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Abstract: This study explored the possibility of developing a technique combining multiple measures of
mental workload. Dual task technique was applied. Twenty subjects were asked to perform computer-simulated
monitoring tasks with three different levels of difficulties. A reaction time performance with digital stimuli was
added as subsidiary task. The four indexes, accurate reaction time of primary task, variation rate of accurate
reaction time of subsidiary task, weighted subjective workload rating and variation rate of heart rate variance,
were used and tested. The correlation matrix of the four indexes was examined with principal component analy-
sis technique, and two mathematical models of comprehensive mental workload indexes (CMWIA, CMWIB)
were then advanced. It is verified that these two comprehensive indexes were far more sensitive for monitoring
mental workload as compared with any one of the preceding four indexes. It was concluded that it was useful
to construct some comprehensive mental workload indexes for practical industrial purposes.
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INTRODUCTION

The problem of mental overload became in-
creasingly serious with development of industrial
automation. In many industrial stations, it was
believed, - operators were frequently under the
pressure of high monitoring mental workload be-
cause many panels and other instruments must be
monitored and controlled simultaneously and
continuously. The heavy mental workload must
make an adverse impact on operators, and it was
also one of major factors which resulted in vari-
ous accidents and losses. The assessment and
prediction of monitoring mental workload is high-
ly important for industrial engineers to design
systems with adequate mental workload, which
will in turn promote work efficiency, improve
work environment and operator satisfaction, and
finally, make performances much more reliable
(Nachreiner, 1995; Svensson et al., 1997).

There have been quite a few studies on men-
tal workload measures for dozens of years. Some
important techniques have been suggested and
applied, including primary task measures, sub-
sidiary task measures, subjective workload rat-
ings and physiological measures (Myrtek, 1994;
Tattersali et al., 1996) . However, it was found
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it is not easy to evaluate the mental workload re-
liably in some industrial conditions. In other
words, almost all common procedures had spe-
cific weaknesses. For example, primary task
measures were just sensitive to medium mental
workload. The subsidiary task measures neces-
sarily interrupted primary tasks. They also
required the specific-resource performances as
subsidiary tasks to get high sensitivity. Subjec-
tive rating techniques just reflected the state of
general workload. It was not easy to diagnose the
sources which caused mental overload with sub-
jective rating techniques (Tsang et al., 1996) .
Physiological measures had to be supported by
some special equipment and skills. The physio-
logical responses of mental workload were some-
time likely to get confused with physical stresses
(Zhang et al., 1994). Therefore, multiple
measures of mental workload were suggested and
approved (Rouse et al., 1993; Tsang et al.,
1997) .

The usability and validity of multiple indexes
in measuring monitoring mental workload was
firstly examined in this study. Then, a tech-
nique of integrating these indexes into compre-
hensive mental workload indexes (CMWI) was
further explored. It was expected that our results
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will provide a basis for assessing practical moni-
toring of mental workload.

METHODS

1. Design of monitoring performance

A computerized-simulated monitoring task
was designed and used. On the upper part of the
computer screen, three stimulus frames were
set, each with one active belt in it. These belts
lengthened or shortened continuously, randomly,
and independently of each other. The subjects
were directed to monitor the changes of these
belts and asked to respond with right hands if ’
stimuli’ emerged. In other words, when any one
of these belts lengthened into the wamning areas,
which were set on the right side of the frames, a
stimulus occurred, the subjects were to press on
the keyboard selectively as accurately and rapid-
ly as possible. The belt went out of the warning
areas and the stimulus disappeared as soon as the
subjects acted. Three response keys, arranged
from left to right, were positioned corresponding
to three stimulus frames. There were three levels
of monitoring difficulties, which depended on the
number of stimulus frames watched at the same
time. The stimuli occurred at the rate of 50
items per three minutes. Seven other static pan-
els and two dynamic targets were added on the
screen to prompt the immersion of reality.

2. Method and indexes

Dual task technique was employed. The
monitoring performance was defined as the pri-
mary task, and a simple reaction time perfor-
mance was assigned as the subsidiary task. For
the latter, the subjects were required to respond
to digital stimuli ( which appeared within the
stimulus frame on the lower left part of the
screen) with their left hands by pressing a spe-
cific key.

