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The concept of mental workload (or cognitive load ) is 
central to many disciplines, including cognitive psychol-
ogy, educational psychology, and cognitive ergonomics. 
For example, in cognitive ergonomics, there is a need to 
regulate the human operator’s mental workload in order 
to prevent both underload and overload, while maintain-
ing an adequate performance level. At the same time, the 
diverse theoretical foundations of mental workload are 
still under debate, and there is no consensus about how the 
concept of mental workload should be defined. Basically, 
however, the notion presupposes that cognitive processes 
have a cost that draws from a finite pool of cognitive re-
sources. Mental workload is therefore often defined as 
the ratio between the demands of the task and the human 
resources available.

We briefly describe the three main categories of mental 
workload measurements—performance-related, subjec-
tive, and physiological—after which, we survey the ben-
efits and necessity of combining multiple methods to as-
sess mental workload, first in terms of their requirements 
and then of the quantity and quality of the data obtained. 
We developed the Tholos1 software to make it easier to 

combine multiple measures of mental workload. In an 
overview of the Tholos design goals and the measures im-
plemented, we provide a case study involving puzzle solv-
ing to illustrate the benefits of using Tholos to combine 
measures. We conclude with a discussion of the theoreti-
cal and methodological gains achieved through combin-
ing multiple measures.

Three Categories of  
Mental Workload Measurement

Methods for measuring mental workload are usually 
classified using antitheses, such as direct versus indirect, 
objective versus subjective, or analytical versus empiri-
cal. Brünken, Plass, and Leutner (2003) suggested that 
methods can be classified along two of these antitheses: 
direct or indirect (causal relation) and objective or subjec-
tive (objectivity). One of the most intuitive classifications 
focuses on the means used to assess mental workload, 
taking into consideration performance measures (in the 
primary or additional task), subjective measures (e.g., rat-
ing scales), and physiological measures (e.g., heart rate, 
respiration rate, and blink rate). Many studies have fo-
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reflects the amount of cognitive resources allocated to the 
primary task. Piolat, Olive, Roussey, Thunin, and Ziegler 
(1999) suggested selecting a probe from a different pool 
of resources in order to avoid interfering with the partici-
pant’s main task. Although some researchers (e.g., Fisk, 
Derrick, & Schneider, 1987) have challenged the assump-
tions made by this method, many others (e.g., Chevalier 
& Kicka, 2006; Kellogg, 1990; Levy & Ransdell, 1995; 
Piolat et al., 1999) have used it successfully in a range 
of tasks, including design, text writing, and information 
searching.

The limitations of primary task measurement have been 
noted. The dual-task paradigm appears, therefore, to be 
the most relevant performance measure of mental work-
load in this category. Although using the dual-task para-
digm is more artificial than using a familiar additional 
task (such as holding a conversation while driving), this 
paradigm makes it possible to compare the results from 
one study with those from another by using a common 
index. Basing our research on a validated dual-task para-
digm may facilitate discussion about any concerns regard-
ing this performance measure.

Subjective measures. Subjective measures consist of 
asking participants to provide judgments of the cogni-
tive effort required to complete a task after it has been 
completed. Subjective reports may appear questionable 
because they are based on the assumption that partici-
pants are able to report accurately on their mental work-
load. However, they have several advantages: They are 
relatively nonintrusive with regard to the task carried 
out by the participant, they are easy to implement, and 
they have significant theoretical support (e.g., Hart & 
Staveland, 1988; James, Elderfield, Palmer, & Connelly, 
1995). Moreover, participants are usually very consistent 
in their self-assessment of multiple ratings (Schvane-
veldt, Reid, Gomez, & Rice, 1998). Several scales have 
been developed. Some of those used most often are 
SWAT (the subjective workload assessment technique), 
NASA-TLX, and MCH (the modified Cooper–Harper 
scale; Cooper & Harper, 1969), all of which are outlined 
below.

SWAT (Reid, Potter, & Bressler, 1987) uses three scales: 
time load, mental effort load, and psychological stress 
load. Each scale has three discrete levels: low, medium, 
and high. In a pretask procedure, the participant is given a 
set of 27 cards, each containing a pairwise comparison of 
the three scales at the three levels. The participant grades 
the mental workload, from the lowest to the highest. The 
order obtained reflects the participant’s assessment of her/
his own mental workload. After dealing with this pretask 
procedure, the participant then rates the three scales after 
each trial in the experiment. Several authors have pointed 
out that this pretask procedure is very time-consuming 
and have suggested that it could be replaced with a simpler 
comparison of pairs of scales, or even could be eliminated 
from the pretask procedure (Luximon & Goonetilleke, 
2001; Moroney, Biers, & Eggemeier, 1995). Although 
SWAT has been used extensively, Hart and Staveland 
(1988) have found that it cannot discriminate between 
subtle differences at the lowest levels of task demand.

cused on comparing methods belonging to one of these 
categories, especially subjective reports (e.g., Hill et al., 
1992; Rubio, Díaz, Martín, & Puente, 2004) or physi-
ological measures (e.g., Veltman & Gaillard, 1998). Mi-
yake (2001) suggested using a “multivariate workload 
evaluation index” that combines physiological measures 
and subjective reports by means of principal-components 
analysis. Ryu and Myung (2005) studied the relationship 
between subjective measures (i.e., NASA-TLX, the Na-
tional Aeronautics and Space Administration task load 
index) and various physiological measures. They noted 
that a regression equation including three physiological 
measures (heart rate variability, blink intervals, and alpha 
rhythm) accounted for 51% of the subjective score. Fol-
lowing this fruitful approach, as well as the literature on 
mental workload, we have selected a good example from 
each category and discuss how to combine methods from 
these categories.

