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Abstract. Human errors have become the major threat to flight safety. Improper 
workload imposed on the pilot was supposed to be one of the most critical 
causes for human error. Among the various workload measure techniques, 
physiological measures were promising because of its objectivity and capability 
of continuous measure. However, the mechanisms of the physiological 
reactions were complex. The sensitivity and diagnosticity of the physiological 
parameters should be carefully discussed. This paper study several 
physiological reactions in a simulated flight task including blink, saccade, 
fixation, pupil diameter, heart rate, respiration etc. Statistical analysis was made 
to test the sensitivities of the physiological parameters and the diagnosticity of 
parameter was also discussed in the paper. These results could provide some 
guidance for the selection of the physiological parameters during the 
assessment of the pilot’s workload. 
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1 Introduction 

Several recent flight accidents reminded us that flight safety was always the most 
concerning problem in aviation. In the last decades the reliabilities of the aircraft and 
the onboard systems had been largely improved. More and more evidences showed 
that human errors have become the major threat to the flight safety[1].  

Many researchers agreed that the improper workload imposed on the human 
operators is one of the most critical causes of human errors[2, 3]. However, workload 
is the experience of the human operator, it cannot be measured directly. And it is even 
hard to give it a clear description because workload is a multidimensional construct[4, 
5]. Different techniques have been developed to measure workload. Performance 
measures, subjective rating scale and physiological measures are the most 
representative workload measure techniques[6, 7]. Yet, the performance measures had 
been proved to be inadequate to describe workload, this could be easily explained by 
that human operator could maintain the performance by paying more efforts[2]. 
Though subjective rating scales are the most frequently used workload measure 
technique, they still have some shortcomings. For example, they were depending on 
the operator’s memories and cannot be executed continuously in the task[6]. Thus 
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they could not provide a detailed evaluation of the operator’s workload. Physiological 
measures are promising workload measure techniques because the physiological 
parameters could be measured continuously in the whole process of the task[8] and 
moreover, several physiological parameters have been shown to be sensitive 
indicators in some particular tasks[9, 10]. However, the mechanisms of the 
physiological reactions were complex, thus the sensitivity of different physiological 
parameters to the workload should be discussed carefully. 

In this study, several physiological parameters were measured in a simulated flight 
task. The data were analyzed to find out the sensitivities of the physiological 
parameters to the different level of pilot’s workload. In the rest of this paper, the 
experiment would be described firstly; and the experimental results would be 
presented; then statistical analysis was executed to study the sensitivity of the data. A 
discussion about the results would be made in the end. 

2 Method 

2.1 Participants 

Volunteers were enlisted from the university. Twelve healthy students (7 males and 5 
females with the average age of 22.5) who were with high interest to the study were 
selected. All of them were fully aware of what will be done in the experiment and 
signed the consent form before the experiment. They were rewarded for their 
participation after the experiment. 

2.2 Apparatus 

The experiment is carried out on a simulator with high fidelity. The simulator consists 
of two parts, the outside view and the cockpit. The outside view is simulated and 
projected on a cylindrical screen which has a diameter of about 8 meters. In the 
cockpit, the arrangements are referred to Boeing 777-200ER. There are control 
instruments and display instruments in the cockpit. The control instruments include 
the yoke, throttle, rudder pedal, flaps, landing gear, CDU and MCP. The display 
instruments include PFD, ND, EICAS, etc. The simulator can also record parameters 
such as the position of the aircraft, the speed, inputs of the control instruments and so 
on during the flight with the sample rate of 30 Hz[11]. 

A desk mounted eye tracker (Smart Eye Pro[12]) is used in the simulated flight 
experiment to measure the eye activities of the participant. This set of instruments can 
measure the participant’s pupil diameter, blink, saccade and fixation with the frame 
rate of 60Hz. 

Heart rate, respiration rate, respiration depth and body acceleration are measured 
by using the Zephry Bioharness system[13]. The data are recorded with the sample 
rate of 1Hz. 
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2.3 Task 

In the experiment, each participant is asked to fly a complete flight task for 5 times. 
The flight task consists of take-off phase, cruise phase, approach and landing phase. 
The aircraft would take off from KSJC 30R. After passing 5 way points (i.e. SUNNE, 
WETOR, DUMBA, UNUWY and CEPIN, respectively) the aircraft would be landed 
at KSFO 28R. The flight environment is simulated as in summer, at noon, sunny and 
no wind. 