The following four indexes were selected and
used:

Primary task measure; Accurate Response
Time of the Primary task (ARTP)

Subsidiary task measure; Variation rate of
Accurate Response Time of the Subsidiary task
(VARTS)

Subjective workload rating; Weighted Sub-
jective Workload Rating (WSWR)

Physiological measure: Variation rate of
Heart Rate Variance (VHRV)

In which, Accurate Response Time ( ART)
equaled Reaction Time divided by Reaction Ac-
curacy. ARTP was average reaction time of mon-
itoring task divided by its accuracy, and VARTS
was calculated according to the following formu-
la:

VARTS( %) =
ART of simple reaction time task in dual task conditions

ART of simple reaction time task in single task conditions

WSWR was the weighted sum of four subjec-
tive workload rating values. The four subjective
ratings were Task Complexity (TC), Task Pres-
sure (TP), mental Effort and Fatigue (EF) and
Strain Level (SL), respectively, which had
been tested in our previous study (Zhang et al.,
1995) .

VHRYV was the ratio of heart rate variance of
subjects in single monitoring task conditions to

that at rest. Heart rate variance was calculated
according to the R — R intervals of ECG.

3. Subjects and procedure

The twenty undergraduate students ( 10 males
and 10 females) participated in the study as sub-
jects. They were 18 to 23 years old, had normal
or corrected to normal vision, and all right-
handed.

All subjects engaged in four 5-min practice
sessions at first. They were asked to reach an
accuracy of 95% or over after these practices.

After a break, the trials began. During the
whole experiment, each subject had to perform
seven trials, three for primary tasks with differ-
ent difficulties, one for subsidiary task, and
three for dual tasks with different monitoring dif-
ficulties. The sequences of trials were predeter-
mined at random. Each trial lasted three min-
utes. There was a 30-min break between any two
trials.

The ECG was recorded during each trial.
Subjects were asked to give subjective ratings of
TC, TP, EF and SL based on their feelings
which were experienced in each trial. The sub-
jective rating scale was a 100 mm line, which
included two bi-polar adjectives and meant
‘very, very low’ or ‘very, very high’, respec-
tively. When all trials ended, subjects were
asked to arrange these subjective items according
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to their priority, which were used to calculate

their weighted coefficients in WSWR.

RESULTS

1. Sensitivity of four indexes

The results showed that the reactions to mon-
itoring targets were delayed with the increase in
workload both in single task and dual task condi-
tions. The ARTP was prolonged from 186.92 ms
to 251.49 ms to 347.47 ms in single task condi-
tions when the number of stimuli frames changed
from 1 to 2 to 3. Likewise, the ARTP extended
from 327.94 ms to 377.72 ms to 590.28 ms in
dual task conditions. There were 0. 01 — level
significant differences among three workload lev-
els both in single task ( F = 10.23) and dual
task ( F =7.20) conditions.

The average values of VARTS markedly in-
creased from 184.90 to 236.21 to 332.99 with
the changes of the numbers of stimulus frames of
primary tasks from 1 to 2 to 3 (F = 12. 65,
p <0.01). Because these increases possibly re-
lated to the change of primary task performances
under single to dual task conditions, the covari-
ance analysis of VARTS was made to exclude the
effect of the primary task interference with sub-
sidiary task performances. The results showed
that average covariance modified values of VAR-
TS were also significantly influenced by monitor-
ing difficulties, but that there were no significant
differences between VARTSs and their average
covariance modified values (p >0.05) .

Likewise, the values of WSWR ( F =
11.86, p <0.01 ) and VHRV (F =5.56, p
< 0.01) both significantly increased with the in-
crease of the number of stimulus frames. WSWR
were 18.94, 33. 38 and 45. 21, and VHRV
were 86.22, 77.09 and 66. 41 respectively in
three monitoring difficulties.

2. Correlation among four indexes

In order to examine individual and overlap
contributions of four indexes to assessing moni-
toring workload, their correlation matrix was cal-
culated (results in Table 1) . The matrix showed
significant correlation between ARTP and VAR-
TS, between VARTS and WSWR, and between
WSWR and VHRV.

This matrix was processed with principal

component analysis technique. It was orthogo-
nally rotated according to the principle of vari-
ance maximum. Finally, the matrix of factor
loading was obtained, as shown in Table 2. It
was found that these four indexes could be clas-
sified into two common factors. One mainly re-
lated to ARTP and VARTS, the other to WSWR
and VHRV.