Performance measures. Performance measures can 
be divided into measurements of the mental workload di-
rectly from the main task or from an additional task that is 
being performed concurrently.

Measurement of performance in the main task. Many 
studies indicate a strong link between poor performance 
in the main task and the mental workload experienced by 
the participant (e.g., Bi & Salvendy, 1994). The mental 
workload involved in a given task can be evaluated using a 
variety of performance metrics, such as time taken, speed, 
or number of errors. However, such an approach is not al-
ways reliable, and care is required when interpreting such 
measures of mental workload. For example, it is necessary 
to distinguish between low performance that is related to 
excessive resource requirements and low performance 
that is related to the quality of the data currently available 
(e.g., Norman & Bobrow, 1975). Furthermore, depending 
on several factors, two contrasting levels of performance 
(low and high) may result from either a low or a high men-
tal workload. More precisely, the relationship between 
mental workload and performance depends on task de-
mands, human strategies, motivation, and individual dif-
ferences (e.g., Bainbridge, 1974; Cegarra & Hoc, 2006; 
Paas, Tuovinen, van Merriënboer, & Darabi, 2005).

Measurement of an additional task. The idea underlying 
measurement of an additional task is that the capacity that 
is not being used to perform the primary task can be used 
to perform another task. A common example of a combi-
nation of principal and additional tasks is driving while 
either holding a conversation or receiving calls on a mo-
bile phone. The performance of the additional task can be 
used as an index of the demands made by the primary task 
(e.g., there may be gaps in the telephone conversation). 
The dual-task paradigm is the approach most frequently 
used for additional task measurement: The participants 
are asked to complete a task (considered to be the primary 
or main task), and at various times they are interrupted 
by a signal (e.g., a tone or a brief flash of light). They 
have to respond to this signal as quickly as possible—
for example, by clicking with a mouse (this constitutes 
the additional or secondary task).2 It is assumed that the 
time taken to respond to the signal (the additional task) 
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ity. This highlights the fact that, even after identifying 
structures relevant for measuring mental workload, one 
has to consider the ratio between the “signal” (produced 
by the relevant structure) and “noise” (due to unwanted 
structures). This signal-to-noise ratio has been the topic 
of many studies of physiological measures of mental 
workload, especially electroencephalography (Wilson & 
O’Donnell, 1988). The effect of noise indicates poten-
tial limitations of physiological measures, which include 
changes not related solely to mental workload (i.e., a lack 
of selectivity).

Wickens and Hollands (2000) stated that physiologi-
cal measures have to be considered within the context of 
separate pools of resources. Depending on the resources 
required, some physiological measures may appear to 
be very sensitive in one task but not in another. For ex-
ample, the duration and frequency of eye blinks decrease 
according to the quantity of visual information to be pro-
cessed (Veltman & Gaillard, 1998), so this measure may 
appear irrelevant in a task that is mainly about memory 
and reasoning. Wickens and Hollands identified similar 
selectivity of the measure for the P300 amplitude of the 
event-related brain potential. They noted that the P300 
amplitude decreases when a tracking task must be done 
concurrently with a primary task of counting tones. How-
ever, this amplitude was not sensitive to changes in the 
demands of the additional task, and the authors concluded 
that the two processes must have been drawing on differ-
ent resources.

Because of this lack of selectivity and sensitivity, the 
relevance of using a physiological measure for mental 
workload assessment has to be validated in different tasks. 
It has been noted that, in doing this, some physiological 
techniques provide information relevant to a wide variety 
of tasks. For instance, the sensitivity of respiration rate 
to changes in task demands has been noted in a particu-
lar memory task (Backs & Seljos, 1994) as well as in air 
traffic control (Backs, Navidzadeh, & Xu, 2000). Fur-
thermore, it is well known that mental workload can be 
measured using changes in pupil dilation (Kahneman & 
Beatty, 1966). For instance, during text reading, dilation 
increases when the reader encounters text of greater syn-
tactic complexity (Just & Carpenter, 1993).

The pupil-dilation measurement technique is consid-
ered generally to be very sensitive3 and to be a relevant ap-
proach for investigating many tasks that involve process-
ing, including perception, memory, reasoning, and reading 
(Beatty, 1982; Peavler, 1974). Indeed, numerous studies 
have shown a strong correlation between pupil dilation 
and mental workload; however, the main inconsistency 
between them appears when task demands exceed par-
ticipants’ resources. For example, Granholm et al. (1996) 
noted that pupil dilation changes little near resource limits 
and starts to decline when demands exceed available re-
sources. This is an interesting finding for identifying re-
source limits or resource allocations. Therefore, although 
this inconsistency deserves to be taken into account, the 
pupil-dilation measurement technique is considered to be 
very sensitive and to be one of the most relevant physi-
ological measures of mental workload.

NASA-TLX (Hart & Staveland, 1988) is also a multi-
dimensional rating scale procedure. It considers six di-
mensions of load assessment: cognitive demand, physi-
cal demand, temporal demand, effort, performance, and 
frustration. At the end of the main task, the participant 
scores each dimension from 0 to 100. These six dimen-
sions are then displayed in pairs, and the participant se-
lects the dimension that contributed most to her/his load. 
This posttask procedure makes it possible to assess the 
importance of these dimensions in the final calculation 
of the load. Because this second step is time-consuming, 
Byers, Bittner, and Hill (1989) suggested calculating an 
overall load RTLX; this is an average of the scores for 
the six dimensions, and so does not require the pairwise 
comparison of dimensions. They also demonstrated that 
the value obtained is closely correlated with the traditional 
calculation. This RTLX may therefore be useful, particu-
larly in reducing the time taken to collect data, which is 
especially important in many field studies.

