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Abstract: Mental effort is a construct that is widely used in our daily lives and is prevalent in 

attention, decision-making, and intelligence research. Therefore, operationalizing it has been of 

great interest in the cognitive sciences. Both subjective and objective measures have been used to 

index mental effort. Although several studies have shown discrepancies between these indices, 

some have found that subjective and objective measures are closely related. With respect to this, 

the present thesis aims to investigate how the subjective measure of mental effort, through ratings 

on the NASA task-load (NTLX) scale, relates to the objective measure of effort through the 

online measurement of pupil dilation during a multiple object tracking (MOT) task in which 

tracking load varied between 1 and 5 objects. Also, individual differences in fluid intelligence, 

MOT accuracy and personality and motivation traits were investigated as possible moderators of 

Load on Pupil dilation and NTLX ratings. Results showed that pupil dilation and NTLX scores 

only correlated at Load 1 (non-effortful condition). Significant interaction effects between Load 

and MOT accuracy were found for both Pupil dilation and NTLX. However, this moderation for 

NTLX scores showed showing High Accuracy participants starting off with less pupil dilation 

from load 1 and higher pupil dilation as load increased. Meanwhile, Low accuracy participants 

showed the inverse effect, with slightly higher pupil dilation at Load 1 and gradually, a lesser 

increase in pupil dilation as Load increased in Load 5. 
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 In addition, MOT accuracy and perceived NTLX performance were the only factors that 

moderated Pupil dilation. It was observed that personality traits and Load had no interaction 

effects on pupil dilation.  
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1 Introduction 

Mental effort is omnipresent in both the field of cognitive science and the day-to-day lives 

of individuals. This has been observed in online shopping (Di Stasi, Antolí, Gea, & Cañas, 2011; 

Zhao, Shi, You, & Zong, 2017), solving arithmetic problems (Hess & Polt, 1964), and even in 

more substantial issues such as voting for a political party (Laughland-Booÿ, Skrbiš, & 

Ghazarian, 2018). Studies have shown that individuals who score high on the Need for Cognition 

scale (NCS) – a scale that measures individual differences in a general tendency to exert mental 

effort – spent more time reading through and analyzing a product before giving the product a 

review (Verplanken, Hazenberg, & Palenéwen, 1992). They were more curious (Olson, Camp, & 

Fuller, 1984), more influenced by strengths of arguments in persuasive contexts (Petty & 

Cacioppo, 2012) and more effective in problem-solving (Heppner, Reeder, & Larson, 1983). To 

execute such characteristics require an amount of mental effort, especially with regards to making 

worthwhile or appropriate decisions. In academic settings, it has been observed that “intellectual 

curiosity” (which involves an amount of mental effort) mediates academic achievement (von 

Stumm, Hell, & Chamorro-Premuzic, 2011). Finally, in the symptomology of some disorders 

such as schizophrenia (Culbreth, Moran, & Barch, 2018), anhedonia and depression (Silvia, 

Nusbaum, Eddington, Beaty, & Kwapil, 2014), mental effort has been shown to have an impact.  

In the cognitive sciences field, investigating mental effort has been done using various 

approaches, which can be roughly divided into subjective and objective measures. Subjective 

measures are self-reports on the perceived effort exerted during a task. Objective measures are 

online measures of mental effort, that can either be behavioral, through performance score or 

psychophysiological, through heart rate, respiration, galvanic skin response, brainwave recording 

(EEG), imaging (fMRI), eye-tracking and pupil dilation. Clearly, these diverse approaches have 

different origins, yet are supposedly measuring the same construct. It is compelling then to state 

what exactly is meant by mental effort. Thus, the following paragraphs will highlight the various 

definitions that mental effort has received through the years.  
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1.1 Defining Mental Effort 

Mental effort has received various definitions through time. Kahneman (1973, p. 22) 

considered the existence of three central themes of mental effort: 1. There is a limited capacity for 

effort, which can be allocated to different tasks; 2. The subject’s intentions govern the allocation 

of this capacity in a highly flexible manner; 3. Physiological variables, especially pupil size, 

provide a useful measure of the momentary exertion of effort. Another definition by Tyler, 

Hertel, McCallum, and Ellis (1979) stated that mental effort is “…the engaged proportion of 

limited-capacity central processing.”. Effort has also been defined as “the total amount of 

cognitive resources – including perception, memory, and judgment – needed to complete a task.” 

(Cooper-Martin, 1994). These three descriptions propose a construct that is measurable, of 

limited capacity, and involving several cognitive resources. We can accept all these approaches in 

describing mental effort. However, accepting mental effort of being intentional, conscious and 

voluntary brings us to the question of what index is suitable to measure effort. If engaging effort 

is intentional or subjective, then perhaps subjective measures are the best possible approach in 

indexing effort. Indeed, Kahneman (1973) did not emphasize effort as being subjective in 

Attention and Effort. Instead, he referred to mental effort as a cognitive process that is objective, 

and the feeling of effort as subjective, but never really referred to it being subjective as of great 

relevance for its cognitive study. He was also quite forward about measuring effort in terms of 

pupil dilation. At the same time, Kahneman (1973, p. 17) also stated that “mobilization of effort 

in a task is controlled by the demands of the task rather than by the performer’s intentions”. In 

conclusion, it could be agreed upon that Kahneman acknowledges mental effort as comprising 

mainly of involuntary aspects yet acknowledges the existence of a subjective feeling of effort. 

Shenhav et al. (2017) provided a more recent and subjectively skewed definition of Mental 

effort. They defined effort as “…what mediates between (a) the characteristics of a target task 

and the subject’s available information-processing capacity and (b) the fidelity of the 

information-processing operations actually performed, as reflected in task performance.” This 

definition suggests that effort mediates the relationship between a subject’s capability and 

performance. Shenhav et al. (2017) go on to say that effort is perceived as costly, and therefore 

individuals will fail to utilize all their available mental resources unless there is a sense of reward 

involved. Reward in this context can be in the form of an external reward given to the individual 
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for allocating effort (e.g., monetary rewards or points), or reward in the form of an internal 

satisfaction or feeling of accomplishment (e.g., individuals that instinctively enjoy cognitively 

demanding tasks) as experienced during flow. This account of mental effort bases effort on a 

cost-benefit computational analysis carried out by individuals when allocating effort. Westbrook 

and Braver (2015) also support a neuroeconomic approach to understanding mental effort. They 

suggested that understanding mental effort requires approaches involving decision-making, and 

as with any decision, it is crucial to include investigating the relevant costs and benefits that 

include processes about how such costs and benefits are being perceived, represented and 

consequently drive action selection. 

1.1.2 Constructs Related to Mental Effort  

 The concept of mental effort is related to understanding attention, decision-making 

processes, and explaining factors that influence intelligence (Basten, Stelzel, & Fiebach, 2013; 

Bruya & Tang, 2018; Canellas, Feigh, & Chua, 2015). Although closely related, mental effort is 

not identical to these mental processes. Kahneman (1973) suggested that the amount of effort 

invested in a task is primarily determined by the intrinsic demand of the task (roughly, a task’s 

difficulty level). Nevertheless, he does emphasize that difficulty is not redundant with mental 

effort, as high effort could just as often be applied to non-difficult tasks or difficult tasks that are 

not necessarily being judged as effortful. For example, Beatty and Kahneman (1966) showed 

pupillary responses, as participants recalled overlearned information such as one’s own telephone 

number. In this setting, recalling an overlearned information would be considered “easy” and not 

effortful; however, participants’ pupillary responses showed a peak in dilation as they were asked 

to respond. At the same time, putting effort into difficult tasks with a degraded stimulus – which 

is a stimulus to which noise (visual or auditory) has been added to make more difficult to 

perceive – will not help much in performance. For example, Treisman (1969) indicated that while 

people can focus attention on one input, they have great difficulty dividing attention between two 

inputs. This difficulty can be attributed to a lack of quality data input rather than a resource/effort 

-limited process (Norman & Bobrow, 1975).  

Apart from difficulty, mental processes that are highly related to mental effort, yet not quite 

the same, are attention, motivation, and cognitive control (Westbrook & Braver, 2015). 

