
 

© 2020 (Muñoz-de-Escalona, Cañas & Noriega) This is an open access article licensed under the 

Creative Commons Attribution-NonCommercial-NoDerivs License  

(http://creativecommons.org/licenses/by-nc-nd/4.0/) 

 

 

Psicológica (2020), 41, 103-126 

doi: 10.2478/psicolj-2020-0006 
 

Inconsistencies between mental fatigue measures under 

compensatory control theories  

Enrique Muñoz-de-Escalona1*, José J. Cañas1, Paulo Noriega2 

1Cognitive Ergonomics Group, Mind, Brain and Behavior Research Centre (CIMCYC), 

Department of Experimental Psychology, University of Granada, Spain  

2ErgoUX Lab, CIAUD, Faculdade de Arquitetura, Universidade de Lisboa, Portugal 

Mental fatigue has traditionally been defined as a condition of reduced 

cognitive efficiency and performance, accompanied by a subjective feeling of 

fatigue. Even though we could expect to find associations between the three 

defining characteristic of mental fatigue (performance impairment, 

physiological deactivation and subjective fatigue), research has shown that 

the emergence of inconsistencies between measures is more frequent than one 

might expect: people proved capable of maintaining adequate performance 

levels even after having declared themselves fatigued. This could be 

explained under the compensatory control mechanism models, which state 

that humans are able to provide additional resources under demanding 

conditions, but only at the expense of psychophysiological cost and subjective 

fatigue. We tested this explanation by manipulating task complexity and time 

performing a simulated air-traffic control task. We collected 

psychophysiological, performance and subjective data. A decrease in pupil 

size was seen in the low-aircraft-density condition, while pupil size remained 

constant in the high-aircraft-density condition. Participants’ task performance 

was optimal in both conditions, though they showed an increase in subjective 

feelings of fatigue, especially in the high-complexity task condition. Thus, 

complexity seemed to trigger compensatory mechanisms, which reallocated 

extra resources that physiologically activated participants in order to deal with 

a higher complexity task, whereas subjective fatigue could be acting as a 

signal to the organism of impending resource depletion. Our findings support 

compensatory control theories and offer an explanation of inconsistencies 

between fatigue measures. Further research on compensatory mechanisms is 

needed to enable better management of fatigue effects to prevent work-related 

accidents. 

Abbreviations. TOT: Time On Task, ATCo: Air Traffic Controller. 
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Human behaviour and mental activity require energy. In the same way 

that a car needs petrol and oxygen to move through streets, human beings 

need energy from food to perform mental and motor activities. In a sense, we 

could say that in the life sciences, research has followed a mechanistic 

paradigm according to which human machinery function depends on supplied 

energy. Thus, for instance, it is assumed that performance on a task will 

improve or deteriorate depending, among other things, on the quantity and 

quality of the energy (resources) supplied (Kahneman, 1973).  

An important feature of the mechanistic paradigm is the assumption 

that resources are limited and can be depleted. As a result, performance could 

be affected by the emergence of mental fatigue (Gopher and Donchin, 1986; 

Kahneman, 1973). Mental fatigue lowers mental alertness levels, and thus 

performance deteriorates (Grandjean, 1989) after long periods of ‘demanding 

cognitive activity which requires sustained mental efficiency’ (Lorist et al., 

2005). Therefore, mental fatigue has been considered responsible for 

performance decrements as well as the main cause of work-related accidents 

(Grandjean, 1989; Dawson, et al., 2011; Hopstaken et al, 2016).  

Many studies have tried to define and establish neuropsychological, 

psychosocial and even bio-mathematical models of fatigue (Dawson et al, 

2011). However, almost all models agree that fatigue has three well-

established components, two of which are observable (performance and 

physiological) and one of which is a non-observable subjective feeling. Thus, 

based on conventional definition of fatigue, it can be defined as the 

deterioration of task performance with Time on Task (TOT), accompanied 

by a decrease in physiological activation and the emergence of subjective 

feelings of fatigue. For this reason, mental fatigue has been approached with 

a methodology that includes three kinds of measures corresponding to the 

three defining characteristics of mental fatigue (Hockey, 2013):  

• Performance measures: this type of methodology is composed of 

primary task measures (e.g. nº of errors, reaction time, etc.) and 

secondary task measures (e.g. choice reaction-time tasks, time 

estimation, memory-search tasks etc.). The aim is to measure objective 

performance indexes in order to quantify the quantity and the quality 

of performed tasks. Mental fatigue would result in task performance 

impairment (Chalder et al., 1993; Smets et al., 1995; Van der Linden, 

et al., 2003; Barker and Nussbaum, 2011; Vrijkotte, et al., 2018). 

• Subjective measures: this sort of methodology includes all self-

reported measures (e.g. NASA Task Load Index or Multidimensional 

Fatigue Inventory (MFI) (Smets et al., 1995)). The aim is to obtain 

easy and low-cost subjective data about perceived mental fatigue. 
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Mental fatigue would induce a subjective feeling of fatigue (DeLuca, 

2005; Kanfer, 2011). 