MCH (Wierwille & Casali, 1983) is a 10-point, one-
dimensional rating scale based on a decision tree. It was 
developed for psychomotor tasks in order to rate aircraft 
handling and control (Cooper & Harper, 1969; see also 
Lysaght et al., 1989). Wierwille and Casali extended this 
scale to enable it to take a larger set of tasks into account. 
Because this is a one-dimensional scale, it has the advan-
tage of permitting fewer interpretations of the ratings for 
each participant. Moreover, Hendy, Hamilton, and Landry 
(1993) noted that, generally, a one-dimensional scale can 
predict an overall load as well as a multidimensional scale 
can. In contrast to the SWAT and NASA-TLX scales, 
however, the valuable diagnostic information provided by 
a multidimensional rating is no longer available for analy-
sis. Another shortcoming of the MCH scale is its lack of 
sensitivity in comparison with other scales, such as SWAT 
(e.g., Kilmer et al., 1988).

From these three scales, we can note that the NASA-
TLX is often considered to be not only the most sensitive, 
but also the most reliable subjective measure (Hill et al., 
1992). Furthermore, because NASA-TLX is a multidimen-
sional rating, it also provides valuable diagnostic informa-
tion about the source of the load (Hart & Staveland, 1988).

Physiological measures. Physiological measures—for 
example, of variations in heartbeat, pupil dilation, blink 
rate, or respiration rate—are based on the assertion that 
physiological variables reflect changes in cognitive func-
tioning. They particularly require participants to report 
recent use of alcohol or caffeinated drinks, cigarettes, or 
drugs, whose use may alter physiological responses (e.g., 
Granholm, Asarnow, Sarkin, & Dykes, 1996). After such 
factors are accounted for, these measures are considered 
precise enough to assess subtle variations in mental work-
load over a continuous time frame.

However, the suitability of some physiological tech-
niques for assessing mental workload has been chal-
lenged. For example, Lee and Park (1990) noted that 
changes in mental workload do not affect the heart rate, 
but, rather, the heart-rate variability (sinus arrhythmia). 
However, they also noted that an increase in the physi-
cal load modified both heart rate and heart-rate variabil-
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crease, whereas, if a task with a similar level of complex-
ity is preceded by lower load levels, the load rating tends 
to increase (Colle & Reid, 1998; Moroney et al., 1995).

The possibility of bias of this type calls for careful ex-
perimental design. For example, the pupil-dilation mea-
surement technique makes specific demands, because 
luminosity is also known to be a factor determining pupil 
size. Consequently, pupil dilation should not be measured 
in field studies where the ambient light itself, or its effect 
on the measure, is not sufficiently controlled. Even rela-
tively simple laboratory studies involving a computer task 
may require complex algorithms to distinguish the effects 
of changes in the brightness of the computer screen from 
those of mental workload on pupil dilation (e.g., Pomplun 
& Sunkara, 2003).

Availability of the technique. The NASA-TLX is the 
most readily available technique, because it requires only 
paper and pencil. The dual-task paradigm requires specific 
software to give the signals and collect the reaction times. 
However, as we describe below, one function of Tholos 
software is to handle the dual-task paradigm, so this tech-
nique can also be described as being available. Finally, the 
measurement of pupil dilation requires the most expensive 
apparatus due to the cost of most eyetracking systems, 
which makes this the least readily available technique.

These three criteria (intrusiveness, requirements, and 
availability) show that no single technique can be iden-
tified as the best. The subjective measures provide the 
cheapest way to determine mental workload, but they also 
display the highest level of known bias. The dual-task para-
digm requires only software, but must be carried out in a 
very clean auditory (or visual) environment. Finally, the 
measurement of pupil dilation requires the most expensive 
system and the most control over the task environment.

The Quantity of Data in  
Mental Workload Assessment

The volume of data collected depends on the measure-
ment technique used. As described in the following sec-
tions, some techniques yield a single index of the load, 
and others yield a more detailed picture of the dynamics 
of the load.

Dynamic versus static measurement. Subjective mea-
surements are carried out after the task has been completed, 
whereas physiological or dual-task measures are carried out 
during the task. As a result, only the latter two can be used 
to explore the within-task variations in mental workload. 
More precisely, Xie and Salvendy (2000) considered sev-
eral types of load, such as instantaneous load (the load at a 
specific moment), average load (the load per unit of time), 
accumulated load (the whole load experienced during the 
task), peak load (the maximum value of the instantaneous 
load), and overall load (which is determined a posteriori 
by subjective reports and is considered to result from both 
the average and the accumulated load). A subjective mea-
sure assesses only the overall load, whereas physiological 
and performance measures can be used to assess the other 
loads.

Low versus high bandwidth. Mental workload evolves 
in response to changes in the demands of the task, and so 

The Benefits of Multiple Mental  
Workload Measurements

In this brief description of three main categories of mental 
workload measurement, we selected a good representative 
within each category: the dual-task paradigm, the NASA-
TLX rating scale, and the pupil-dilation measurement tech-
nique. For the combination of different methods to be justi-
fiable, the minimal requirement is that no method perfectly 
measures the mental workload by itself. Each method has 
to provide a specific improvement when combined with 
another. To check this, we selected three components that 
are often the focus of research about mental workload: the 
requirements imposed by the techniques, the quantity of the 
data obtained, and the quality of the measure.

Requirement Imposed by the Techniques
To compare the requirements of the selected techniques, 

three criteria can be drawn from existing studies (e.g., Jex, 
1988): the intrusiveness of the technique (Does the mea-
sure interfere with the main task?), the methodological 
requirements (What are the limitations of the measure-
ment in capturing the load?), and the availability of the 
technique (Is the technique readily available?).