Table 1 The correlation matrix of four
mental workload indexes
ARTP VARTS WSWR
VARTS 0.66" "
WSWR 0.23 0.33""
VHRV -0.01 -0.12 -0.27"

** p<0.01," p<0.05.

Table 2 The factor loading matrix of four
mental workload indexes

Factor 1 Factor 2 Common variance
ARTP 0.90613 0.00807 0.82113
VARTS 0.88117 -0.18271 0.80984
WSWR 0.36295 -0.67000 0.58063
VHRV 0.09533 0.87889 0.78154

3. Mathematical models of comprehensive mental
workload index (CMWI)

The study used the values of factor loading
displayed in Table 2 as weighted coefficients of
four indexes to calculate their weighted sums. In
other words, two mathematical models of com-
prehensive mental workload indexes ( CMWI)
were constructed based on following formulae :

CMWIA
CMWIB

= a;X] + QX7 + azx3 + A4%X4
= blxl + bzXz + b3x3 + b4x4

in which, x;, %, x; and x4 were standard
scores of ARTP, VARTS, WSWR and VHRV
respectively. a,, a,, a3 and a; equaled to
0.90613, 0. 88117, 0. 36295 and 0. 09533,
and b,, b,, by and b, were 0. 00807,
~0.18271, —0.67000 and O.87889 separate-
ly.

’ It was found that ARTP and VARTS were es-
pecially emphasized in CMWIA. On the cont-
rary, WSWR and VHRV had major influences
on CMWIB. Because VHRV decreased with the
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increase of monitoring workload, the CMWIB
had a negative correlation with the monitoring
difficulty .

The results of CMWIA and CMWIB are pre-
sented in Fig 1. The CMWIA were - 1.2506,
—~0.1748 and 1.4255 respectively for three dif-
ferent monitoring difficulties from low to high,
and there were very significant differences among
them (F =35.21, p <0.001). Likewise, the
CMWIB values of three different monitoring diffi-
culties also changed significantly ( F =32.5, p
<0.001), and were 0. 9787, 0. 0176 and
—0.9962 separately. Obviously, two CMWIs
were far sensitive to monitoring mental workload
as compared with any one of four indexes.

OCMWIA
OCMWIB

The average values of
CMWIls(z-scores)

Middle
Monitoring difficulty

Low

High

Fig.1 The average values of CMWIs in three
different monitoring difficulties
DISCUSSION

Many mental workload assessment techniques
or indexes had been suggested, including prima-
ry task performances, subsidiary task perfor-
mances, subjective ratings, heart rate, heart
rate variance, pupil diameter, EEG, etc. But,
these techniques or indexes generally had their
own specific application limitations. Therefore,
multiple measures were often recommended in
practical situations ( Myrtek, 1994; Casali et
al., 1983).

When multiple measures were employed, a
good tool was needed to combine different mea-
sures. There had been several important efforts
in some previous studies. For example, SWAT,
NASA -~ TLX and SWORD all applied multidi-
mensional scale techniques (Reid et al., 1988;
Hart et al., 1988; Vidulich et al., 1991).
Sloan and Cooper used the factor analysis tech-

nique to analyze fifteen self-reported pilot perfor-
mances and intended to find a synthetic subjec-
tive index (Sloan et al., 1986). However,
those efforts were almost limited to the field of
subjective workload rating.

The study also tried to develop a technique,
by which ARTP, VARTS, WSWR and VHRV
could be incorporated to construct some compre-
hensive workload indexes. This effort had been
recognized as valuable because the sensitivity
and validity of two comprehensive workload in-
dexes (CMWIA, CMWIB) had been confirmed.
Although the mathematical models deduced here
would probably be inappropriate for other cases
due to ubiquitous task, environmental, and indi-
vidual variance, the study suggested a good op-
erative technique for comprehensively assessing
practical monitoring workload.

CONCLUSIONS

The study explored the possibility of develop-
ing a technique to combine multiple measures of
monitoring mental workload. As a result, two
mathematical models of comprehensive mental
workload indexes (CMWIA, CMWIB) were con-
structed by analyzing the correlation matrix of
four indexes, including accurate reaction time of
primary task, variation rate of accurate reaction
time of subsidiary task, weighted subjective
workload rating and variation rate of heart rate
variance, with principal component analysis
technique. It was found that these two compre-
hensive indexes were far more sensitive for mea-
suring monitoring workload as compared with any
one of the four indexes. It was predicted that the
technique of comprehensively assessing monitor-
ing workload developed in the study would be
available in practical industrial conditions.
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