• Physiological measures: this type of methodology comprises every 

physiological response to mental activation (e.g. pupil diameter, heart 

rate variability (HRV), electroencephalogram (EEG), etc.). The aim is 

to collect objective physiological data, which reacts to mental fatigue. 

Literature research has shown that physiological changes arise when a 

person is experiencing mental fatigue (Kohl, 2016). EEG 

measurement techniques are considered one of the most effective 

methods for assessing mental fatigue, as reflected by numerous 

studies. For example, Zhang et al. (2006) found that Approximate 

Entropy of EEG can serve as an index for detecting mental fatigue 

level (Zhang et al., 2008).  Moreover, it has also be found that relative 

wavelet packet energy in β, β/α, (α+θ)/ β frequency bands and wavelet 

packet entropy of EEG are strongly correlated with mental fatigue 

(Nie, 2005; Zhang and Yu, 2010). Shen et al. (2008) tested an EEG-

based mental fatigue monitoring system using a probabilistic-based 

support vector-machines (SVM) method, which provided a valuable 

estimation of confidence in the prediction of mental fatigue. On the 

other hand, eye parameters such as pupil dilation, blinks, fixations and 

saccades have also been widely used for estimating mental workload 

(Hess & Polt,1964; Beatty,1982; Nakayama et al., 2002; Bailey & 

Iqbal, 2008; Di Stassi et al., 2010; Jainta and Baccino, 2010; Benedetto 

et al. 2011; Lemonnier, Roland and Baccino, 2014; De Alwis, 2017; 

Yokoyama et al. 2018) as well as for mental fatigue (Roy et al., 2014; 

Horiuchi, 2017). Researchers have found high positive correlations 

between pupil diameter changes indicative of decreased physiological 

activation and the amount of resources used to perform certain tasks 

(Kahneman and Beatty, 1966; Beatty and Lucero-Wagoner, 2000; 

LeDuc, et al., 2005; Van Orden et al., 2001; Ahlstrom and Friedman-

Berg, 2006). For example, Hopstaken et al. (2015) found that 

increasing mental fatigue coincided with diminished stimulus-evoked 

pupil dilation; similarly, Hopstaken et al (2016) found that baseline 

pupil diameter significantly decreased with time on task throughout 

the experiment as fatigue increased, which was in line with the former 

findings.  

 

Presumably, since the three types of measures reflect the same concept, 

we would expect them to be interrelated. In other words, we would expect 

correlations within measurements (associations), in such a manner that we 

could be able to detect fatigue with each kind of measure independently. 
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However, research has found inconsistencies (disassociations and 

insensitivities) between measures more frequently than one might expect 

(Johnson, et al. 1997; Johnson, et al.1998; Paul et al., 1998; Krup and Elkins, 

2000; Christodoulou, 2005; DeLuca, 2005; Bailey, et al. 2007; Bruce et al., 

2010; Walker et al., 2012; Ishii et al., 2013; Hockey, 2013, Hancock, 2017). 

An insensitivity occurs when a workload measure does not reflect any change 

with a change in task load, whereas a dissociation takes place when that 

measure contradict the change in task load (Hancock, 2017). For example, it 

has frequently been found that people performing prolonged difficult tasks 

have exhibited no discernible perfomance decrements even after having 

declared that they are fatigued (for a review see Hockey, 2013). Additionally, 

as Gilbert (2009) has stated, most inconsistencies have involved the 

subjective component of the individual. At this point, it is unclear why such 

discrepancies between the results for different types of measures which are 

supposed to be measuring the same construct are so common, and the issue 

of how and why in certain situations fatigue does not affect performance or 

physiological activation when a person claims feeling fatigued requires 

explanation and further investigation. 

With that in mind, some researchers have proposed new resource 

theories which postulate the existence of a compensatory control mechanism 

that regulates performance under stress and high mental workload conditions. 

Specifically, the function of this mechanism is to provide additional resources 

dynamically, depending on the level of stress and mental workload 

experienced. Thus, task performance will not necessarily be impaired in 

demanding and fatiguing conditions (e.g., a high-complexity task) due to this 

provision of extra resources needed to perform the task successfully, but at 

the expense of psychophysiological cost and subjective fatigue. Hockey 

(1997) proposed the compensatory control model of fatigue, which asserts 

that 'the maintenance of performance stability under demanding conditions is 

an active process under the control of the individual, requiring the 

management of cognitive resources through the mobilisation of mental effort' 

(p.78).  

The compensatory control model of fatigue makes a distinction 

between two levels of control (Figure 1): a lower control loop, which 

manages routine regulatory activity, and an upper loop, which is needed to 

deal with harder challenges to performance. Even initially, executive control 

is exerted to the extent that the achievement of a selected task goal (G) is 

prioritized over many other possible contender goals. However, the other 

possible goals (g1, g2, etc) remain relevant to motivational needs of the 

individual (rest, change task, etc.). But if strain is detected in the lower control 

loop, the upper control loop kicks in. A choice is made between two possible 
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options: 1) increasing effort (reallocating extra resources) to protect 

performance from impairment, with an increase in costs or 2) maintaining the 

current level of effort with minimal costs, despite the risk of performance 

decline (either maintaining the current  goal with a lower performance 

standard or displacing the goal with one of the competing goals). In either 

case, the feeling of fatigue is expected to disappear as strain becomes extinct 

(Hockey, 2011). 