Intrusiveness of the technique. The three selected 
methods display low levels of intrusiveness. For the dual-
task paradigm, the distribution of the signal is selected 
generally so as to ensure that it does not interfere with 
the primary task. The researcher must instruct the par-
ticipant to focus on the main task rather than on the ad-
ditional task, which could interfere with the primary task 
(Piolat et al., 1999). With regard to subjective measures, 
most researchers assume that intrusiveness is not a prob-
lem, particularly because data is collected after the task 
is complete. The measurement of pupil dilation does not 
require any action from the participant and so does not 
interfere with the main task (unless older eyetrackers are 
used that restrict the participants’ movement). Therefore, 
intrusiveness alone is insufficient to distinguish among 
the techniques.

Requirements of the technique. When one compares 
techniques, it is important to consider the control required 
over the experimental task. A lack of this control could lead 
to bias in the data collection. For example, the dual-task 
paradigm involves measuring reaction times from signals 
(e.g., tones). This implicitly requires a controlled sound 
environment with limited noise. Despite this, the dual-task 
paradigm displays little known bias when compared with 
subjective measures. Most studies have probably been car-
ried out in the area of subjective measures in which differ-
ent biases are known. Some examples are given below.

The effect of delayed reporting on workload ratings. The 
quality of ratings is clearly affected after 48 h, and care 
must be exercised after 15 min (Moroney et al., 1995).

The effect of the participant’s performance in the task. 
Failure in performing the task may lead to a higher percep-
tion of the mental workload than is necessary for success 
(Miyake, 2001).

The context effect from previous trials. If a task with 
moderate complexity is preceded by high load levels, 
the rating of the mental workload of the task tends to de-
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changes in pupil dilation. On the other hand, the subjective 
measurement, due to its bias (such as the effect of prior tri-
als or the performance of the task), may be considered as 
not always selective. Therefore, the dual-task paradigm is 
probably the most selective of the three measurements.

The diagnosticity of the measure. The diagnosticity 
criterion relates to the capability of the measure to iden-
tify the source of the load in the task. For example, pupil-
 dilation measurement technique and the dual-task paradigm 
both have a low level of diagnosticity because they offer a 
global metric, regardless of the source of the load in the 
task. However, the multidimensional nature of NASA-TLX 
makes it the most relevant way of determining the source 
of the load. For instance, it can be used to identify whether 
overloading during the task results from a high level in the 
cognitive-demand dimension or in the temporal- demand di-
mension. The ability to make this distinction could provide 
important information in most field studies or complex 
laboratory experiments.

Toward Combining Several Methods
On the basis of the criteria listed above, no single tech-

nique emerged as the best.
The dual-task paradigm is capable of modeling the dy-

namics of the load, has low bandwidth, and is very selec-
tive. However, this method is not always sensitive and has 
zero diagnosticity.

The NASA-TLX rating scale has the fewest technical 
requirements and the lowest levels of intrusiveness, but 
has several methodological limitations. Moreover, it is a 
static measurement that cannot assess the dynamics of the 
load and is not sensitive to within-task changes in the load 
(nor is it very selective). However, it is the only measure of 
the three selected to display a high diagnosticity.

The pupil-dilation measurement technique requires a 
very expensive system and the most controlled environ-
ment. However, its high bandwidth provides the highest 
sensitivity for detecting the dynamics of the load. It must 
be noted, though, that this technique is not very selective 
and does not include any diagnosticity.

Table 1 shows a comparison of the three techniques 
based on the requirements, the quantity of the data, and 
the quality of the measure.

In the light of these considerations, we suggest that 
mental workload should be determined by combining sev-
eral methods in order to compensate for these different 
limitations, as outlined in the following sections.

Combining measurements may increase sensitivity. 
A single measurement may not detect all the dynamics 
of the load. This is clearly the case for a low-bandwidth 
measure such as the dual-task paradigm. This is also true 
of a physiological measurement such as pupil dilation, 
because during eye blinks, a pupil diameter of zero is usu-
ally recorded (even for the duration of a short blink). At 
the same time, eye blink duration and intervals tend to 
change depending on the visual demands of the task (Velt-
man & Gaillard, 1998). This means that some very inter-
esting pupil-dilation data could be lost during eye blinks. 
Consequently, combining the measurement of eye blinks 
with pupil dilation may increase the sensitivity. Adding a 

in a dynamic approach, measurements must be taken fre-
quently enough to detect transient changes (Wickens & 
Hollands, 2000). As a result, a physiological measure could 
miss fewer transient changes than would a dual-task para-
digm (since the latter determines the load at less frequent 
intervals). Indeed, the intervals between the probes in the 
additional task have to be long enough not to interfere with 
the primary task. This means that the dual-task paradigm 
and the measure of pupil dilation differ in bandwidth.4

The pupil-dilation measurement technique has the most 
stringent requirements with regard to experimental set-
tings (as we noted in the previous section), and, at the 
same time, it also offers the highest volume of data (it is a 
dynamic measure with a high bandwidth). The dual-task 
measurement has fewer requirements, but carries out only 
a partial measure of the load (it is a dynamic measure with 
a low bandwidth). Finally, a subjective measure, such as 
the NASA-TLX, has few requirements, but, because of its 
static nature, it offers the least data about the load. This 
means that we have to balance the requirements against 
the quantity of data to be collected. To complete these 
comparisons, it is also necessary to include the quality of 
data derived from the different measurements.

The Quality of Data in  
Mental Workload Assessment

Several authors have suggested criteria for evaluating 
the quality of the measurements of mental workload (Jex, 
1988; Luximon & Goonetilleke, 2001; O’Donnell & Egge-
meier, 1986; Wickens & Hollands, 2000). Three of these 
should be highlighted: the sensitivity, the selectivity, and 
the diagnosticity of the measures.