Kahneman (1973) mentioned in his book, Attention and Effort, that effort is “a form of attention.” 
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Yet attention or engagement to a task does not necessarily have to be effortful. For instance, 

involuntary attention to a stimulus will subjectively not be an effortful task for the individual. 

Likewise, motivation can be applied to a task to either expend effort or to stop applying effort. 

Depending on the instructions for the best possible performance, an individual who is asked to 

stare at a blank screen to measure either resting state or mind-wandering, will not necessarily find 

the task effortful although they are motivated to perform the task. Lastly, cognitive control is not 

effort, as one can experience control demanding engagement that is not effortful. One good 

example is the phenomenon of flow, as highlighted by Nakamura and Csikszentmihalyi (2014). 

During flow, an individual is fully engaged in a task with a sense of control. At the same time, the 

experience of flow is reported as effortless. In conclusion, mental effort is somewhat related to 

difficulty, attention, motivation and cognitive control, yet it is not redundant with these constructs 

and therefore, needs a direct and independent investigation. 

Today, a standard operational definition of effort is yet to be agreed upon (Westbrook & 

Braver, 2015). In addition, objective measures such as pupilometry, heart rate variability and 

electroencephalogram are currently getting a lot of attention in indexing effort (Ranchet, Morgan, 

Akinwuntan, & Devos, 2017). Using objective methods to measure effort, suggests that effort is 

involuntary, as most of these measures target the autonomic system of the individual. Does 

defining effort require choosing if it is subjective or objective? Or perhaps it is neither one but a 

combination of the two. And if so, how do the two aspects of effort (subjective and objective) 

contribute to giving effort an adequate theory? 

1.2 Operationalizing and Measuring Mental Effort 

1.2.1 Subjective measures of mental effort. Some studies that have closely examined 

mental effort have done so through self-reports such as the multidimensional NASA Task-Load 

Index (NTLX), which measures mental demand, temporal demand, physical demand, effort, 

efficiency, and frustration (Hart & Staveland, 1988). Hart and Staveland (1988) emphasized that 

all the dimensions of the NTLX correlate with each other and that they “… are all measuring 

some aspect of the same underlying entity.”. Other approaches are the subjective workload 

assessment technique (SWAT) and the overall workload (OW) scale (Hill et al., 1992). Although 

highly debatable, it is important to note that self-reports can be quite useful when measuring 

certain constructs; mental effort included. The NTLX, for instance, has been used by multiple 
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studies as an index for mental effort (Collet, Averty, & Dittmar, 2009; Lehrer et al., 2010; 

Miyake, 2001; Muth, Moss, Rosopa, Salley, & Walker, 2012). Especially within demanding tasks 

such as air-traffic controllers and aircraft pilots. Effort, as Westbrook and Braver (2015) 

emphasized, is a subjective phenomenon, and cannot be observed solely by objective measures. 

True that it might not be wise to observe mental effort exclusively by objective measures. 

Likewise, it would be insufficient to measure it solely by subjective measures. As De Waard and 

Lewis-Evans (2014) mentioned, effort is a complex construct that needs to be assessed by more 

than self-reports on a rating scale. It will not be reliable with only a subjective measure as not all 

aspects of cognitive processes are conscious (Bargh & Morsella, 2008). Self-reports will give us 

access to the retrospective subjective effort that the individual experienced. This measure or score 

could be different from the in-time or online effort that the individual exerted during a task. This 

can be compared to the remembering-self and experiencing-self as introduced by Kahneman 

(2011, pp. 412-416). Kahneman distinguishes these two in that; the remembering self is always in 

control of the story. While the experiencing-self, might have, on a quantifiable level, experienced 

less effort, the remembering-self might have a different rating when asked depending on factors 

such as the position or timing of the various experiences (Kahneman, 2011). As with the 

experiencing- and the remembering-self phenomenon, self-reports of mental effort might only be 

accessing a part of the absolute mental effort exerted. Meanwhile, aspects of the construct which 

might, in this case, be unconscious to the individual when reporting is attenuated by other 

external factors.  

One factor that can affect self-reports is culture. For example, in Eastern cultures, it is not 

desirable to report that a task was effortful, even when answering these in private, such cultural 

beliefs might still affect the ratings (De Waard & Lewis-Evans, 2014; Widyanti, Johnson, & De 

Waard, 2013). Despite these limitations, self-reports, as mentioned earlier, do access parts of 

mental effort that are useful for researchers to build theories, answer their questions or even give 

a better understanding of the mechanisms and processes involved in mental effort. However, this 

approach clearly gives a one-sided story. Self-reports are suitable for measuring constructs that 

would otherwise not be possible to measure objectively. However, if objective measurements are 

available, this would be preferred, as they might allow for a better estimate of the construct and 

reliability – with regards to the well-known drawbacks of self-reports (Nisbett & Wilson, 1977). 
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1.2.2 Objective measures of mental effort. Objective measurements of mental effort 

include behavioral and psychophysiological measures. Behavioral measures measure the 

performance of individuals on a specific task to index effort (Chuang, Lin, Shiang, Hsieh, & 

Liou, 2016). Psychophysiological measures, on the other hand, are concerned with physiological 

measures as bases of mental or psychological processes. Such physiological measures can include 

pupil diameter and eye blinks, galvanic skin response, breathing rate, cardiovascular responses, 

electroencephalogram (EEG) (Tao et al., 2019) and functional magnetic resonance imaging 

(fMRI) (Alnæs, Sneve, Espeseth, Endestad, Van de Pavert, & Laeng, 2014). 

Behavioral measures. Measuring mental effort through performance includes evaluating 

the “capability to perform tasks or system functions in order to provide an assessment of 

workload” (Rehmann & Crew System Ergonomics Information Analysis Center Wright-

Patterson Afb, 1995). Performance measurements as indexes of mental effort have the advantage 

of being unobtrusive compared to objective measures that usually require connecting an 

instrument to the individual. Therefore, they can have high external validity. Such an approach is 

likely more sensitive to difficult tasks than easier ones. As an easier task will most likely only 

include high or good performance, thereby not indicating effort levels (Sirevaag et al., 1993). 

However, performance measures of mental effort might not consider spared mental capacity. For 

instance, two individuals might exhibit equal performance for a similar task, yet one of them 

deployed more effort than the other. This would not be tracked by their performance results. Yet 

again, some might engage a lot of mental effort into a task but not achieve high or good 

performance in the end.  

Another behavioral approach is a decision-making discounting paradigm adapted by 

Westbrook, Kester, and Braver (2013). This measure can be described as a reliable subjective 

measure with an objective/behavioral measure of subjective cost. The idea behind this paradigm 

is that cognitive effort includes a high degree of decision making when engaging in a task, as 

Shenhav et al. (2017) suggested earlier. The authors, therefore, suggest that a free choice 

decision-making task might be the best way to measure this subjective psychological 

phenomenon than through objective measures that index task parameters. In this paradigm, 

participants are expected to choose a low-effort task for less monetary reward or a high-effort 

task for a larger monetary reward. They are presented with multiple such choices to make, the 
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lower amount that is offered is then quantified until both offers are equally preferred. The 

additional amount that equates the high and low-effort task quantifies the cost of the cognitive 

effort. Through this, we can measure participants' cognitive effort through the cost or relative 

subjective value they place on effort. This paradigm has proven to be a reliable measure of 

cognitive effort. First of all, the rewards are not based on hypothetical rewards, but rather on 

actual monetary rewards. Secondly, when explained and understood correctly to participants, 

measuring relative subjective values instead of rewards gives a more direct estimate of cognitive 

effort. This way, risks of measuring reward instead of effort (which has proven to be an issue in 

the cognitive effort literature) can be eliminated. 