Notice that in this experiment, the task difficulties in the three flight phases are 
different. Specifically, in the take-off phase, the participants only have to control the 
throttle and the elevator to let the aircraft climb. In the cruise phase, autopilot will be 
engaged and it will take the control of the aircraft and guide the aircraft to follow the 
preset route. In this phase, there will be no need for the participants to interfere with 
control of the aircraft by any manual control. In the approach and landing phase, we 
ask the participants to disengage the autopilot and perform a non-precision visual 
approach. The participants have to control the elevator, the aileron, the throttle, the 
flaps, the speed brakes and the landing gear to achieve this task. It requires not only 
many controls but also a lot of perceptions and decision making. Thus it’s obvious 
that the workload imposed on the participant in these three flight phases was different.  

2.4 Procedure 

Before the experiment started, it took us three weeks to train the participants. Firstly, 
two tutorials were given to the participants to introduce the purpose of the 
experiment, some fundamental knowledge about the aircraft control and the 
measurement device used in the experiment. In the rest of the time, we scheduled a set 
of flight trainings. Each participant was trained in the simulator three times a week to 
execute the flight task which is identical to the task that has been described above. In 
each time, the training lasted an hour. And during the training, all the measurement 
devices are calibrated and deployed. All the objective data are collected during the 
training for the purpose of finding any potential problems which could occur during 
the experiment. Till the end of the training section, each participant achieved at least 9 
hours of flight training. 

After the training section, the experiment started. During the experiment, 
participants came to the lab according to the schedule. After arriving, they would first 
have 10 minutes to relax. Then the experimenter tested the devices and the participant 
entered the simulator. Next, the experimenter started recording and the participant 
began to perform the task. During the task the experimenter would check for the data 
to see if the devices were working properly. And if there were some problem with the 
devices, the experimenter would abort the experiment. After the aircraft had landed 
the experimenter stopped the recording and saved the data. The participant stayed in 
the simulator to have a 10 minutes break until the next trial started. 
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2.5 Analysis 

Preliminary Processing. As mentioned before, the physiological data are recorded 
by several devices with different sample rate. For this problem, a two-step strategy is 
used to synchronize the measured data. Firstly, all measurement devices are 
connected to a local network. Before the experiment, the system time of each device 
is synchronized to a time server which is in the same local network. Secondly, after 
the experiment had completed, all measured data were gathered. Some of them were 
resampled (eye data), and some of them are interpolated (physiological data such as 
heart rate and respiration). Then these data were aligned and integrated according to 
the timestamps at each sample point by using a C++ program we developed. Notice 
that the timestamps of different data cannot be aligned strictly because they were 
actually not sampled at the same time. Therefore, a time interval of 20 milliseconds 
was set and if the timestamps difference is within that interval the data were assumed 
to be sampled at the same time. The final integrated data have the frame rate of about 
30Hz. 

Some common problems for psychophysiological measures are noise and lost 
detection. Noise can be introduced by many reasons such as the environmental 
interference, while lost detection of the data is often due to the poor contact of the 
sensor to the body. In the present study, interpolation is executed at where 
psychophysiological data are lost. Then a ten seconds Hanning window is used to 
filter and smooth the psychophysiological data[14]. For any psychophysiological 
feature, if over 10% of the data are lost in a trial, then this trial is discarded. 

Because of the differences between the participants, absolute value of the 
physiological data were meaningless[15], all the data were transform to z-scores. The 
z-scores of the physiological data were used in the following statistical analysis. 

Statistical Analysis. Several studies have shown that psychophysiological parameters 
are relevant to the task requirement. But due to the complex mechanism of the 
psychophysiological activities, the results were not always consistent with each other. 
In the present study, statistical analysis was made to determine the relationship 
between the physiological parameters and the task requirement.  