The sensitivity of the measure. The sensitivity level 
focuses on the ability of the method to discriminate among 
levels of task demands. Sensitivity is usually considered to 
be high for the pupil-dilation measurement technique; in-
deed, research has long suggested that pupil dilation cor-
relates with mental workload. If one accepts the theoretical 
assumptions of the dual-task paradigm, its sensitivity may 
be considered as high in most cases if the signal frequency 
is sufficiently high. However, it may be considered to have 
low sensitivity if the primary task does not require many 
resources, because the performance of an additional task 
may be unaffected (Fisk et al., 1987). Subjective measures 
are considered to be very sensitive for comparing tasks 
(or trials), but may not be sensitive enough to assess the 
dynamics of the load within the same task.

The selectivity of the measure. In contrast, selectivity 
requires that the measure stay unchanged when the task 
load does not change. This is a problem particularly with 
respect to physiological measures. For example, pupil-
 dilation measurement technique presents a low level of 
selectivity because there is also noise due to external fac-
tors, such as changes in the ambient light. Lack of selec-
tivity also results from individual factors that are more 
difficult to control. For example, the validity of pupil di-
lation for measuring emotional reactions has been clearly 
established (Kahneman, Peavler, & Onuska, 1968; Partala 
& Surakka, 2003). This explains why the mental workload 
should not always be invoked as the sole explanation of 
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mental workload (Tholos provides easily customizable 
performance and subjective measurement techniques of 
mental workload, thus reducing the technical require-
ments of software development); (2) the collection of data 
(Tholos produces standard spreadsheet documents that 
can be imported, for example, into OpenOffice Calc or 
Microsoft Excel); (3) data analysis (Tholos can combine 
performance and physiological measures into a single 
protocol). These functions all contribute to achieving the 
main goal of Tholos: to help experimenters combine vari-
ous measures of mental workload.

Measures Implemented Using Tholos
Tholos and performance measures. Tholos imple-

ments several methods of measuring mental workload. 
From the available performance measure methods, we 
have included the dual-task paradigm with auditory sig-
nals in the software. As noted, to limit its intrusiveness, 
the dual-task paradigm requires careful examination of 
the disruption to the primary task: The distribution of au-
ditory signals has to be arranged so as to prevent the par-
ticipants from focusing on the additional task. Piolat et al. 
(1999) also stressed that determination of signal distribu-
tion must be based on the research objectives and on the 
characteristics of the primary task. So when using Tholos, 
the experimenter must specify a range of distribution for 
the auditory signal (see Figure 1) and not a fixed interval. 
The latter prevents the predictability of the auditory sig-
nal, which may lead to automatization (Fisk et al., 1987).

In order to control individual differences in reaction 
times, Tholos requires participants to undertake a training 
session before performing the task (and responding to au-
ditory signals). This session makes it possible to establish a 
base value for the participant’s reaction time. This value is 
later subtracted from the reaction time recorded during the 
experiment. This increases the selectivity of the measure.

During the task, there are auditory signals to which the 
participant must react with a mouse click or a keypress. 
The higher the reaction time, the more cognitive resources 
are considered to be involved in the primary task. At the 
end of the task, the Tholos software generates a spread-
sheet file. This can be opened with most spreadsheet soft-

method from another category, such as the dual-task para-
digm, may increase sensitivity still further.

Combining measurements may increase selectivity. 
Some factors, particularly in physiological measures, are 
difficult to control—for example, brightness of the com-
puter screen or ambient light. To increase the selectivity of 
the measurement, it may therefore be useful to add another 
measure. For example, Veltman and Gaillard (1998) noted 
that variability in heart rate and blood pressure provides 
sensitive measurement of the load, whereas respiration 
rate is less sensitive. They also noted that respiration rate 
affects both heart rate and blood pressure. They suggested, 
therefore, either measuring the respiration rate to correct 
one of the other measurements or combining heart rate 
and blood pressure measurements to form a new index in-
tended to minimize interference from the respiration rate. 
Either way, selectivity is increased.

Combining measurements may increase diagnos-
ticity. As noted, the subjective reports are sensitive to 
between-task differences, but not to within-task ones. 
Therefore, one may be inclined to exclude these measures 
when dynamic measurements are available. However, de-
pending on the dimension of the scale, subjective reports 
may provide useful complementary data by evaluating the 
nature of the demands experienced by the participant.

Combining multiple measurements of mental workload 
may increase the quality and the quantity of available data. 
However, the technical requirements for combining mea-
sures are very high, which may explain why relatively few 
researchers have attempted to compare methods from differ-
ent categories (but see, e.g., Bortolussi, Kantowitz, & Hart, 
1986; Casali & Wierwille, 1983; Isreal, Chesney, Wickens, 
& Donchin, 1980; James et al., 1995; Miyake, 2001). It 
was in order to reduce these technical requirements that we 
designed a specific software package, named Tholos.

THOLOS SOFTWARE  
A Tool for Combining Measurements  

of Mental Workload

Tholos software was designed to facilitate the follow-
ing: (1) the design of experimental studies that measure 

Table 1 
A Comparison of the Three Techniques on the Basis of Requirements of  

the Techniques, the Quantity of the Data, and the Quality of the Measure

  Dual-Task Paradigm  NASA-TLX  Pupil Dilation

Requirements
 Intrusiveness Low Low Low (in laboratory)
 Availability High (using High Low

 existing software)
 Requirements Low High High

Quantity of Data
 Static or dynamic Dynamic Static Dynamic
 Bandwidth Low n/a High

Quality of the Measure
 Sensitivity High/low (depending High (between-tasks)/ High

 on the demands of  low (within-tasks)
 the primary task)

 Selectivity High Low Low
 Diagnosticity  Low  High  Low
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(i.e., reaction times). The experimenter can select data 
from physiological measures and performance measures 
(dual task) to generate a new spreadsheet document. This 
new document combines all the data along the time dimen-
sion, which (as the next section shows) makes it possible to 
compare the measurements of mental workload.