Psychophysiological measures. Physiological measures of mental effort use physical 

bodily reactions to index effort that an individual is spending. Response sources can include 

cardiac responses that focus on heart rate variability (HRV) (Hoover, Singh, Fishel-Brown, & 

Muth, 2012) or blood pressure, respiration, which measures how much air the individual breathes 

or the number of breaths taken within a time frame and skin response, which focuses on sweat 

glands. EEG, for example, will focus on fluctuations in the power of EEG signals in the theta (4 – 

8Hz), alpha (8 – 12 Hz) and beta (12 – 18 Hz) bands (Borghini, Astolfi, Vecchiato, Mattia, & 

Babiloni, 2014; Liu, Ayaz, & Shewokis, 2017). Also, Drew and Vogel (2008) used the 

contralateral delay activity (CDA) ERP-signal to index the number of tracked targets in a 

multiple object tracking (MOT) test, where increases in load targets result in an increase in task 

processes such as effort and arousal. And lastly, eye activity, which includes measures of pupil 

dilation, blink rates and gaze. Although objective, physiological measures are susceptible to other 

external factors that are not mental effort or a construct of interest. For instance, responses could 

reflect physical effort at the same time as they reflect mental effort. Looking at mental effort from 

a cost-benefit stance, certain personality traits such as high need for cognition will associate 

mental effort with reward, independent of the outcome of reward. This will then not necessarily 

be shown as costly and therefore not reflected in objective measures that focus on sympathetic 

arousal. Also, objective measures of effort can be both sensitive to costs of effort and effort being 

allocated, thereby confounding the interpretation as reflecting one or the other (Shenhav et al., 

2017). In these cases, additional subjective measures can be useful to constrain the interpretation 

of an objective measure. A systematic literature review by Tao et al. (2019), showed that 

cardiovascular activity, eye activity, and EEG measures were the most commonly used mental 
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effort indicators, with 76%, 67% and 73%, respectively, being reported with statistical 

significance. 

Pupil response measures. One of the first to introduce pupillometry as a measure of mental 

activity was Hess and Polt (1964). In their study, they measured participants’ pupil dilations 

while they solved multiplication problems. Results of the study showed that pupils got larger as 

the tasks became more complex (e.g 16 x 23) compared to simpler problems (e.g 7 x 8). Beatty 

and Kahneman (1966) extended this finding when they showed peaked pupil dilations during a 

short-term memory task of varying difficulties. More recent studies that have attempted to use 

pupillometry to measure effort (Laeng, Orbo, Holmlund, & Miozzo, 2011; Ogden, 2018; Papesh 

& Goldinger, 2014; van der Wel & van Steenbergen, 2018) have also concluded that it is a 

reliable index. Initially, pupil dilation in humans is mainly dictated by light exposure and reflex 

accommodation. Changes in illumination (darkening) can cause pupil size to increase by about 3 

mm. Dilation, attributed to cognitive processes, such as mental effort, is usually much smaller at 

around 0.5 mm or less (Lisi, Bonato, & Zorzi, 2015). These changes can be extracted from events 

of interest and are usually normalized with respect to pupil size at baseline (Lisi et al., 2015). 

With respect to this, the theory behind pupil dilation being a reliable index for mental effort 

comes from pieces of evidence that coupled the locus coeruleus-noradrenergic (LC-NE) 

neuromodulator system to pupil activity (Alnæs et al., 2014; Aston-Jones & Cohen, 2005; Joshi, 

Li, Kalwani, & Gold, 2016; Rajkowski, 1993). 

 The locus coeruleus (LC) is a small brainstem responsible for projecting information to 

structures such as the superior colliculus (L. Li et al., 2018), parietal cortex (Foote & Morrison, 

1987) and the right thalamus (Bouret & Sara, 2005). All of which are structures essential in 

attentional processing (Fan, McCandliss, Fossella, Flombaum, & Posner, 2005). During waking 

state, regulation of the arousal by the LC-NE system interacts with top-down cortical systems 

involved in attentional control and executive functions (Sara & Bouret, 2012). Indeed, in their 

study, Alnæs et al. (2014) hypothesized that individual pupil dilation, as an index of mental 

effort, will be a better predictor of LC activity than the number of tracked objects (performance) 

during a multiple object tracking (MOT) task. Their results showed that pupil activity correlated 

with LC activity, superior colliculus, and the right thalamus, independent of tracking load. 

Another study by Murphy, O'Connell, O'Sullivan, Robertson, and Balsters (2014) showed a 
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relation between pupil dilation and BOLD activity in a dorsal pontine cluster overlapping with 

the LC during a stimulus oddball task. Other animal studies have also linked LC-NE activity to 

pupil dilation and mental effort (Varazzani, San-Galli, Gilardeau, & Bouret, 2015; Walton & 

Bouret, 2018). 

With this in place, if pupil dilation is considered the best index of mental effort that we 

have so far, it will be compelling to see how this index relates to self-reports of mental effort. In 

other words, how well do people experience their mental effort compared to the objective 

measure of their pupil activity? The relation between pupil dilation and cognitive load, difficulty, 

and activity has long been suggested by researchers (Beatty & Kahneman, 1966; Hess & Polt, 

1964; Kahneman, 1973). However, several studies have referred to these pieces of evidence as a 

relationship between mental effort and pupil dilation. Mental effort is closely related to cognitive 

load, as load moderates effort most of the time. Yet, effort might be allocated while load is still 

small. In other words, the cognitive load or demand of a task is an issue that the individual acts 

upon to allocate mental effort. This allocation is termed mental effort, corresponding to the 

definition given by Shenhav et al. (2017). It is crucial to make this distinction when discussing or 

investigating the relationship between mental effort and pupil dilation to be certain that the pupil 

responses that are observed reflect the effort allocated and not the load or nature of the task at 

hand. For example, an expert in a task might exert minimal effort on the task at a relatively 

difficult stage. Meanwhile, a novice might exert more effort on the same task. When the pupil 

dilation of these two individuals is measured, it is most likely that the novice will have more 

pupil dilation than the expert despite the load being the same. On the other hand, another novice 

might show minimal pupil dilation during the same difficult task, indicating less effort due to 

high task demands. For example, Peavler (1974) showed that information processing flattened out 

in a digit span task as information overloaded. This shows that as a task got more difficult, effort 

processing, as indexed by pupil dilation, became voluntarily suspended. This has been proven by 

Ahern and Beatty (1979) who showed that more intelligent subjects showed smaller pupil 

dilations over three levels of problem difficulty than did the less intelligent subjects. Such 

evidence suggests that measuring mental effort through pupil dilation requires measuring other 

aspects of performance or individual differences in intelligence for example.  
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While all the measures mentioned so far do indicate something about mental effort, they 

differ from each other in the context that they have different physiological, psychological, and 

behavioral origins. This is to say that while self-reports emanate from the subjective experience 

of the individual, objective measures such as pupil responses are based on theories about 

noradrenaline activity in the locus coeruleus. EEG and fMRI data focus on neural activity in areas 

like the dorsal anterior cingulate cortex (dACC), anterior insula (AI), and lateral prefrontal cortex 

(LPFC) (Shenhav et al., 2017) and brain waves (Borghini et al., 2014). Meanwhile, skin 

responses and heart rate are governed by sympathetic arousal (Critchley et al., 2003; Mackersie & 

Cones, 2011). And behavioral measures focus on task performance or free-choice tasks, which 

focus on cost and reward choices. The question at hand then is if these various sources can 

independently index effort. Perhaps more can be infered about the measures by studying how 

they relate to each other when indexing mental effort. 