 
Figure 1. Compensatory control model of fatigue (after Hockey 1997) 

 

Therefore, as Hockey (2011) suggests, ‘the subjective fatigue state may 

be identified broadly with the outcome of the monitoring process, which 

detects control problems and the need for greater effort’(p.18), hence ‘within 

the context of an effort-fatigue compensatory loop a sensed need for greater 

effort reflects the same affective state as a sensed increase in discomfort of 

fatigue’(p.18). 

Even though there are some studies whose results are consistent with 

Hockey’s compensatory control model (Sauer et al 2003; Venables and 

Fairclough 2009), we think further research is needed to strengthen 

compensatory control theories, particularly in relation to inconsistencies 

between fatigue measures. To address that need, and to provide greater 

knowledge about the phenomenon of mental fatigue, we conducted the 

experiment reported herein. 

The main objective of this study is to test whether measurements of the 

aforementioned three aspects of fatigue correlate or not and, if the latter 

happens, to gather evidence regarding how and why such inconsistencies 
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between measures occur, using the compensatory mechanism approach as our 

conceptual framework. 

We manipulated two independent variables in this experiment. The first 

independent variable was ‘Time on Task’ (TOT), whereas the second 

independent variable was task complexity. An intuitive approach would lead 

us to believe that both of them are factors that can cause mental fatigue (Stern, 

1997): Resources will run out as time is spent on task performance, so the 

more time is spent, the fewer resources will be available and therefore the 

level of mental fatigue will be greater. Moreover, it could also be assumed 

that task complexity determines the quantity of resources dedicated to a task, 

so that more complex tasks require more resources. Hence, the more complex 

the task is, the greater resource depletion will be with TOT and thus, the 

greater the level of mental fatigue. For example, we may think that the end 

of the working day would be a more likely time for work-related accidents 

than the beginning of the day, due to fatigue caused by resource depletion, 

especially with high complexity tasks. 

Our hypothesis is that, in line with recent empirical findings (see a 

review in Hockey, 2013), we will find dissociations between the three kinds 

of fatigue measures when testing the effects of these two factors, TOT and 

complexity, that can be explained in terms of compensatory control 

mechanisms. Moreover, we predict that particularly subjective fatigue will 

not correlate with the physiological (pupil size) or performance indices 

because subjective fatigue functions as an alarm signal regarding resource 

depletion that kicks in even while there are still enough resources to perform 

the task properly, as high physiological and performance index scores would 

be reflecting. 

The effects of TOT and complexity were tested in an air-traffic control 

simulation experiment in which participants were trained and instructed to 

avoid conflicts between aircraft. This complex and dynamic task allowed us 

to observe the possible effects of our manipulated independent variables, as 

well as our measured dependent variables. Participants performed the task for 

120 minutes while their performance, pupil diameter and feelings of fatigue 

were measured. 

MATERIALS AND METHOD 

ATCLab-Advanced software. The software used for simulating ATCo 

tasks was an air traffic simulator called ATCLab-Advanced, which is available 

for free public download. (Fothergill et al., 2009) (see Figure 2). It provided 

a high level of realism as well as a simplified and easy handling, which 
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allowed it to be used by all participants in several learning sessions. 

Additionally, it allowed strong experimental control of air traffic scenarios 

parameters.  

For scenario development, first, the static characteristics of the 

simulation environment (control sector size and possible pathways through 

which aircraft could travel) were defined. Next, aircraft quantity (density) 

and initial aircraft parameters (altitude, assigned altitude, speed, time of 

appearance on stage and planned route) were defined for each aircraft 

presented in the scenario.  

Finally, we note that the ATCLab-Advanced simulator provided 

participants with every needed tool to carry out the ATCo task, such as the 

route (the aircrafts’ fixed route was displayed), distance scale (which allows 

horizontal aircraft distance measurement) and altitude and speed change 

tools. Once the structural and dynamic scenario parameters were established, 

a file that could be launched by the simulator was obtained. This file recorded 

a ‘.log’ file with performance data (tools used during the task and aircrafts’ 

parameters) for each participant during simulation.  

Scenarios. Scenarios used in the study varied according to whether the 

participant was in the training or the experimental stage. Thus, during the 

training sessions, the standard scenarios provided by the software creator 

software were used, but a specific scenario was programmed by the 

experimenters to achieve experimental session goals. This specific scenario 

was programmed with two different experimental conditions.  

The structural features of both experimental conditions were identical, 

that is, identical control sectors and routes, as well as the same number of 

total initial number of aircraft (9) and number of aircraft under participant 

control (6). For a better understanding, refer to Figure 2, which represents the 

initial simulator screen presented to participants; the capital black letters 

(starting route spots) do not appear on the radar screen.  

Several differences in dynamic scenario parameters were established 

according to the scenario used in each condition:  

1. Low aircraft density scenario (low-complexity task condition): A 

total of 35 aircraft were presented, with 25 coming from external 

locations A,D,E,F,W,P,N,L,M and Z and 10 from inner locations C 

and J. More specifically, 3 aircraft came from A,D,E,F and W; 2 from 

P,N,L,M and Z; 6 from J (4 coming to P and 2 to A); and 4 from C 

(coming to A,D,E and F respectively).  