Studies involving pupil-dilation measurement face the 
problem of eye blinks, during which a pupil diameter of 
zero is usually recorded. At the same time, one may ob-
serve unusual values due to the partial obscuration of the 
pupil. By activating the corresponding option in the Tho-
los interface, the experimenter can remove blinks and par-
tial blink artifacts (see Figure 3). This is done by removing 
all zero values, as well as extreme values within 100 msec 
(a blink generally lasts for 70–100 msec), as suggested by 
Shi et al. (2003). Moreover, new formats relating to other 
physiological measures can be added easily in Tholos, al-
lowing the experimenter to combine the dynamics of the 
load from a large variety of sources.

A Case Study of Puzzle Solving
To offer a simple example of how Tholos works, we 

designed an experiment based on the sudoku puzzle. The 
aim of this puzzle is to fill a 9  9 grid with numerical 
digits so that every row, every column, and every 3  3 
box contains the digits from 1 to 9. The puzzle may be 
defined as a constraint-satisfaction problem that requires 
the participant to formulate, propagate, and satisfy a large 
number of constraints. In order to fill an empty cell in 
the grid, a participant must identify the cells that impose 
constraints on the cell under consideration. By putting a 
value in this cell, the participant also adds constraints, 
which may allow new actions. The number of new actions 

ware and contains several values, such as auditory signal 
distribution and the participants’ reaction times. Conse-
quently, with Tholos, it is possible to study the dynamics 
of the mental workload while the participant is performing 
the experimental task (the primary task).

Tholos and subjective measures. The Tholos software 
also implements the NASA-TLX rating scales. By using 
the main Tholos interface, the experimenter may choose 
between the simplified RTLX version of the calculation 
and the traditional version with pairwise comparisons of 
the scales (see the “Subjective measures” section above). It 
is also possible to modify the content of the scales in order 
to translate them, or to promote a variant of the scales in 
order to adapt them to the specificities of the studied task. 
For example, one could change the content of the scales for 
specific tasks, such as car driving (e.g., DooWon & Peom, 
1997). After the main task has been completed, the experi-
menter can click on a button to display the NASA-TLX. 
The rating scales appear on the screen, and the participant 
can set the rating for each question by using a slider (see 
Figure 2).

If the experimenter selects the traditional version of the 
scale, the second part starts, during which the participant 
has to weight each of the dimensions in pairs, resulting in 
15 comparisons. Finally, as for the dual-task paradigm, the 
results of the ratings and of the overall load are recorded 
in a spreadsheet for facilitating analyses.

Tholos and physiological measures. The goal of the 
Tholos software is not to replace existing tools designed for 
physiological measurement (especially for the measure of 
pupil dilation), but to associate their data with other mea-
surements. To this end, Tholos merges data collected from 
physiological tools with data from the dual-task paradigm 

Figure 1. The Tholos main screen. The top left section is used for information 
about the participant; the right section is used to configure the performance 
and the subjective measures; the bottom left section is used to start the training, 
the dual task, and the rating scales.
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at least 20 such puzzles) had to solve two puzzles with two 
levels of complexity (low and high). The low-complexity 
puzzle started with 45 empty cells and three locks to be 
solved; the high-complexity puzzle started with 50 empty 
cells and six locks.

Materials. During puzzle solving, we successively re-
corded 4 participants’ pupil dilation using the SMI iViewX 
head-mounted eyetracking system, which has a 50-Hz 

available usually changes, depending on the complexity 
of the puzzle. In a relatively easy puzzle, a large number 
of remaining cells may be solved independently of other 
cells. In a more complex puzzle, the participant must iden-
tify specific constraints in order to access a few others, 
which, in turn, allows other cells to be solved; that is, there 
are several “locks.” In this experiment, 4 participants who 
were familiar with sudoku puzzles (having already solved 

Figure 2. Tholos displaying the NASA-TLX scales; the participants have to 
rate each dimension.

Figure 3. Using the Tholos interface to merge protocols (in this case, from an 
eyetracking protocol and from the dual-task protocol).
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the auditory signals as rapidly as possible so that the base 
value of the reaction time could be calculated; participants 
were given the computerized version of the puzzle so they 
could become familiar with the task and with the experi-
mental software (see Figure 4); and participants had to 
solve the two puzzles. Half of the participants were tested 
on the less complex puzzle first; the other half were tested 
in the reverse order.

Results.5 The easy puzzle was solved in about 16 min 
versus about 45 min for the more complex one. The un-
weighted sum of the NASA-TLX scales indicates a score 
of 39.37 for the less complex puzzle versus 48.1 for the 
more complex one. These scores suggest that the sensitivity 
of the rating scales made it possible to distinguish between 
the two levels of complexity. Moreover, because the rating 
is multidimensional, it is possible to identify the source 
of the increase in mental workload. More precisely, the 
values of the dimensions indicate three main differences 
according to the complexity level (see Figure 5). There 
was an increase in the mental demand, effort, and frustra-
tion dimensions, whereas the other dimensions remained 
almost stable (a difference of 1% or less for physical de-
mand, temporal demand, and performance was considered 
to be negligible). These results indicate that, in the more 
complex puzzle, participants experienced an increase in 
the quantity of cognitive activities and were less confident 
but did not experience any more physical or temporal de-
mand. For puzzles of either complexity level, participants 
were satisfied with their performance, as indicated by the 
performance dimension (a score of 0 indicates a good per-
formance; a score of 100 indicates a poor performance).