1.3 The Relationship Between Subjective Effort and Objective Effort 

1.3.1 Physiological effort and subjective effort. Studying the relationship between 

physiological measures and subjective self-report measures of mental effort has yielded mixed 

results. While some studies point to an association between objective measures and subjective 

measures, some showed no relationship between the two measures. During a 5-min Multi-

Attribute Task Battery (MATB) task, 15 male participants showed very few significant 

correlations between subjective effort and other measures of physiology, such as skin potential, 

blood flow, and respiration (Miyake et al., 2009). The authors of the study suggested that 

different factors might be responsible for inducing physiological responses that differ from 

subjective responses, such as task demand, time pressure and anxiety. Also that the differential 

sensitivity of the various parameters could account for this discrepancy. Furthermore, Mackersie 

and Cones (2011) found no strong associations between skin conductance and the subjective 

rating of effort. Collet et al. (2009), on the other hand, showed positive and strong associations 

between subjective effort and skin conductance (SC) and with instantaneous heart rate (IHR) in 

air-traffic controllers while they handled real traffic. They proposed that subjective ratings would 

match the physiological measures on the basis that both measures are positively correlated with 

task demands (in this case, the number of aircraft to be tracked or the ‘load’ in the task as 

operationalized by the number of targets). It is important to note that there could be many reasons 
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why subjective ratings and objective measures correlate or not. While both are primarily 

responsive to load or task demand, a simultaneous association of subjective and objective 

measures to the task demand is not inherently evidence that they measure the exact same core 

construct. Muth et al. (2012) investigated changes in the respiratory sinus arrhythmia (RSA) 

during a Navy aviation test and compared them to self-reports on effort. Their results showed that 

RSA data correlated negatively with the self-reports of effort. However, the correlations observed 

in this study were quite weak (r < -.30). 

1.3.2 Pupil dilation and subjective effort. Furthermore, the mixed results between 

objective and subjective measures continue in eye activity measures. In a visual-motor task with 

varying levels of demand, Marinescu et al. (2017) showed that 8/10 of their participants had 

moderate to strong positive correlations between pupil diameter and instant mental effort 

assessment. However, taking individual differences into account here could perhaps have 

revealed reasons why the two other participants did not exhibit similar associations or correlation 

strengths. In their study, Mazur, Mosaly, Hoyle, Jones, and Marks (2013) collected nine (9) 

participants to compare their objective measure of effort and their subjective measure. They did 

not find any correlations between pupil dilation and subjective mental effort. They did, however, 

find negative correlations between eye blink rate and subjective effort. Could this suggest that eye 

blink rate might be a better estimate of subjective mental effort than pupil activity? Or are there 

underlying factors such as individual differences that might be causing pupil activity not to 

correlate with subjective effort? The discrepancy between objective and subjective mental effort 

measures continues during a speech recognition test where Moore and Picou (2018) had 273 

participants assess their mental effort with various levels of difficulty, while their pupil responses 

were registered. Their results showed that the pupil responses did not reflect their subjective 

ratings of effort. 

1.4 Individual Differences Moderating Objective and Subjective Mental Effort 

One possible reason why objective- and subjective mental effort do not associate, could be 

that individual differences in either fluid intelligence or personality traits moderate objective and 

subjective mental effort differently. Van Der Meer et al. (2010) investigated the impact of fluid 

intelligence on the allocation of mental effort (measuring pupil dilation) while processing low-

level and high-level mental tasks. They found that high fluid intelligence individuals showed 
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greater pupil dilations than normal controls but only for the most difficult tasks. This implied that 

individuals with high fluid intelligence had more available resources and therefore could solve 

more demanding tasks. On the other hand, in their unpublished study, Aminihajibashi et al. 

(2019) did not find an effect of general cognitive abilities on pupil dilation during an MOT task. 

It is important to point out that in the Van Der Meer study, they used a geometric analogy task, 

which is a high-level analytical cognitive task more similar to fluid intelligence tests, compared to 

the divided attention multiple object tracking (MOT) task used in the study by Aminihajibashi 

and colleagues. Simply, the effects observed in the Van Der Meer study could have been a 

moderation of performance instead of individual differences in intelligence. In this case, the 

choice of the task could also play a role in moderating the pupil dilation observed. 

In another study where they used an analogical reasoning paradigm while measuring pupil 

dilation as a non-invasive proxy for Locus coeruleus, they found that 16% of the variance in 

Advanced Progressive Matrices scores was accounted for by pupil dilation (Hayes & Petrov, 

2016). Again, similar to the study by Van Der Meer and colleagues, the paradigm used by Hayes 

and Petrov consisted of an analytical reasoning task.  

Strand, Brown, Merchant, Brown, and Smith (2018) emphasized that when effort measures 

do not intercorrelate, and in addition, differ in their relationships with cognitive and personality 

factors, one should be cautious in generalizing across studies with different objective and 

subjective measures of effort.  

If the participant's self-report ratings on a task indicate low effort, while other tests, such as 

pupil dilation, display more dilation during the task (indicating high effort), this does not mean 

that one of the measures is not assessing some type of mental effort. Instead, it might suggest that 

1. Mental effort has separate aspects. 2. It provides insight into what occurred during the task, 

what techniques the participant applied, and gives us a dissociation between subjective and 

objective measures. 3. It could reveal individual differences, where perhaps high performers had 

a better estimate of their subjective effort and thus correlated with their pupil dilation, or where 

the strong personality of consciousness affects this association by making self-reports and pupil 

dilation correlated or uncorrelated. 



 

 

13 

 

In defining mental workload, Mehler, Reimer, and Zec (2012) emphasized that “both the 

amount of demand placed on a person and effort required to complete a task will vary based on 

several factors.”. In other words, it is crucial to recognize that mental effort is a product of 

multiple interacting factors. There is a higher possibility of reaching mental effort on a deeper 

level through various interventions. Hereby, correlations between the measures can be 

investigated, and better yet, the absence of a correlation could give greater insight into the mental 

effort construct. 

1.5 The Current Study 

The research reviewed above suggests that effort can be indexed using different 

approaches, but little research has been done on how these various approaches relate to each other 

and what the relationship could possibly imply about the construct of mental effort. The aim of 

the current study was to investigate if and how subjective self-report measures of effort such as 

the NASA task-load (NTLX), relate to the objective measure of mental effort through pupil 

dilation. Moreover, while most studies show that there is no relationship, they do not take into 

account the effects that individual differences in intelligence, performance or various personality 

traits could have on subjective and objective mental effort respectively. Thus, I aim to address the 

following questions in the present thesis: 

Main research questions:  

1. Is there a relationship between the self-ratings of mental effort reported after an MOT 

task and that of the pupil dilation measured during the MOT task? 

2. Do individual differences such as personality, intelligence, performance, and motivation 

moderate objective mental effort (pupil dilation) the same way they moderate subjective 

mental effort (NTLX- scores)? 

Based on the reviewed literature, the following hypotheses were specified. Numbering for 

future referencing. 

Hypothesis 1 predicts that all measures of effort, including pupil dilation, performance on 

the multiple object tracking (MOT) task and NTLX self-reports, will be sensitive to load. 
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Hypothesis 2a expects that fluid intelligence will not moderate pupil dilation. 

Hypothesis 2b predicts that accuracy/performance on the MOT task would moderate pupil 

dilation instead of fluid intelligence.  
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2 Methodology 

2.1 Participants 

A convenience sample of 123 participants (Females = 82, Males = 41) were recruited 

through posters and advertisements on social media. All participants were informed about the 

task they were to perform and read through the informed consent paper before signing and 

proceeding with the study. The age range was between 18 and 37 years (M = 25.57, SD = 4.095). 

All participants included in the study were not under the treatment of psychoactive drugs and had 

a normal or corrected vision. The study was also approved by the ethical committee at the 

Department of Psychology at the University of Oslo (PSI). All participants were debriefed at the 

end of the experiment and received a gift card as compensation for their participation. 

2.2 Materials and Measurements 

Measuring subjective effort. In order to measure participants' perceived mental effort, the 

NASA- task load (NTLX) (Hart & Staveland, 1988) was used; see Appendix A. Participants rated 

their mental effort on all the six dimensions, including physical demand, mental demand, 

temporal demand, effort, frustration, and performance, on a 20-point scale ranging from 0 (very 

low) to 20 (very high). The NTLX was chosen as it a widely used measurement to index the 

subjective effort of individuals. Therefore, making it easier to compare to other studies of mental 

effort. The NTLX also measures other dimensions of workload apart from subjective effort, 

which could be of interest to compare to the other variables in the study. 

Measuring intelligence. Fluid intelligence was assessed using the Hagen Matrices test 

(HMT) (Heydasch, 2014). However, due to the length of the original 20-item HMT, the current 

study used 6 items from the 20-item HMT to regulate the experiment time to under two hours. 

Two items that correlate highly with the original 20-item HMT were added, resulting in an 8-item 

HMT.  