2. High aircraft density scenario (high-complexity task condition): A 

total of 70 aircraft were presented, thus double the density of the low 

aircraft density condition. 50 came from external locations 



 E. Muñoz-de-Escalona, J.J. Cañas and P. Noriega 110 

A,D,E,F,W,P,N,L,M and Z and 20 from inner locations. Specifically, 

6 each came from A,D,E,F and W; 4 from P,N,L,M and Z; 12 from J 

(8 of them coming to P and 4 to A); and 8 from C (coming to A,D,E 

and F respectively). 

 

It should be noted that, traffic density is always variable in the sense 

that the number of flights cannot be keep exact during the whole 2 hours 

session, as this would not be realistic. In this sense, there is a small intragroup 

variation, which was designed to be equivalent in both conditions. 

 

 
Figure 2. ATCLab-Advanced software initial screenshot presented to participants 

 

Procedure. Participants had to perform the ATCo tasks with the 

previously described ATCLab-Advanced software, so they had to learn how to 

use it before proceeding through the experimental stage in which the 

performance data were collected. Thus, we established 2 distinct stages:  

1. Training stage: This took place for a total of 2 hours over 2 consecutive 

days, 1 hour of training each day. The main objective of this first stage 

was for participants to familiarise themselves with the software so that 

they could handle it comfortably during the experimental stage. The 

training stage procedure was as follows: during the first day, 

researcher explained the participants their main task goal (maintaining 

air traffic security and preventing potential conflicts between aircraft), 

they started reading a short manual about the operation of the simulator 
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for about 20 minutes and were asked to call the researcher once they 

had finished. Later, the participants sat in front of the running 

simulator while the researcher reviewed the manual in detail with the 

participants to ensure both correct understanding of the task and the 

assimilation of knowledge through content review. Participants then 

started using the simulator on their own while the researcher executed 

different air traffic control scenarios in order of difficulty (3 

scenarios). The participants had free access to both the manual and 

researcher at all times in case of doubts or questions. The researcher 

also periodically checked the participants’ performance to monitor 

their learning. Through the second day, participants would continue 

working through scenarios (4 in total) in order of increasing difficulty, 

under the same conditions as the previous day. Once the training 

period concluded, participants were ready for the experimental 

session, which took place the next day.  

2. Data collection stage: The aim of the data collection stage, which 

lasted a total of 2 total hours, was to collect experimental performance 

data from participants while they performed ATCo tasks. Both 

objective (physiological and execution data) and subjective (mental 

fatigue subjective index) data were collected. The participants were 

told the differences between the training and experimental stages, 

which were as follows: First, they would perform ATCo tasks in front 

of an eye-tracker system that had been previously calibrated. 

Secondly, participants were instructed to fill in the mental fatigue scale 

every 5 minutes, when a scheduled alarm sounded. The whole session 

lasted 2 hours. Once the differences were explained, participants began 

the task, with participants working in the low-aircraft-density 

condition (35 aircraft) or in the high-aircraft-density condition (70 

aircraft). At the end of the session, the participants were thanked and 

given extra study credits. 

 

Tobii T120 eyetracker. To obtain the pupil diameter variable, an 

infrared-based eye tracker system, the Tobii T120 Video System was used. 

This system achieves a minimum accuracy of .01 mm, is completely non-

intrusive and provides high precision and an excellent head compensatory 

movement mechanism, which ensures high-quality data collection. In 

addition, the freedom of movement it offers participants allows them to act 

naturally in front of the screen, as if it were an ordinary computer display. 

Subjective mental fatigue scale. We needed an on-line subjective 

mental fatigue measure, thus we developed an easy and intuitive subjective 
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instant self-assessment fatigue scale with which participants could write 

down how much fatigue they were currently experiencing. The scale was 

designed to elicit a response at every 5-minute interval throughout the 2 hours 

of the experimental stage. The scale ranged from 1 ‘no mental fatigue’ to 5 

‘maximum mental fatigue’, presented from left to right in ascending amount 

of fatigue experienced. Participants were taught to use the scale just before 

experimental stage begin and were instructed about mental fatigue concept in 

order to avoid possible confusion with similar concepts such as workload or 

frustration (See Figure 3). 

 

Figure 3. Instantaneous self-assessment subjective fatigue scale 

 

Participants. Seventy psychology students at the University of 

Granada participated in the study for extra course credit. Participants were 

divided into 2 groups, 34 participants in the low complexity condition and 36 

participants in the high complexity condition. Participants’ ages ranged from 

18 to 27, with an average of 21.6 and a median of 20. A total of 56 women 

(80%) and 14 men (20%) participated. This gender imbalance is likely the 

result of the fact that psychology students at University of Granada are mostly 

women. A further requirement was that none of the participants had any 

previous experience in ATCo tasks. Informed consent was obtained from 

each participant. 