For the dynamic measure (reaction time and pupil dila-
tion), we calculated the accumulated load (i.e., the sum 
of all instantaneous load measurements), peak load (i.e., 
the highest instantaneous load), and average load (i.e., the 
accumulated load divided by the number of instantaneous 
load measurements). These are shown in Table 2, which 
also shows the overall load (i.e., RTLX).

sampling rate. The ambient light was controlled during 
the experiment, which took place in a noise-attenuated 
room. While the participants performed the task, we used 
Tholos to record reaction times to standard tones played 
through the computer’s speakers at 10- to 20-sec intervals. 
The intrusiveness of the signal range was controlled in 
a pilot study. After each puzzle, we used Tholos to as-
sess the subjective rating of the mental workload with the 
NASA-TLX. When the experiment was over, we imported 
the participants’ pupil diameter into Tholos to combine 
data from the eyetracker with the dual-task reaction times. 
This made it possible to obtain three measures of mental 
workload and thus to increase the variety of the results.

Procedure. The experimental task was divided into the 
following stages: Participants were trained to respond to 

Figure 4. The experimental task based on the sudoku puzzle. 
Each participant has to fill the grid, selecting the numerical digits 
so that every row, every column, and every 3  3 box contains the 
digits from 1 to 9. The colors of the figure have been modified for 
publication.
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smoothing spline to this data set, which reduces the noise 
of the measure). A data comparison is made between the 
reaction time curve and the (smoothed) pupil diameter 
curve. The participant’s puzzle-solving actions (entering 
new values) are plotted with asterisks according to their 
time occurrence.

Indeed, reaction time and pupil diameter cannot be 
compared on the basis of exact values, because different 
unit measurements (millimeters and milliseconds) are 
used for the scales. However, the shapes of the graphs 
provide relevant information. By looking at both graphs, 
we can see that they follow a very similar pattern. For 
example, until peaking after about 3 min, they display suc-
cessive increases and decreases, which relate to puzzle-
solving activities. However, on closer examination of the 
two graphs, differences in shape become apparent.

For example, the changes do not occur at exactly the 
same time. The peaks in the pupil-dilation graph some-
times precede the corresponding peak in the reaction-time 
graph (e.g., at about 3 min on the x-axis), sometimes seem 
to occur just after this peak (e.g., at about 5 min), and 
sometimes seem to be unrelated to the other graph (e.g., 
at about 7 min).

Also, the graphs follow different scales. As noted previ-
ously, the units on the two graphs differ, which means that 
the extent of the rise or fall of the graph also differs. For 
example, a small increase or decrease in pupil diameter 
may be reflected by much larger variations in the reaction 
times (e.g., at about 5 min).

Also, the physiological measure detects more changes. 
This may be easily explained by the sampling difference. 
Looking at the smoothed graph of pupil dilation, we can 

On the basis of the reaction time (i.e., the dual-task 
paradigm), the accumulated load was 3.4 times greater 
for the complex puzzle than for the easy puzzle. The peak 
load was about 2.6 times greater for the complex puzzle. 
Finally, the average load was greater for the complex puz-
zle (277 msec) than for the easy one (170.52 msec). These 
results show the dual-task paradigm’s ability to discrimi-
nate changes in the load under the two conditions, as is 
also indicated in the subjective reports using the NASA-
TLX rating scales.

The pupil-dilation results were quite similar. The accu-
mulated load was 2.8 times higher for the most complex 
scenario, which is consistent with the duration of the sce-
nario. The peak load was higher for the complex puzzle 
than for the easy one (4.25 vs. 4.16 mm). A smaller differ-
ence was also found for the average load (3.54 vs. 3.4 mm), 
and such a difference was considered to be significant ac-
cording to Ahlstrom and Friedman-Berg (2006). These 
results stress the sensitivity of these measures to differ-
ences in mental workload depending on the complexity 
of the puzzle. To consolidate this claim, we suggest that a 
more detailed analysis, participant by participant, should 
compare the dynamics of these last two measures.

As indicated previously, the Tholos software facili-
tates such a comparison. Figure 6 illustrates a combina-
tion for the easiest of the two puzzles for 1 participant 
(other participants display similar results). Three param-
eters are plotted along a time axis. The reaction time was 
measured at 10- to 20-sec intervals, shown on a scale 
from 0–400 msec, and displayed as a curve (rather than 
as discrete plots) in order to facilitate comparison. Pupil 
diameter is shown on a scale from 3 to 4.5 mm (we fitted a 

Table 2 
Measures of Mental Workload for Dynamic (Dual-Task Paradigm and Pupil Dilation) and Static (NASA-TLX) Measures:  

Average Load (the Load per Unit of Time), Accumulated Load (the Whole Load Experienced During the Task),  
Peak Load (the Maximum Value of Instantaneous Load), and Overall Load (Subjective Reports)

NASA-TLX
(Rating Scale

Dual-Task Paradigm (msec) Pupil Dilation (mm) From 0 to 100)

Easy Complex Easy Complex Easy Complex

Complexity Level  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD

Average load 170.52 38.37 277 60.03 3.4 0.624 3.54 0.31
Accumulated load 6,997.76 912.64 24,220.96 8,732.75 137,807.34 40,318.7 388,903.07 161,109.72
Peak load 483.55 58.97 1,250.61 571.25 4.16 0.44 4.25 0.42
Overall load                  39.37  5.1  48.1  5.9
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incorrectly reflects the changes in the task load. More-
over, because the graphs reveal large differences between 
reaction times and pupil dilation, the measures must be 
validated more precisely. Future research must address 
this point by comparing more precisely the correlation 
between the changes in the dual-task measure and changes 
in the measure of pupil dilation in different tasks with spe-
cific distribution intervals.