Measuring individual differences -trait and personality. Trait and personality were 

assessed by measuring motivation and scores on the five-factor model. The mini international 

personality item pool (Mini-IPIP) (Goldberg, 1992), which is a 20-item short form of the 50-item 

IPIP Five-factor model measure, was used to assess personality. Including all the five 
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dimensions, extraversion, agreeableness, conscientiousness, neuroticism, and 

intellect/imagination. In addition, a shorter version of the Intrinsic motivation inventory (IMI), 

with 13-items including only the two subscales intrinsic motivation and perceived competence as 

opposed to the 45-item IMI with seven subscales, was used to assess motivation trait. Lastly, the 

18-item Need for cognition (NCS) test was used to measure individual differences in a general 

tendency to exert mental effort (Cacioppo & Petty, 1982). 

Inducing mental effort. In order to induce mental effort, participants were presented with 

the multiple object tracking (MOT) task (Pylyshyn & Storm, 1988), which had several different  

load levels (i.e., 1-5 objects). The MOT task is a divided attentional task. It was chosen to model 

mental effort because it 1. does a great job at inducing continuous attention, making it possible to 

measure effort through pupil dilation for the desired amount of (seconds) time, and 2. makes it 

possible to vary difficulty levels through different targets to track. Also, Alnæs et al. (2014) 

specified that to achieve precise control of the necessary degree of effort, one should 

parametrically vary the number of target items, or load. 

2.3 Stimulus Presentation 

Experimental stimuli were generated using NW.js version 0.17.3. Participants were seated 

in front of a 47 x 29.4 cm color, and flat LED monitor with a resolution of 1920 x 1080 pixels 

and a 60Hz refresh rate. A chinrest was used to avoid head movements, keeping a constant 60 cm 

distance from the screen. The lab room was windowless with constant neon illumination. During 

the multiple object tracking (MOT) task, the tracking area was a gray square subtending a 17° x 

17° visual angle. A dark grey central fixing point (0.2° visual angle) and ten blue discs (tracking 

objects) were used to start each MOT trial. Each tracking target had a visual angle of 0.7° in 

diameter. After 2.5s, a subset of the objects changes color to red for another 2.5s, which is 

identified as targets to be monitored, before returning to blue. After a brief interval of 0.5s, the 

objects began moving within the tracking area in an unpredictable fashion. Movement velocity 

was 300 pixels per second, and objects changed directions when object edges were closer than 

1° of each other or the edge of the tracking area, and also changed trajectories at random (in any 

direction) at an average of one change per second to avoid predictable movement trajectories. 

Participants were encouraged to fixate on the dark grey fixation point and covertly track the 

objects. To limit unintentional eye movements, the objects altered their direction every time they 
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were within a 2° vicinity of the central fixation point. The number of identified targets was one, 

two, three, four, or five (Load 1 through 5 respectively). After 10000 ms, all object movement 

stopped, and the participant indicated which objects were red by clicking on the target. Figure 1 

shows the experimental presentation.  

 

 

Figure 1. Stimulus presentation of the multiple object tracking task (MOT). First, ten blue 

objects are presented, then a subset changes color to red. Objects start to move across the screen 

in an unpredictable fashion. The participant is then required to click on the objects that were red. 

In the final stage, feedback on the previous trial is presented. 

  

Ten blue discs (tracking 

objects) were used to start each 

MOT trial 

A subset of the objects changes 

color to red  

Objects changed back to blue and began 

moving within the tracking area in an 

unpredictable fashion. 

Participant indicated which 

objects were red at stage 2 by 

clicking on the target. 

Feedback on the 

previous trial is 

presented  
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2.4 Procedure and Design 

The current study was a mixed-design study investigating the association between self-

reports of mental effort and pupil responses during a multiple object tracking task (MOT). The 

complete procedure included additional experiments that were run after the MOT task and are not 

relevant to the current thesis. After signing the informed consent, participants were given 

instructions about the rest of the experiment. First, baseline measures were recorded while 

participants fixated on a cross in the center of a grey screen for 2 minutes. Calibration was 

performed for every participant and accepted values under 0.5 or at worst cases, under 0.7. 

Instructions about the MOT task were presented (see Appendix B), followed by a practice with 

16 trials plus feedback. Participants also completed a comprehension task to make sure they 

understood the task correctly (see Appendix C). To avoid different instructions being given by 

different experimenters, further oral instructions on the task were only given if participants 

struggled with the comprehension task. The experiment started with a practice trial including six 

trials, where at least three (3) is 75% correct before continuing to the main experimental part. The 

main experimental part consisted of 60 trials. Trials were randomized with regards to the number 

of targets (load) to be tracked. This was done to avoid any learning effects. After ten random 

trials, two trials with the same number of targets to track followed which was in turn, 

immediately followed by the NASA task- load (NTLX) that asked participants to rate their 

experience in the last two trials. Altogether, the relevant part of the experiment lasted for about 

30 minutes consisting of 60 MOT trials and 5 NTLX surveys. Pupil dilation was recorded during 

the MOT task. Altogether there were 78 MOT trials. In the end, all participants completed the 

surveys which included The Hagen Matrices test (HMT); the 8-item HMT presents participants 

with eight jigsaw puzzle tasks where each item is timed at 2 minutes to complete. The mini 

international personality item pool (Mini-IPIP), Intrinsic motivation inventory (IMI) and need for 

cognition (NCS) test. Gift cards were given to all participants as compensation for their 

participation. 

Data acquisition, pre-processing, and analysis of pupil data. Pupil measurement was 

performed through a remote binocular eye-tracking device at a sampling rate of 60Hz (R.E.D., 

SMI-SensoMotoric Instruments, Teltow, Germany) and data recorded using the iView X 

Software (SMI, Teltow, Germany). Pupil data were processed using a custom-made R script to 
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remove artifacts in the time series related to eye blinks. Data points with physiologically unlikely 

pupil sizes (smaller than 2 mm or larger than 7 mm), together with the neighboring data point (the 

preceding and following 50ms), were removed. Also, samples more than 2.5 SDs from the mean 

pupil size within a trial were removed from the time series before the vertical and horizontal pupil 

measurements were averaged creating a single time series. Trials with less than 50% of the data 

remaining after the removal of outliers were not included for further analysis. Baseline pupil 

diameter was calculated as the average pupil size during the 200 ms preceding each tracking 

onset (all objects present and blue) and was subtracted from the time series of the tracking period. 

Trials within each of the load conditions for each participant were then averaged, before group 

average time series and standard errors for each condition were calculated. The average pupil 

dilation from baseline for each load condition was then calculated from the time period 3–8 s 

after target onset. This period was selected based on the observation that pupil dilation reaches an 

asymptote between 2 and 3 s after tracking onset. Also, because of the fixed, and therefore easily 

predictable length of the tracking periods, pupillary dilations related to preparatory processes to 

the end of the tracking epoch and the forthcoming response intervals would be expected towards 

the end of the tracking period (Richer & Beatty, 1985).  

2.5 Statistical Analysis 

All statistical analyses were performed using IBM SPSS Statistics for Windows, Version 

24.0 (IBM Corp). Repeated-measures Analysis of Variance (ANOVA) was chosen to estimate 

Load effects on the three measures of mental effort (pupil dilation, NTLX, and MOT accuracy). 

Two-tailed bivariate correlational analysis was chosen to estimate the association between pupil 

dilation and NTLX. Individual differences in fluid intelligence (HMT), Need for cognition scale 

(NCS), IMI perceived competence and interest and enjoyment subscale, IPIP Big Five factors 

were dichotomized using a median value and used as between-subject factors in a repeated-

measures ANOVA to investigate how the interaction effects between Load and individual 

differences were presented. When Sphericity assumption was violated, Greenhouse-Geisser 

correction was used and reported. 
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3 Results  

3.1  Hypothesis 1: Effects of Load on the Measures of Mental Effort  

Behavioral Data 

  Accuracy from the MOT task. Repeated-measures ANOVA with 1 factor (Load) and 5 

levels (for all the 5 Loads/targets) was performed to investigate the effect of Load on Accuracy. 

