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Abstract. Changes in physiological parameters during mental tasks frequently 
show individual differences and discrepancies among responses invoked by 
mental tasks. A multidimensional analysis was used in this study to investigate 
these variations. Fifteen male participants performed a 5-minute multi-attribute 
task battery three times with different levels of difficulty. Principal component 
analysis was used for seven autonomic nervous system parameters recorded in 
five blocks including before and after resting periods. The first and the second 
principal components were plotted on the two-dimensional plane and their pat-
terns were investigated. The results suggest that this method may provide more 
information on physiological responses induced by mental tasks. 
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1   Introduction 

Many research works in which several physiological parameters were measured to 
evaluate workloads have been reported. We also have investigated many physiologi-
cal parameters to find sensitive indices to the workload [1], [2], [3], [4]. In such stud-
ies, we frequently encountered the problem of individual differences. For example, 
some participants showed bradycardia during mental tasks while others showed 
tachycardia [5], [6], [7]. Therefore, if we focus on only one specific index of physio-
logical responses, e.g., heart rate, we may observe completely opposite responses in-
duced by the same mental task. This study investigated variations of patterns of 
physiological responses. A multivariate statistical analysis (Principal Component 
Analysis) was used in a multidimensional examination of physiological responses 
obtained during mental workload experiments.  
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2   Method 

2.1   Participants 

Fifteen male undergraduates (age range 18-24 years; mean 21.1) participated in this 
experiment. All participants provided written informed consent and were paid a con-
stant amount of money despite their task performance. 

2.2   Procedure  

The experimenter explained the detailed contents of the experiment and the tasks that 
the participants are required to perform. Then, written informed consent was obtained. 
All participants have done a practice session that contained three 5-minute trials of the 
medium level of difficulty before the experiment. Participants were given tips of this 
task to learn it easily.  

On arrival in the laboratory on the experiment day, following physiological hookup 
and device check, each participant was left in a soundproof and electrically shielded 
room in a relaxed condition for 10-15 minutes to accustom the experimental situation. 
Then, he completed the following blocks: rest with eyes open before tasks (5 min: 
PRE), H (5-min: High level of difficulty), M (5-min: Medium level of difficulty), L 
(5-min: Low level of difficulty) and rest with eyes open after tasks (5 min: POST). 
This procedure was repeated three times on different day with at least one day inter-
val. The order of task difficulty level was not randomized and set to the same order, 
i.e., H, M, and L [8]. Only the data on DAY1 were analized in this study. 

2.3   Task 

A revised version of the Multi-Attribute Task Battery (MATB) [9] was used. This 
task consists of tracking (first order, one dimensional compensatory tracking task, 
Figure 1, top center), system monitoring (Fig. 1, top left) and fuel management  
(Fig. 1, bottom center). The tracking task of the original version is a two-dimensional 
tracking task. It was revised to a one-dimensional (horizontal) tracking task in which 
a steering-type controller (CH Products, Virtual Pilot) was used. An amplitude ratio 
of forcing functions of the tracking task was set to 4:2:1 for high level (H), medium 
level (M) and low level (L) respectively. 

 

Fig. 1. NASA Multi-Attribute Task Battery display. It was negatively displayed in this  
experiment. 
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Participants were instructed to keep fuel levels of four tanks above specific fuel 
levels (2000 for Tanks A and B; 1000 for Tanks C and D) in the fuel management 
task. This instruction was different from the original one in which the participants 
were required to maintain the levels of tanks A and B at the optimum level of 2500 
units each. Other tasks were almost identical as the original version. The descriptions 
of the three tasks were given in literatures [10], [11].  

Harmonic means of reaction time for significant deviations in the four vertical 
gauges in the monitoring task were calculated as task performance indices. Also,  
average fuel levels of tanks A, B, C and D (sum of these four tanks) in the fuel man-
agement task and RMSE (root mean squared error) in the tracking task were recorded. 

2.4   Physiological Measurements 

Tissue blood volume (TBV) from the tip of the nose was measured using a Laser 
Doppler Blood Flow Meter (OMEGAWAVE OMEGA FLOW FLO-C1). Skin poten-
tial levels (SPL) from both palms were recorded by a DC amplifier (Nihon Koden, 
AG-641G). Average levels of these signals for each 5-minute block were calculated. 
The heart rate variability indices (LF: Low Frequency component, HF: High Fre-
quency component, LF/HF, total power and CV-RR: coefficient of variation of RR 
intervals) and heart rates were calculated from the ECG signals recorded from CM5 
lead. The respiration signal using a strain gauge around the chest and hemodynamic 
parameters (SV: stroke volume, CO: cardiac output, PEP: pre-ejection period, LVET: 
left ventricular ejection time, and PL: preload) were also acquired (NEC Nicoview 
PA1100). 