Another methodological question concerns the links be-
tween the overall load measured by a static measure (such 
as the NASA-TLX) and that measured dynamically. Xie 
and Salvendy (2000) demonstrated that the overall load 
is different from both the accumulated load and the aver-
age load, even though they share some relations. Miyake 
(2001) and Ryu and Myung (2005) suggested that it is 
possible to gain an accurate understanding of participants’ 
reports by analyzing dynamic (physiological) measures of 
the mental workload. To obtain a better understanding of 
these links, one might consider assessing the various di-
mensions of the NASA-TLX separately by using different 
measures. For example, using a wide variety of physiolog-
ical measures may provide a relevant method of assessing 
the individual dimensions of the scales separately.

This last question also implies that theoretical improve-
ments of the mental workload concept could be obtained 
as a result of a more precise understanding of the com-
ponents that are under consideration. From a theoretical 
point of view, another question arises from the results of 
the dual-task paradigm. As stated by Fisk et al. (1987), 
a secondary task that is sensitive to changes in the de-
mands of the primary task should be selected from within 
an identical pool of resources. This consideration refers 
to the multiple-resource theory of Wickens (1984). How-
ever, Piolat et al. (1999) suggested that a probe should be 
selected in another modality, referring here to the single-
resource theory of Kahneman (1973). The claim that the 
reaction time resulting from a probe in another modality 
is an index of mental workload requires careful scrutiny. 
A more detailed comparison of physiological measures 
and the dual-task paradigm, as suggested by Isreal et al. 
(1980), might provide more details about the theoretical 
foundations of the dual-task paradigm and about the va-
lidity of selecting a probe in another modality. This may 
take the form of a comparison between the dual-task para-
digm and the irrelevant-probe technique (Papanicolaou & 
Johnstone, 1984). This technique involves recording of 
physiological measures (such as event-related potentials), 
in which, unlike in the dual-task paradigm, the participant 
has to ignore the probes. Several authors have noted that 
attention not focused elsewhere is attracted to the probes, 
even if the participant does not pay attention directly to 
them (Kramer, Trejo, & Humphrey, 1995; Ullsperger, 
Freude, & Erdmann, 2001).

Three questions have emerged from combining mul-
tiple measures of mental workload. These questions may 
help us to build upon existing theoretical and method-
ological foundations of mental workload. They also dem-
onstrate the benefits of Tholos software in reducing the 
requirements of comparing several measures of mental 
workload.

see that the reaction time graph often badly approximates 
its shape. This implies that sensitivity of the curve is in-
deed dependent on the sampling of the measure.

From a methodological point of view, the combination 
of different measures provides useful information for the 
experimenter. In fact, it is almost impossible to discuss the 
changes in mental workload for the reaction times along 
the time axis without using a second measure. For exam-
ple, we must be careful about claiming that an increase 
in load is followed by a decrease (or vice versa), because 
the shape of the curve between the known values is uncer-
tain. In particular, when sampling frequency is low, it is 
possible to miss several peaks in the load. There are also 
several cases in which peaks in the reaction times were 
not accompanied by changes in the pupil-dilation graph. 
Because pupil dilation is an indication of puzzle-solving 
activity, its absence may have resulted partly from missing 
values due to blinking.

Another explanation may lead to a discussion of the di-
agnosticity of the pupil-dilation measurement technique. 
As noted by Wilson and O’Donnell (1988), an increased 
load does not always result in increased overall activa-
tion. The more selective measure would detect changes 
in the load, whereas the general measure of load would 
not. This would also mean that, even if the changes in the 
two graphs seem to imply a close correlation, one must 
interpret the results carefully, because the changes do not 
necessarily have a common cause.

Indeed, although these are exploratory results, they il-
lustrate how Tholos can facilitate research by supporting 
the combination of multiple measures; although the di-
agnosticity of the NASA-TLX improves understanding 
of the source of the load, it does not reflect the dynam-
ics of the load. The dual-task paradigm appears to be a 
good candidate method for comparing loads in different 
trials, whereas the pupil-dilation measurement technique 
appears to be a good way to measure load changes within 
each trial. However, such claims require support from fur-
ther experimental studies. Various theoretical and method-
ological questions arise from combining measures, as the 
Tholos software does. We discuss such questions related 
to the puzzle-solving case study in the following section.

DISCUSSION

As we indicated above, combining several measures of 
mental workload may contribute to improving both the 
methodological and theoretical foundations of mental 
workload. For example, several methodological questions 
arise from these experimental findings, and the answers 
to these questions may clarify the relevance and quality of 
the different techniques.

The first question concerns those situations for which 
the dual-task paradigm is not appropriate. The distribution 
intervals of the probes have to be identified in a pilot study 
to limit the intrusiveness of the technique (Piolat et al., 
1999). However, in specific situations, a very long inter-
val may be required, and this may lead to many transient 
changes being missed. In an extreme situation, missing 
too many changes could lead to an irrelevant measure that 
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CONCLUSION

No single measure, be it performance, subjective, or 
physiological, can provide a better overall assessment of 
mental workload than any other. We have therefore sug-
gested combining several measures in order to increase 
the sensitivity, selectivity, and diagnosticity of the men-
tal workload determination. We developed Tholos soft-
ware to reduce the implementation requirements. Tholos 
facilitates the experimenter’s job in collecting data from 
subjective reports and from the dual-task paradigm, while 
making it possible to combine several measures of the dy-
namics of the mental workload.

Moreover, Tholos can be used in various types of exper-
iment, such as driving a simulator, controlling air traffic, 
or using a computer interface. In our experiment, combin-
ing the different types of measures highlighted a number 
of theoretical and methodological issues. This illustrates 
the usefulness of Tholos in helping experimenters reach 
a clearer understanding of the nature of the mental work-
load concept. We hope that this will promote the wide-
spread acceptance of the measures and will lead toward a 
more consensual definition of this notion.
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