Mauchly’s test indicated that the assumption of sphericity had been violated, x2 (9) = 46.010, p < 

.001, therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of 

sphericity. The results showed that there was a significant effect of Load on NTLX, F(3.327, 

405.888) = 101.221, p < 001, ηp
2 = .453. There was a significant linear trend, F(1, 122) = 

236.436, p < 001, ηp
2 = .660, indicating a proportional increase in pupil size as Load increased. 

Figure 2a shows the linear relationship between Load and Pupil dilation. 

NASA-task load index (NTLX). A repeated-measures ANOVA with 1 factor (Load) and 5 

levels (for all the 5 Loads/targets) was performed to investigate the effect of Load on NTLX. 

Mauchly’s test indicated that the assumption of sphericity had been violated, x2 (9) = 203.131, p < 

.001, therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of 

sphericity. The results showed that there was a significant effect of Load on NTLX, F(2.135, 

260.512) = 194.128, p < .001, ηp
2 = .614. There was a significant linear trend, F(1, 122) = 

299.984, p < .001, ηp
2 = .711, indicating a proportional increase in pupil size as Load increased. 

Figure 2b shows the linear relationship between Load and NTLX scores. Here, we can see the 

increase from Load 4 to Load 5 is steeper/higher than the increase from Load 1 to Load 2 which 

shows a slower growth. 
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 Figure 2. Effect of Load on Accuracy (Figure 2a, top), NTLX (Figure 2b, middle), and 

Pupil Dilation (Figure 2c, bottom). x-axes are showing Load levels, y-axes showing pupil dilation 

in millimeters, NTLX score, and MOT accuracy, respectively. 

2c 

2b 

2a 
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Pupil Dilation 

Figure 3 shows the time series for pupil dilation change (in millimeters) during the 

tracking period. The effect of increasing tracking loads on pupil dilation can be observed, as 

dilation gradually increases and maintains a constant magnitude during the interval. Meanwhile, 

for Load 1, dilation gradually decreases. Repeated-measures ANOVA with 1 factor (Load) and 5 

levels (for all the 5 Loads/targets) was performed to investigate the effect of Load on pupil 

dilation. Mauchly’s test indicated that the assumption of sphericity had been violated, x2 (9) = 

105.224, p < .001, therefore degrees of freedom were corrected using Greenhouse-Geisser 

estimates of sphericity. The results showed that there was a significant effect of Load on pupil 

dilation, F(2.714, 331.154) = 113.766, p < .001, ηp
2 = .483. There was a significant linear trend, 

F(1, 122) = 232.813, p < .001, ηp
2 = .656, indicating a proportional increase in pupil size as Load 

increased. Figure 3c shows the linear relationship between Load and Pupil dilation. In addition, it 

can be observed that from Load 1 to Load 2, the increase is rather steep compared to the increase 

from Load 4 to Load 5 which seemed to stabilize. 

 

Figure 3. Averaged pupil time series during MOT trials, showing the time point when all 

the ten tracking objects were presented between 0ms to 1200ms, and when tracking targets turned 

red from between 1200ms to 2000ms. Pupil dilations during the tracking period as a function of 

Load (N = 123) are shown from 2000ms to 1200ms. The -axis represents the tracking period in 

milliseconds and the y-axis represents pupil size in mm. the shaded area represents standard error 

(SE). 
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3.2 Correlation Between Pupil Dilation and NASA Task-Load 

A two-tailed bivariate Pearson’s correlation was run to investigate the correlation between 

pupil dilation and NASA task-load (NTLX). Results showed a weak significant association 

between pupil dilation at Load 1 and total NTLX scores at Load 1, r(122) = .20, p = .012. 

However, scores on NTLX loads 3, 4, and 5 were correlated with pupil dilation on loads 2 and 3, 

as shown in the correlation matrix in Table 1. 

 

Table 1 

Correlations between Pupil dilation and average NASA task load 

Note: *. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

3.3 Hypothesis 2: Individual differences moderating pupil dilation and NTLX scores 

Cognitive Abilities 

Hypothesis 2a. To investigate the interaction effect between fluid intelligence (HMT) and 

Load on pupil dilation, a mixed repeated-measures ANCOVA with pupil Load as within-subject 

variables with five load levels and HMT as a covariate was run. Results showed no interaction 

between Load × HMT, indicating that fluid intelligence did not interact with Load to moderate 

pupil dilation; see figure 4a. 

To further investigate the interaction effect of fluid intelligence and Load on total NTLX 

scores, a mixed repeated-measures ANCOVA with total NTLX Load as a within-subject factor 

with 5 levels and HMT as a covariate was run. Results showed a significant interaction effect 

between Load × HMT on total NTLX scores, Greenhouse-Geisser corrected, F(2.180, 263.824) = 

 Pupil_load_1 Pupil_load_2 Pupil_load_3 Pupil_load_4 Pupil_load_5 

Total NTLX Load_1 r .204*     

Total NTLX Load_2 r .089 .102    

Total NTLX Load_3 r .129 .194* .093   

Total NTLX Load_4 r .152 .232** .189* .101  

Total NTLX Load_5 r .163 .249** .211* .149 .106 
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3.877, p = .019, ηp
2 = .031. To visualize this interaction, another repeated-measures ANOVA with 

NTLX load levels as within-subject variables and HMT dichotomized as a between-subject factor 

was run. Figure 4b shows the results, indicating that as Load increased, Low HMT participants 

reported more effort (higher NTLX scores) than did High HMT participants.  

 

 

  

       

Figure 4. 4a (left) shows the mean baseline-corrected pupil dilation (mm) across five Load 

conditions. No significant interaction effect was observed between Load and HMT on Pupil 

dilation. Figure 4b (right) shows NTLX rating scores across five Load conditions. An interaction 

effect between Load and HMT on NTLX scores was observed.  

 

 

Hypothesis 2b. To investigate the interaction effect between MOT Accuracy and Load on 

pupil dilation, a mixed repeated measures ANCOVA with pupil Load as within-subject variables 

and MOT Accuracy as a covariate was run. Results showed an interaction effect of Load × MOT 

Accuracy on pupil dilation, Greenhouse-Geisser corrected, F(2.686, 325.040) = 5.045, p = .003, 

ηp
2 = .040. Another repeated-measures ANOVA was run to investigate how the Load × MOT 

Accuracy interaction affected pupil dilation, with pupil Load as within-subjects variables and 

MOT Accuracy dichotomized as a between-subjects factor. Figure 5a visualizes the interaction 

effect showing High Accuracy participants starting off with less pupil dilation from load 1 and 

higher pupil dilation as load increased. Meanwhile, Low accuracy participants showed the inverse 

4a 4b 
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effect, with slightly higher pupil dilation at Load 1 and gradually, a lesser increase in pupil 

dilation as Load increased in Load 5.  

 

 

 Figure 5. 5a (left) shows the mean baseline-corrected pupil dilation (mm) across five 

Load conditions—an interaction effect between Load and MOT Accuracy interaction on pupil 

dilation. Figure 5b (right) shows NTLX rating scores across five Load conditions. An interaction 

effect between Load and MOT Accuracy on NTLX scores. 

 

 

To further investigate the interacting effect between MOT accuracy and Load on total 

NTLX, mixed repeated measures ANCOVA with NTLX Load as within-subject variables and 

MOT accuracy as a covariate was run. Results showed a significant interaction effect between 

Load × MOT Accuracy on total NTLX, Greenhouse-Geisser corrected F(2.173, 262.977) = 4.502, 

p = .010, ηp
2 = .036. Repeated-measures ANOVA was run to investigate how the Load × MOT 

Accuracy interaction affected total NTLX, with NTLX Load as within-subjects variables and 

MOT Accuracy dichotomized as a between-subjects factor. Results showed that both High and 

Low MOT Accuracy participants had similar NTLX scores at Load 1, however, as Load 

increased, Low Accuracy participants rated the task more effortful (higher NTLX scores) than the 

High Accuracy participants. Figure 5b shows this interaction.  

Another mixed repeated ANCOVA was run to investigate if the same effects observed for 

MOT Accuracy were present for perceived performance subscale from the NTLX rating scale. 