This study was carried out in accordance with the recommendations of 

the local ethical guidelines of the committee of the University of Granada 

institution called “Comité de Ética de Investigación Humana”. The protocol 

was approved by the “Comité de Ética de Investigación Humana”. All 

subjects gave written informed consent in accordance with the Declaration of 

Helsinki. 
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Experimental room conditions. Sessions were held in several 

different rooms, depending on whether the participant was in the training or 

data collection stage: During the training stage, participants could work in 

one of three different rooms equipped for training with the simulator, and no 

special attention to room conditions was needed. However, during the data 

collection stage, standardizing room conditions was essential. Pupillary 

responsiveness is related to interaction of sympathetic and parasympathetic 

components and depends on three kind of reflexes: light, proximity and 

psychosensory reflexes (Beatty & Lucero-Wagoner, 2000). The 

parasympathetic component is highly sensitive to lighting conditions, thus 

lighting conditions were kept constant (55 lx measured at the eye by a 

calibrated luxmeter), with constant artificial lighting and no natural light in 

the rooms. Moreover, participants always sat into the same place, a 

comfortable chair spaced 60 cm from the eye-tracker system and the testing 

room was temperature controlled to 21ºC. 

Experimental design. The experimental design was a 22 X 2 Mixed 

Factorial. One of the independent variables, TOT, was a within-subjects 

factor. This variable had 24 intervals of 5 minutes, though the first 5-minute 

interval was taken as a baseline measure of the pupil diameter of each subject. 

In addition, we discarded the last interval from our analysis due to a high 

level of experimental noise during the last 5 minutes, which coincided with a 

researcher being present in the experimental room to oversee and end the 

session and would unintentionally increase participants’ arousal. The second 

independent variable was Task Complexity, which was measured by the 

number of aircraft (traffic density) entering into the sector. This variable had 

two levels, Low Complexity task (low aircraft density scenario) and High 

Complexity task (high aircraft density scenario). The dependent variables 

were task performance, pupil diameter, and subjective feeling of fatigue. 

Dependent measures. We operationalized the dependent variable 

‘performance’ by dividing the number of conflicts by total present aircraft 

number at a given time, since we thought that using only the number of 

conflicts as a performance measurement wouldn’t be an appropriate 

performance indicator, since it largely reflects air traffic density, so that way, 

it wouldn’t be possible to establish comparison between the two traffic 

density conditions. It is worth noting that a conflict between 2 aircraft takes 

place when the safe distance between both aircrafts, either horizontal (5 

nautical miles) or vertical (1 thousand feet), is violated. In order to quantify 

the number of conflicts per interval, a specific software was designed to 

analyze .log files provided by the ATC simulator. 

For the physiological measure (pupil diameter), while our eye tracking 

system allows continuous sampling rate recording at 120Hz, we set a total of 
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24 intervals lasting 5 minutes each to facilitate subsequent analyses. 

However, given high inter-individual variability relative to average pupil 

size, we followed the recommendations provided by Sebastiaan Mathôt et al 

(2018) about base-line correction of pupil-size data: we took the first interval 

(5 minutes) as a reference of standard individual average pupil size, which 

was then subtracted from the obtained value in each of the remaining 23 

intervals, thereby giving a differential standardized value that allowed us to 

compare participants. Analyses were carried out both for the left and right 

pupils. A negative value meant that the pupil was contracting while a positive 

value meant that it was dilating. 

Subjective mental fatigue was obtained on-line by the instant self-

assessment fatigue scale explained above 

RESULTS 

We used a two-way, mixed factorial ANOVA to analyse obtained 

results. First, we can see in Figure 4 that air traffic control task performance 

was optimal; thus, participants were able to avoid the vast majority of 

conflicts. However, in the ANOVA, the main effect of traffic density turned 

out to be significant (F (1,68) = 89.5, MSe = .002, p <.05; η2 = .57). As 

expected, average performance was better in the low-aircraft density 

condition than in the high-aircraft density condition, which shows that our 

independent variable manipulation of task complexity proved to be effective. 

Furthermore, the main effect of interval also proved to be significant: F 

(21,1428) = 12.51, MSe = .001, p <.05; η2 = .16). Thus, we noted a lower 

performance peak, which coincides with the maximum air traffic intensity 

peak on both conditions. This effect could not be considered a fatigue effect 

since it happens at approximately half of the total performance time but not 

at the end as would be expected if fatigue were the cause. We also found that 

the interaction of traffic density x TOT was significant: F (21,1428) = 4.22, 

MSe = .006, p <.05; η2 = .05. However, we consider this interaction effect 

very small and difficult to interpret. Baseline measurements between groups 

were very similar (low complexity: .11; high complexity: .14) and presented 

no significant differences (t (1,68) = -.51, p >.05). 
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Figure 4. Participants´ performance during task development 

 