2.5   Subjective Measurements 

The NASA Task Load Index [12] was used to evaluate some self-report assessments 
of task loading. This assessment technique contains six subscales (MD: mental de-
mand, PD: physical demand, TD: temporal demand, OP: own performance, EF: effort 
and FR: Frustration). Furthermore, one item, OA (Overall workload), was added. The 
mean (RTLX: Raw TLX) and weighted mean (WWL: weighted workload) of these 
six scales were calculated.  

Stress and arousal scores using the SACL (Stress Arousal Checklist) [13], state 
anxiety scores using STAI-S (State and Trait Anxiety Inventory) [14] and two mood 
scores (F: Fatigue, and V: Vigor) using POMS (Profiles of Mood States) [15] were 
obtained. The TLX paired comparisons and TLX ratings using visual analog scales 
were presented on a sub-computer screen at the end of each task trial. Rating scales 
for the mood evaluation were also appeared after resting period (before H trial) and 
after each TLX assessment.  

2.6   Data Analysis 

The following seven physiological indices that are not subordinate to each other and 
are supposed to be valid workload indices were selected and analyzed.  



382 S. Miyake et al. 

(1) Heart Rate (HR): HR itself may not be a sensitive workload index. However, a 
few participants showed pattern2 response in which HR decreased during men-
tal tasks [7]. Therefore, HR was selected to investigate this response pattern.  

(2) CV-RR: This is one index of heart rate variability and almost equivalent to the 
total power of an HRV power spectrum. 

(3) Power spectral component of respiratory sinus arrhythmia (HF): Previous 
workload research reported that HF decreased due to the inhibition of vagal 
tone (parasympathetic nervous system) invoked by taskloads. Berntson et al. 
[17] who proposed two-dimensional autonomic space use this HF component 
(they describe this component as RSA) as the parasympathetic scale. 

(4) PEP: This index was also used as the sympathetic scale by Berntson and his 
colleagues. 

(5) SPL. (6) TBV. (7) SV. These three indices showed good correlations with 
workloads in our previous studies. 

Above-mentioned seven parameters on DAY1 were standardized in each partici-
pant (five blocks: PRE, H, M, L, POST). Three principal components (first, second 
and third) were obtained using the Principal Component Analysis (PCA with varimax 
rotation). The first and the second components were investigated and average scores 
of twelve participants were calculated because PEP and SV from three participants 
out of fifteen were not acquired. The outline of this method was shown in Fig. 2. Re-
sults in subjective and performance data are not mentioned in this paper. They are 
reported in somewhere [7], [11]. 

 

Fig. 2. Procedure to make a composite score (principal component). This figure shows an ex-
ample of one participant (S1). Changes of seven physiological parameters (all of them were 
standardized) are shown at the top. Seven numerical values displayed in the middle are first 
principal component coefficients. 
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Repeated measures ANOVA and the post hoc multiple comparisons test (Student-
Newman-Keuls) were applied and statistical significance was set at alpha = 0.05. The 
data were analyzed using SPSS for Windows, 11.0J.  

3   Results and Discussion 

The profiles of response patterns of seven physiological parameters are shown in 
Fig.3. The PCA was applied and three principal components were obtained to reduce 
these multivariate data. This procedure is similar to the analysis in the SD (Semantic 
Differential) method.  

The average of the first principal components is shown in Fig.4a. Significantly 
higher scores are shown in before and after resting periods than task blocks. However, 
no significant difference was found among three task trials. The pattern of the second 
component of one participant (S3) is similar to the patterns of the first components of 
other participants. Therefore, we calculated the average scores of the first components 
using his second component. As shown in Fig.4b, the score in L-trial is significantly 
higher than other two task trials (H and M). This result suggests that selecting 
"proper" components when we calculate the average scores of principal components 
may make the difference clearer. 
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Fig. 3. Profile plots of seven physiological parameters. Scores are the averages of twelve par-
ticipants. 