With Load (5 levels) as within-subject variables and NTLX performance as a covariate. Results 

5a 5b 
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showed a significant interaction effect between Load × perceived NTLX performance on Pupil 

dilation, Greenhouse-Geisser corrected F(2.763, 334.264) = 5.391, p = .002, ηp
2 = .043. Figure 6a 

shows the similar interaction effect of Load × perceived NTLX performance, with High NTLX 

performance participants showing more pupil dilation as Load increased while Low NTLX 

performance participants showed less pupil dilation. Similar significant interaction effects were 

found between Load × perceived NTLX performance on total NTLX scores as observed for Load 

× MOT Accuracy, Greenhouse-Geisser corrected F(2.195, 265.623) = 5.115, p = .005, ηp
2 = .041. 

Figure 6b visualizes the Load × perceived NTLX performance interaction on total NTLX scores. 

 

 

 

 Figure 6. 6a (left) shows the mean baseline-corrected pupil dilation (mm) across five 

Load conditions—an interaction effect between Load and perceived NTLX performance 

interaction on pupil dilation. Figure 6b (right) shows NTLX rating scores across five Load 

conditions. An interaction effect between Load and perceived NTLX performance on NTLX 

scores. 

 

 

Traits 

 Need for cognition. To investigate the interaction effect between NCS and Load on Pupil 

dilation, a mixed repeated-measures ANCOVA with pupil Load as within-subject variables and 

NCS as a covariate was run. Results showed no interaction between Load × NCS, indicating that 

NCS did not interact with load to moderate pupil dilation (p > .348); see figure 7a. 

However, repeated measures ANCOVA showed an interaction effect between NCS × Load 

on total NTLX scores, Greenhouse-Geisser corrected F(2.202, 266.391) = 6.724, p = .001, ηp
2 

6a 6b 
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= .053. Figures 7b shows the interaction effect, indicating Low NCS participants rating higher 

NTLX as Load increased compared to High NCS participants that rated less NTLX as Load 

increased. 

 

 

 

  

 Figure 7. 7a (left) shows the mean baseline-corrected pupil dilation (mm) across five 

Load conditions. No significant interaction effect was observed between Load and NCS on Pupil 

dilation. Figure 7b (right) shows the NTLX rating across five Load conditions. An interaction 

effect between Load and NCS on NTLX scores was observed.  

 

 

 Neuroticism. To investigate the interaction effect between Neuroticism and Load on Pupil 

dilation, a mixed repeated-measures ANCOVA with pupil Load as within-subject variables with 

and Neuroticism as a covariate was run. Results showed no interaction between Load × 

Neuroticism, indicating that Neuroticism did not interact with load to moderate pupil dilation (p 

> .122). However, repeated-measures ANCOVA showed an interaction effect between 

Neuroticism × Load on total NTLX scores, Greenhouse-Geisser corrected F(2.196, 263.474) = 

5.069, p = .001, ηp
2 = .041. Figure 8a shows the interaction effect, indicating High Neurotic 

participants reported more mental effort on the NTLX as Load increased compared to Low 

Neurotic participants that reported less mental effort on the NTLX as Load increased. 

 

7a 7b 
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 Figure 8. 8a (left) NTLX rating scores across five Load conditions. An interaction effect 

between Load and Neuroticism on pupil dilation. Figure 8b (right) shows NTLX rating scores 

across five Load conditions. An interaction effect between Load and perceived competence 

(PCO) on NTLX scores. 

 

 

Perceived competence. To investigate the interaction effect between Perceived 

competence and Load on Pupil dilation, a mixed repeated-measures ANCOVA with pupil Load as 

within-subject variables and Perceived competence (PCO) as a covariate was run. Results showed 

no interaction between Load × PCO, indicating that PCO did not interact with load to moderate 

pupil dilation (p > .627). 

However, repeated measures ANCOVA showed an interaction effect between Load × PCO 

on total NTLX scores, Greenhouse-Geisser corrected F(2.185) = 4.421, p = .011, ηp
2 = .035. 

Figure 8b shows the interaction effect, indicating Low PCO participants rating higher NTLX as 

Load increased compared to High PCO that rated lesser NTLX as Load increased. 

  

No interaction effects were observed between Load and the rest of the Big five personality 

traits (extraversion, conscientiousness, intellect/imagination, and agreeableness) or the IMI 

interest/enjoyment subscale, all p > .173. 

  

8a 8b 
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4 Discussion 

The main objective of this thesis was to investigate if pupil dilation as an index of mental 

effort is related to the subjective perception of mental effort as indexed by NASA task-load 

(NTLX). All measures of mental effort (pupil dilation, NTLX, and MOT accuracy were 

significantly influenced by tracking load, thereby confirming Hypothesis 1. The results showed 

that pupil dilation had a negligible correlation with subjective mental effort (total NTLX) and 

only during the non-effortful condition (Load 1). It would then seem as if, as the task got 

effortful, participants’ pupil dilations dissociated from their self-reports of mental effort. Perhaps, 

increased load activated arousal detected by pupil dilation, while self-reports could not easily tap 

this and, therefore, not reflected in the NTLX ratings. Also, it can be observed in the correlational 

matrix (between Pupil dilation and NTLX) in Table 1, that NTLX scores for Load 3,4, and 5 

correlated with pupil dilation for Load 2 and 3. Perhaps, pupil dilation was sensitive enough to 

measure effort at lower loads, while self-reports only detected this at higher load levels. Thereby, 

to answer the main research question, it can be said that Pupil dilation and total NTLX scorea do 

not correlate with each other regarding mental effort; considering that the correlation found was 

at a non-effortful condition (Load 1). However, simple correlation analysis with aggregated 

scores and measurements does not manifest if subjective and objective indices of mental effort 

are related to each other.  

In addition, when observing the Load effects on both Pupil dilation and NTLX, it can be 

seen that the measures of effort are driven by different factors. While Load effect on Pupil 

dilation shows a logarithmic growth, with a steep and rapid increase from Load 1 to Load 2 

followed by a steady increase that almost stabilizes, Load effects on total NTLX show 

exponential growth in the beginning, with a slow increase from Load 1 and a rather rapid increase 

as Load  escalated. This adds on to show that the objective measure of mental effort as indexed 

by pupil dilation is governed by different factors compared to the subjective measure of mental 

effort as indexed by NTLX scores. It can be assumed that the subjective measure of mental effort 

that individuals report is related to how we speak of mental effort in our everyday lives. As Kool 

and Botvinick (2018) mentioned, the way people talk about mental effort generally is tied to 

terminology from economics. We often use phrases like “If you put in enough effort, it will pay 

off!” referring to gains or reward or “For the amount of effort I invested in this, it was not worth 
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it.”, referring to losses or cost. However, objective mental effort, such as pupil dilation, may not 

be governed by similar decision-making processes and therefore will not be analogous to 

subjective rating of mental effort. Nonetheless, it would be interesting to ask participants if they 

believed that they invested as much effort as they could in a particular task and compare that to 

an objective measure or a subjective measure. If people claim that they had invested as much 

effort as they could in a task and that was in turn, reflected in their objective measure of mental 

effort such as pupil dilation, then perhaps, pupil dilation is also affected by decision-making 

processes. Such an outcome is highly unlikely with regards to the present literature on pupil 

dilation and effort. This is because most studies have shown unmatched relationships between 

pupil dilation and subjective effort. However, such a study could yield surprising results.  

It could be accepted that objective mental effort and subjective mental effort are two 

separate aspects of effort. Yet, it is clear that they are both aspects of one core construct, namely, 

mental effort. Therefore, understanding the processes involved in both aspects is essential in 

order to properly elucidate mental effort.  