For pupil diameter, considering that all participants presented no ocular 

abnormalities, and left and right pupil measurements were highly correlated 

both for low (r = .92; p<.01) and high-complexity (r = .79; p<.01) conditions, 

only data recorded from the left pupil were used for further analyses. The 

main effect of traffic density was found to be significant for pupil diameter 

(F (1,68) = 5.95, MSe = 0.47, p <.05; η2 = .08). In other words, average pupil 

size was smaller in the low complexity condition than in the high complexity 

condition. We also found a significant main interval effect for pupils (F 

(21,1428) = 6.22, MSe =.13, p < .05; η2 = .08). Figure 5 shows a decrease in 

the pupil diameter variable until the fifth interval, from which it increases 

from interval 5 to 6, stabilizing from then until the last interval. However, 

this interval effect must be considered in light of its interaction with the traffic 

density variable, which also was significant (F (21,1428) = 2.49, MSe =.013, 

p < .05; η2 = .04). We can see how changes occur in the variable depending 

on air traffic density, that is, depending on task complexity level. As shown 

in Figure 5, an identical decrease in pupil diameter occurred in both 

experimental conditions until interval 2. Nevertheless, from then on, pupil 

diameter continued to decrease in the low aircraft density condition, 

stabilizing in the sixth interval and then slightly increasing again, while it 

remained constant in the high aircraft density condition. Trend analysis 

revealed a quadratic trend in pupils (F (1,33) = 27.25, MSe = .91, p <.01; η2 

= .45) in the low-aircraft density condition. Baseline measurements between 

groups were very similar (low complexity: 3.55mm; high complexity: 

3.53mm) and presented no significant differences (t (1,68) = .176, p >.05). 
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Figure 5. Participants´ left pupil diameter differences from baseline in mm, during task 

development 

 

As shown in Figure 6, a linear increase in subjective experienced 

fatigue occurs over time, although we found a greater increase in the high-

complexity task condition. The main effect of traffic density on task was not 

significant (F (1,68)  = .94, MSe = 11.96, p >.05; η2 = .01). However, the 

interval main effect turned out to be significant (F (21,1428) = 80.5, MSe .47, 

p <.05; η2 = .54). Thus, a significant variation in subjective fatigue occurred 

over the intervals, assuming an upward linear and quadratic trend, given a 

linear (F (1,68) = 230.64, MSe = 3.24, p <.05; η2 = .78)  and a quadratic (F 

(1,68) = 21.3, MSe = 1.9, p <.05; η2 = .24)  contrast test. Lastly, the 

interaction between the two variables was significant, (F (21,1428) = 1.99, 

MSe .47, p <.05; η2 = .03), maintaining linear and quadratic trends on both 

low-aircraft (F (1,33) = 77.07, MSe = 279.14, p <.01; η2 = .7 & F (1,33) = 

11.37, MSe = 6.41, p <.05; η2 = .16) and high-aircraft (F (1,35) = 168.55, 

MSe = 485.36, p <.01; η2 = .83 & F (1,35) = 15.91, MSe = 31.72, p <.01; η2 

= .31) density conditions, respectively. The quadratic trend could be 

interpreted as a ceiling effect: participants reached the maximum level of 

fatigue. Regarding subjective fatigue baseline measures, there exist a 

difference of .18 between groups (low complexity: 1.24; high complexity: 

1.06), which represents less than 1% of difference. Nevertheless, we found 

this difference statistically significant (t (1,68) = 2.19, p <.05) and despite it 

-0,3

-0,25

-0,2

-0,15

-0,1

-0,05

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

D
if

fe
re

n
ce

s 
fr

o
m

 b
as

el
in

e 
in

 m
m

Intervals

Left pupil size evolution from baseline with TOT

Low traffic density High traffic density



Inconsistencies between mental fatigue measures under compensatory control theories 117 

could be due to the low variance error in the ANOVA, this partly limits any 

inference on this variable. 

 

 
Figure 6. Participants´ subjective mental fatigue during task development 

 

Finally, we performed a bayesian correlation analysis in order to assess 

the probability of the null hypothesis being true (it contrasts the likelihood of 

the data fitting under the null hypothesis with the likelihood of fitting under 

the alternative hypothesis). In Bayesian statistics, a Bayesian Factor B01=1 

means no evidence in favour of either the null hyphothesis or the alternative. 

Bayesian Factors < 1 denote evidence inclined toward the alternative 

hypothesis, while Bayesian Factors > 1 denote evidence inclined toward the 

null hypothesis (Jarosz and Wiley, 2014). As depicted in Table 1, we could 

not find correlations between pupil diameter and subjective fatigue measures 

for either low (r = -.13; p>.05; B01=3.28) or high-complexity (r = -.12; p>.05; 

B01=.3) conditions. Similarly, we could not find correlations between 

subjective fatigue and performance measures for either low (r = -.26; p>.05; 

B01=1.95) or high-complexity (r = .38, p>.05; B01=1.19) conditions. 