The two-dimensional plots of the first principal component (horizontal axis) and 
the second principal component (vertical axis) of seven physiological parameters in 
each participant are shown in Fig.5. It is apparently shown that the second component 
scores in PRE resting period are different from POST resting period. However, the 
averages of the second component scores show no significant difference between PRE 
and POST resting period as shown in Fig. 6a. This is because the data of resting peri-
ods were plotted on the opposite quadrant of the two-dimensional plane in some 
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Fig. 4. Average of the first principal components (a: n=12). The second component was used 
instead of the first component for one participant (S3) to calculate the average score (b). The 
score in the L-trial in the right panel (b) is significantly higher than the H and M-trials although 
no significant difference was found among trials in the left panel (a). Bars represent standard 
errors of the mean. 
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Fig. 5. Two-dimensional plots of the first components (horizontal axis) and the second compo-
nents (vertical axis) of seven physiological parameters. Scales on horizontal and vertical axis 
are identical for all figures: -2 to +2. S1-S15 represent participants’ codes. 

participants (S4, S5, S6 and S7). When we adjust the vertical direction (signs of the 
second principal component scores) of them and calculate the average scores, the plot 
pattern clearly shows the large difference between PRE and POST resting periods 
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(Fig. 6b). The multiple comparisons revealed that PRE<M=H=L and PRE<POST=L 
(p<0.05. Fig.7). These results indicate that the physiological states in resting period 
after mental tasks are different from the resting period before the tasks. This is a very 
reasonable result but the first principal components could not detect this difference. 

The bivariate (two-dimensional) autonomic space was proposed by Berntson, Ca-
cioppo and Quigley [16]. PEP and RSA are allotted horizontal-sympathetic axis and 
vertical-parasympathetic axis in some research using this bivariate autonomic model 
[17], [18], [19]. Our data of PEP and HF (RSA) are plotted on this autonomic space in 
Fig. 8. No significant main effect of BLOCK was found in PEP. As clearly shown in 
Fig. 8, no significant difference was found between PRE and POST resting periods 
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Fig. 6. Two-dimensional plots of the average scores of the first and the second principal com-
ponents (n=12). No significant difference was found between PRE and POST in the second 
components in the left figure (a). When the signs of the second components of some partici-
pants (S4, S5, S6 and S7) were adjusted, the average scores show clear difference between 
blocks (b) as also shown in Fig.7. Bars represent standard errors of the mean. See the legend of 
Fig. 5 for marker patterns. 
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Fig. 7. Average second principal components 
(n=12). The signs of scores of four partici-
pants (S4, S5, S6 and S7) were reversed to 
adjust the response pattern. Bars represent 
standard errors of the mean. 

Fig. 8. Representation of responses on the 
bivariate autonomic space. Bars represent 
standard errors of the mean. See the legend of 
Fig. 5 for marker patterns. 
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whereas HF scores in both resting periods are significantly higher than the task 
blocks. Furthermore, no significant difference was revealed among task trials in HF. 
The results suggest that the bivariate autonomic space using PEP and HF is less sensi-
tive to the workload than multivariate PCA in this study.  

It must be clear that our purpose is not to evaluate autonomic nervous system 
(ANS) activities but to evaluate the mental workload. Using ANS parameters to 
evaluate mental workloads is very popular because some of those parameters are easy 
to measure in field studies. However, central nervous system (CNS) indices such as 
EEG and ERP (Event Related Potential) are also used to evaluate human responses to 
the workload. Recently, the NIRS (Near Infrared Spectroscopy) technology makes it 
possible to monitor brain activities (oxygen metabolisms) during task performances 
using the photo-sensors attached on the sculp surface. It goes without saying that our 
method to combine physiological parameters into one or two integrated indices by 
means of PCA is not limited to only ANS indices. We can combine not only ANS 
parameters, but also above-mentioned CNS indices, subjective workload scores, 
mood scores and performance parameters (note that performance data cannot be ob-
tained during the resting periods) [20], [21]. However, the interpretation of vertical 
axes of figures 5, 6 and 7, i.e., the second principal components, is unknown at the 
moment although only ANS parameters are composed in this study. The second prin-
cipal component coefficients for each physiological parameter may suggest the inter-
pretation of the second component. Furthermore, subjective indices and mood scores 
are necessary to understand what this component means. Investigating the validity of 
this method considering above-mentioned more information is necessary to establish 
this method as the workload evaluation tool.  
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