reports were 

conducted with pen and paper. One way to make this data collection more practical is to 

create a digital version, so that the data is easily transferred into SPSS.  

The ECG (BioPac ECG100C) was unobtrusive to the participant, and the data was 

collected reliably. Even though the data was collected reliably, a third of the data could not be 

analyzed correctly because of noise in the signal. Presumably this resulted from a high body 

mass index in some of the captains. The EDA (BioPac EDA100C) signal was reliable and the 

device worked as intended, however the electrodes connected to the palm of the hand did 

disconnect on occasion. We tried to tape over the electrodes, but this did not always fix the 

problem. Both the EDA and ECG data were analyzed with the AcqKnowledge software. It 

was easy to extract the heart rate, heart rate variability, and LF/HF of HRV from the data.  

The FNIRS equipment was practical to set up, very resistant to movement artifacts, 

and the signal had little to no noise in it. However, the signal was not reliable. Sometimes the 

signal disconnected, and we were not able to recognize what the issue was. Additionally, the 

software did not offer an error message when the signal had disconnected. It was possible to 

see that it did, but without a warning we had to be watching the recording of the data 

carefully.  

Lastly, the eye-tracker was easy to use. It offered much mobility to the user, and the 

calibration only took a brief moment. Nonetheless, it was not possible to monitor the data 



MENTAL WORKLOAD MEASUREMENT  

56 
 

collection in real time. This increased the risk of missing out on data. The mobile phone 

which stored the data became increasingly hot during the experiment, and the battery would 

only last fifty minutes. 