 

Table 1. Correlation chart between measures 
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Pupil 
Subjective 

Fatigue 
Performance Pupil 

Subjective 
Fatigue 

Performance 

 
Pupil 

Pearson 1 
-,130 

B01=3.28 
-,019 

B01=3.86 
1 

-,122 
B01=.3 

-,307      
B01=.67 

Sig. 
(bilateral) 

 ,553 ,931  ,581 ,154 

N 23 23 23 23 23 23 

Subjective 
Fatigue 

Pearson 
-,130 

B01=3.28 
1 

-,261 
B01=1.95 

-,122 
B01=.3 

1 
,382       

B01=1.19 

Sig. 
(bilateral) 

,553  ,229 ,581  ,072 

N 23 23 23  23 23 

 
Performance 

Pearson 
-,019 

B01=3.86 
-,261 

B01=1.95 
1 

-,307      
B01=.67 

,382       
B01=1.19 

1 

Sig. 
(bilateral) 

,931 ,229  ,154 ,072  

N 23 23 23 23 23 23 

DISCUSSION 

Mental fatigue is defined as a condition of reduced cognitive efficiency 

and performance caused by excessive mental workload sustained over time, 

accompanied by a subjective feeling of being exhausted and physical 

discomfort. Hence, we could expect that a person experiencing mental 

fatigue would show task performance impairment, lower physiological 

activation and higher subjective mental fatigue.  In other words, we could 

expect to find associations between performance, physiological activation 

and subjective feeling of fatigue. 

 However, many authors have found that in certain situations where a 

decrease in performance was expected due to a highly demanding and/or 

lengthy task, no such decrease appeared (performance insensitivity). In these 

cases, people proved capable of maintaining adequate performance levels, 

even after having declared themselves fatigued (for a review see Hockey, 

2013).  

These results have led some authors to propose new resource theories 

that defend the existence of a compensatory control mechanism 

responsible for the ability to maintain high levels of performance and 

physiological activation, even when the individual feels fatigued. 

The results from our study supported the existence of such a 

compensatory control mechanism. Our findings revealed relative stable 

performance in both traffic density conditions, as participant’s performance 

was optimal; however, we did find differences in activity levels: Participants 

performing the low-complexity task experienced higher pupil diameter 

decrement, specifically during the first 5 intervals, than participants in the 

high-complexity task. From then on, in the high-complexity condition, pupil 

size remained stable, whereas a slight increase can be noted in the low-
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complexity condition until the end of the task (quadratic trend). On the other 

hand, we observed that subjective fatigue linearly increased in both groups 

(as trend analysis showed up) through the intervals, although we found a 

greater increase with TOT in the high-complexity task condition. Hence, our 

results showed: 

• Performance and physiological insensibilities: we would expect 

performance to get worse and physiological activation to get lower 

with TOT, especially in the high-complexity task. However, both 

remained stable at different levels throughout the whole task, and 

the latter even slightly increased in the low-complexity condition. 

• Dissociations between subjective and physiological/performance 

measures: taking into account the stability found on performance and 

physiological measures (at different levels), we would not expect 

subjective fatigue to appear with TOT. Nevertheless, our results 

revealed a steady subjective fatigue increase in both groups with TOT, 

being greater in the high-complexity condition. In other words, we 

did not find correlations between subjective fatigue measures and 

physiological/performance measures. 

 

We think these insensitivities and dissociations can be explained by the 

compensatory control mechanism approach. The compensatory mechanism 

modulates human performance, by reallocating resources when 

necessary, in order to successfully cope with the task: participants in the 

high-complexity task maintained a steady higher level of activation over time 

to deal with a higher complexity task. In contrast, participants in the low-

complexity task did not require that high level of activation and their levels 

decreased during the first intervals until they reached the appropriate 

activation levels for that lower task difficulty, slightly increasing from then 

until the last interval. Although we do not have a clear explanation about that 

slight increase in activation, we believe that the participant might be fighting 

against task disengagement and boredom by slightly increasing their 

activation level throughout the rest of the task. We must bear in mind that a 

2-hour low-complexity monitoring task can be very exasperating. Although 

good performance and stable physiological activation levels would not be in 

principle indicators of mental fatigue, subjective fatigue linearly increased in 

both conditions with TOT, especially in the high-complexity condition. This 

subjective fatigue increase would be higher in the high-complexity 

condition because a higher level of resources are being reallocated 

(effort) by the compensatory control mechanism in order to cope with a 

higher difficulty task. Hence, we could say that as Hockey (2013) has noted, 
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subjective fatigue acts as an organismic alarm signal against resource 

depletion (similarly to thirst or hunger), even when there are still enough 

available resources to tackle the task. 

In summary, the compensatory mechanism allows the individual to 

maintain good performance on task development with TOT, even under 

high difficulty conditions, and this will be reflected by higher 

physiological activation. But we can also state that this need for greater 

effort would result in subjective fatigue feelings, which act as an alarm 

signal against resource depletion in such a manner that the more 

resources are being reallocated (higher effort), the more subjective 

fatigue increases. Thus, for example, a worker may be maintaining an 

appropriate level of performance and high physiological activation in a task 

with a high level of mental demand, yet still experience high levels of 

subjective fatigue. This indicates the use of extra resources, but because of 

the risk of resource depletion, the risk of accidents is increased. Therefore, 

returning to the car metaphor used in the introduction, subjective fatigue acts 

as a low fuel warning light that is activated when there is still enough fuel to 

continue while warning us that our fuel is nearly running out. 