4.1 Moderators of pupil dilation and NASA-task load index (NTLX) 

Cognitive abilities 

To further understand the differences between objective and subjective mental effort, the 

second aim of the study was to investigate the growth curves observed for Pupil dilation and 

NTLX scores with regards to increasing Load. We then investigated the possible moderation of 

individual differences in the two measures of mental effort. Hypothesis 2a had predicted that fluid 

intelligence (HMT) would not interact with Load to moderate the objective measure of mental 

effort as indexed by pupil dilation. This hypothesis was confirmed as fluid intelligence only 

interacted with Load in moderating total NTLX scores and not with Pupil dilation. Showing that 

High HMT participants showed a slightly higher NTLX rating at Load one than Low HMT 

participants, but then switched positions as Load increased, showing Low HMT participants 

rating higher NTLX than High HMT participants. These results are in line with Aminihajibashi 

and colleague’s study.  
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Meanwhile, MOT accuracy, interacted with Load to moderate Pupil dilation as predicted in 

Hypothesis 2b. Likewise, MOT accuracy also interacted with Load to moderate total NTLX 

scores. However, moderation proved to be different between Pupil dilation and total NTLX 

scores. For pupil dilation, we noticed that High performers started off with less dilation at Load 1 

and when Load increased from Load 3 to 4 and 5, they showed more Pupil dilation compared to 

the Low performers who started off with more pupil dilation, only to show less pupil dilation 

with an increase in Load. Similar results were also observed in a study by Mäki-Marttunen, 

Hagen, Laeng, and Espeseth (2020) which inferred that High performers in an MOT task showed 

less pupil dilation during Load 2 than Low performers. However, as observed in the current 

study, an inverse effect was shown as Low performers showed less Pupil dilation at Load 4, while 

High performers showed more pupil dilation at the respective Load. In other words, both studies 

showed High performers with more pupil dilation as task demand increased compared to Low 

performers. A possible explanation for this is that High performers voluntarily/consciously 

allocate more effort when task demands increase. Or High performers have more capacity left and 

therefore are able to allocate more effort. To agree with the former explanation would mean 

understanding mental effort from a subjective and decision-making standpoint as Westbrook and 

Shenhav et al. (2017) implied. While being in agreement with the latter capacity statement would 

correspond to Kahneman’s objective perspective.  

Interestingly, for NTLX scores, we noticed that both groups rated the MOT task alike 

during Load. However, as Load increased, Low performers rated the task as more effortful than 

the High performers. Clearly, here, we can see the disparities between pupil dilation and NTLX 

once again. Perhaps subjective rating of mental effort is simply just a feeling of the actually 

mental effort allocated and does not play an essential role in measuring and generating mental 

effort as Kahneman (1973) implied.  

Traits 

While cognitive abilities such as MOT accuracy and perceived performance interacted with 

Load to moderate both pupil dilation and total NTLX, personality traits, did not seem to have any 

effect on pupil dilation. Individual differences in traits such as NCS, Neuroticism, and IMI 

perceived competence subscale were the only personality traits that interacted with Load to 

moderate total NTLX scores. The Load × Neuroticism interaction on NTLX showed opposite 
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effects from the Load × NCS interaction on NTLX as seen in Figure 8a and Figure 7b. It was 

observed that for Neuroticism, High neurotic participants reported more mental effort as Load 

increased compared to Low Neurotic participants. Meanwhile, High NCS participants reported 

less mental effort as Load increased compared to Low NCS participants. This is not surprising, 

considering that neuroticism can interfere with the affective component of flow (Ullén et al., 

2012), it makes sense that NCS, which is associated with the experience of flow (D. Li & 

Browne, 2006) shows opposite moderation effects on self-reports of mental effort.  

Personality traits moderating subjective mental effort (NTLX) and not objective mental 

effort (pupil dilation) seems reasonable. First, pupil dilation is based on sympathetic arousal that 

is more related to present or online problems. Personality on the other hand are relatively stable 

(Harris, Brett, Johnson, & Deary, 2016) and will therefore, not affect an arousal component as 

much. For example, Truschzinski, Betella, Brunnett, and Verschure (2018) showed that 

personality traits such as conscientiousness and neuroticism did not influence mental effort in air-

traffic controllers. However, they found that neuroticism influenced mood, where high neurotic 

individuals reported worse mood, as was the case in the present study.  

4.2 Limitations 

All the correlations observed in the current study were at load 1 when the task was the least 

effortful. For a study on mental effort, this observation is somewhat concerning as the areas of 

interest would have been at the higher loads ranging from load 3 to load 5 – which were 

objectively more effortful and demanding. However, it could also simply mean that correlation 

was not observed at these higher loads because as the task got effortful, individuals’ subjective 

and attentional effort stopped matching each other for all participants. This could be where the 

differences between objective and subjective effort are heightened the most.  

Another possible limitation of the study was giving feedback after each MOT trial. This 

could have had considerable effects on the self-reports of mental effort. The NTLX scores and 

subscales might have been answered based on how well participants performed on the task. 

Miyake (2001) proposed that the weak correlation between subjective ratings and physiological 

responses may result from the participants’ performance outcomes. Which in effect, greatly 

influences their self-reports. 
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4.3 Future directions  

Future studies that aim to investigate the relationship between objective and subjective 

mental effort could perhaps utilize multiple objective measures instead of only one. This can be 

taken into consideration because, apart from individual differences, other factors such as the type 

of physiological measure that is being used and the level of difficulty of the task are essential 

moderators for the correlation between objective and subjective measures. It is therefore difficult 

to generalize a cluster of studies on the discussion of the relationship between objective and 

subjective mental effort. Brookings, Wilson, and Swain (1996) also underlined the differential 

sensitivity of different mental effort measures in complex tasks. With such disparities, it is worth 

saying that as an index for mental effort, one single metric is not enough. With multiple objective 

measures, it would be possible to investigate how the various objective measures also relate to 

each other in addition to their relationship to the subjective measure. 

4.4 Implications 

As mentioned earlier in the introduction, studying mental effort is essential for a better 

understanding of decision-making processes, intelligence, motivation etc (Basten et al., 2013; 

Bruya & Tang, 2018; Canellas et al., 2015). There is a pragmatic need to operationalize and 

measure mental effort in order to mitigate the adverse effects that come with both insufficient and 

excessive mental effort on human performance in the real world (Trujillo, 2019).  

The current study shows that it is essential to distinguish attentional mental effort from 

mental effort as a whole, because this makes it seem as if all aspects of mental effort is objective, 

disregarding the subjective aspects of it. Subjective mental effort although coming from a source 

that is sometimes governed by biases and heuristics is just as important of an aspect to mental 

effort as is objective mental effort. Subjective mental effort, whether biased or not, can still 

provide a useful pattern of results that can offer insight into a participant’s decision-makingg 

processes, preferences, and future actions. Also, mental effort is indexed in order to understand 

how we can adequately minimize mental fatigue and the determinants mental effort comes with. 

To successfully do this, objective measurements might not be enough. What it means for the 

individual to allocate mental resources, gives us access to thought processes and perception, 
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which can aid in minimizing the detriments of mental effort like fatigue or being perceived as 

costly. 

Studying mental effort is implicated in listening effort, language impairment, medical 

settings, and air-traffic controllers. All these fields have an aim to both enhance mental effort for 

best performance but also moderate it so it does not lead to mental fatigue that can impair 

performance. Therefore, indexing all aspects of mental effort properly and understanding how 

they relate to each other can help in implicating adequate intervention approaches to reach the 

desired goals of the respective fields. Understanding how personality or cognitive abilities play a 

role here leads to a better understanding. 

4.5 Concluding remarks 

It can be concluded that objective effort and subjective effort are not consistently related. 

Firstly, the construct of mental effort may be multidimensional, meaning that one measurement, 

either subjective or objective, only reveals an aspect of the construct and, possibly, with different 

reliability and validity. Secondly, individual differences interact with load differently for 

objective and subjective mental effort, adding to the multidimensional theory of mental effort. 

Thirdly, individual differences in personality traits are most likely to influence the subjective 

feeling of mental effort but not the objective measure of mental effort as indexed by pupil 

dilation. With this in place, it can again be stated that subjective and objective mental effort are 

different. However, understanding the processes involved in them separately has great effects on 

understanding the core construct of mental effort. In other words, mental effort is an overarching 

construct consisting of both subjective and objective aspects that is not recommended to be 

studied independently of each other, in order to exclusively describe mental effort. 
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