Several limitations must be addressed before concluding. First, we only 

had one physiological measure, pupil diameter. Future research should also 

utilize other physiological measures, such as electrodermal activity, heart-

rate variability and EEG. We hypothesize that every physiological 

measurement would reflect activation changes produced by the compensatory 

control mechanism. That is, higher activation would be reflected in higher 

electrodermal activity, lower hear-rate variability and higher EEG activity, 

and the opposite for low activation. However, inconsistencies have been 

found not only between performance, psychological and subjective measures, 

but also within different indicators of each kind of measure; thus, further 

research is needed to untangle this issue. It also needs to be noted that we 

conducted this research with students under simulated conditions; hence, we 

think it would be necessary to replicate this experiment under real 

working conditions to improve validity. On the other hand, the design aspect 

involved use of two different subject groups who were assigned either the 

low or high density task, but no subjects were tested in both tasks, which 

means that any differences could be in part attributed to group difference.  In 

any case, we think that possible inter-group differences may have been in part 

solved statistically through randomization procedure (N=70). We also 

checked baseline values (1st interval) of both groups in dependent variables 

and found they are very similar. However, despite performance and pupil size 

presented no statistical differences, we found statistical differences in 

subjective experienced fatigue. This baseline similarities between groups 
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gives us certain confidence that no differences could be in part attributed to 

group differences, except in the case of subjective experienced fatigue. 

Finally, participants were alerted by an alarm every 5 minutes to assess 

subjective mental fatigue scale and it may be possible that these breaks could 

have influenced the impact of time-on-task and, consequently, the 

accumulated mental fatigue. However, we think that as the fatigue scale was 

designed to be very easy handling and to be answered within 1 or 2 seconds, 

we believe that these breaks to assess mental fatigue are not very determining 

and do not brake the situational awareness of participants but, must be taken 

into consideration in future research. 

In conclusion, we could say that, based on our results, some 

inconsistencies between fatigue measurements would be explained 

according to the compensatory control mechanism action. Moreover, 

our results support the current resource theories (i.e. Hockey, 1997, 2011 

2013) that replaced outdated classical resource theories (i.e. Kahneman, 

1973).  

Our results suggest a need for caution about considering  

psychophysiological indexes such as pupil size as the only indicator of 

mental fatigue (Cañas, 2017; Hopstaken et al, 2016; Sakamoto et al, 2009). 

Fatigue recognition systems have been introduced in some cars which claim 

to recognize drivers' fatigue by only taking into account drivers' eye 

behaviour. According to our results, ocular behaviour could indicate high 

levels of physiological activation, which would not be, in principle, an 

indicator of mental fatigue, but could instead indicate the use of extra 

resources to maintain optimal driving performance even though the driver has 

already started to feel fatigued. 

RESUMEN 

Inconsistencias entre medidas de fatiga mental bajo las teorías del 

control compensatorio. Tradicionalmente, la fatiga mental ha sido definida 

como una condición de reducción en los niveles de eficiencia cognitiva y 

rendimiento, acompañada de una sensación subjetiva de fatiga mental. A 

pesar de que podríamos esperar encontrar asociaciones (convergencia) entre 

las tres características definitorias de la fatiga mental (deterioro en el 

rendimiento, reducción en los niveles de activación fisiológica y surgimiento 

de fatiga subjetiva), la literatura ha revelado que la aparición de 

inconsistencias (divergencia) entre las medidas de fatiga es más frecuente de 

lo esperado: la gente se muestra capaz de mantener niveles adecuados de 

rendimiento a pesar de haber declarado encontrarse fatigados. Esto puede 

explicarse a partir de los modelos del mecanismo de control compensatorio, 
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los cuales afirman que los seres humanos son capaces de proveerse con 

recursos adicionales bajo condiciones de elevada demanda cognitiva, 

únicamente a expensas de un coste psicofisiológico y del surgimiento de la 

sensación subjetiva de fatiga mental. En el presente estudio, ponemos a 

prueba esta explicación manipulando el tiempo y la complejidad de una tarea 

de simulación de control de tráfico aéreo. Recabamos datos psicofisiológicos, 

de rendimiento y subjetivos. Nuestros resultados desvelan una disminución 

del diámetro pupilar en la condición de baja densidad de tráfico aéreo, en 

tanto que se mantiene constante en la condición de alta densidad. El nivel de 

rendimiento de los participantes resultó ser óptimo en ambas condiciones, a 

pesar de que se aprecia un incremento lineal en los niveles de fatiga subjetiva, 

especialmente en la condición de alta complejidad. Así, la complejidad 

parece activar el mecanismo compensatorio, el cual provee al organismo con 

recursos adicionales que mantienen fisiológicamente activados a los 

participantes de la condición de alta densidad de tráfico al objeto de hacer 

frente a una tarea de mayor dificultad, mientras que la fatiga subjetiva podría 

estar actuando como una señal del organismo para impedir el agotamiento de 

los recursos cognitivos. Nuestros hallazgos apoyan las teorías del control 

compensatorio y ofrecen una posible explicación sobre algunas 

inconsistencias entre las medidas de fatiga mental. La ciencia necesita seguir 

investigando el fenómeno del mecanismo compensatorio para favorecer la 

gestión de los efectos de la fatiga mental y prevenir los accidentes laborales. 
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