It should be noted that in each flight phase, we extracted a segment of data for 
statistical analysis. For the take-off phase, the extracted segment covered the time 
interval from 60th second before the autopilot was engaged to the 30th second before 
the autopilot was engaged. For the cruise phase, the extracted segment covered the 
time interval from 180th second after the autopilot was engaged to 210th seconds 
after the autopilot was engaged. For the approach & landing phase, the extracted 
segment covered the last 30 seconds before the aircraft reached 2 nautical miles to the 
terminal airport. Average values of the physiological parameters in these segments 
were calculated. Then one-way ANOVA was carried out to test the sensitivity of each 
physiological parameter among the three segments. 
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3 Experimental Results 

Sixty trials were completed in the experiment. Fifty-three data sets were used for 
analysis. For the other seven data sets, three of them were rejected because of the bad 
contact of the skin conductivity sensor and the heavy loss of detection, four data sets 
were rejected because of the malfunction of the eye tracker which stopped recording 
in the middle of the trial. 

Table 1. ANOVA results 

 F(2,156) Sig. 

Fixation duration 9.751 .000 

Saccade frequency .050 .952 

Blink latency 3.689 .027 

Blink duration 4.375 .014 

Pupil diameter 18.383 .000 

Heart rate 40.848 .000 

Respiration rate 39.401 .000 

Respiration depth 5.461 .005 

 
From table 1, it could be indicated that fixation duration, pupil diameter, heart rate 

and respiration rate showed very significant differences (p<0.001) among take-off 
segment, cruise segment and approach & landing segment. For blink duration, blink 
latency and respiration depth, the differences among the three segments were also 
significant (p<0.05). But for saccade frequency, it didn’t show significant difference 
among the three segments (p>0.05). Thus, saccade frequency cannot distinguish the 
difference of task difficulty and wouldn’t be used in the following analysis. 

Post hoc analysis using the Tamhane’s T2 method (shown in table 2) indicated that 
pupil diameter and respiration rate significantly differed between each two of the 
three segments (p<0.05). Fixation duration didn’t show significant difference between 
cruise segment and the approach segment (p>0.05). Heart rate didn’t show significant 
difference between the climb segment and cruise segment (p>0.05). Respiration depth 
didn’t show significant difference between the climb segment and approach segment 
(p>0.05). Blink duration only showed significant difference between the cruise 
segment and the approach segment (p<0.05). Blink latency didn’t show significant 
difference between any two of the segments. 
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Table 2. Multiple Comparisons 

Dependent Variable (I) phase (J) phase 

Mean 

Difference (I-J) 

fixation_duration climb cruise .38506* 
  approach .50159* 
 cruise climb -.38506* 
  approach .11653 
 approach climb -.50159* 
  cruise -.11653 

blink_latency climb cruise .28874 
  approach .35108 
 cruise climb -.28874 
  approach .06234 
 approach climb -.35108 
  cruise -.06234 

blink_duration climb cruise -.12001 
  approach .17646 
 cruise climb .12001 
  approach .29647* 
 approach climb -.17646 
  cruise -.29647* 

pupil_diameter climb cruise .28085* 
  approach .72693* 
 cruise climb -.28085* 
  approach .44608* 
 approach climb -.72693* 
  cruise -.44608* 

heart_rate climb cruise -.12616 
  approach -.77144* 
 cruise climb .12616 
  approach -.64528* 
 approach climb .77144* 
  cruise .64528* 
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Table 2. (continued) 

respiration_rate climb cruise .30593* 
  approach -.65843* 
 cruise climb -.30593* 
  approach -.96436* 
 approach climb .65843* 
  cruise .96436* 

respiration_depth climb cruise -.29870* 
  approach .00371 
 cruise climb .29870* 
  approach .30241* 
 approach climb -.00371 
  cruise -.30241* 

*. The mean difference is significant at the 0.05 level. 
 

The statistical results of psychophysiological features showed that except saccade 
frequency, all features can distinguish the task difficulty to some extent. But the 
sensitivity of the physiological features was different. 

4 Discussion 

Physiological parameters including fixation duration, pupil diameter, blink duration, 
blink latency, saccade frequency, heart rate, respiration rate and respiration depth 
were measured during the flight task. The ANOVA results in table 1 indicated that 
saccade frequency didn’t show significant differences among the three segments. The 
original assumption that saccade frequency would change along with task difficulty 
was found to be inadequate. During the approach and landing phase, the participant 
had to frequently get information from the attitude indicator, speed indicator, altitude 
indicator, navigation and out of the window, thus the saccade frequency was high. 
While during the cruise phase, when the participant didn’t had to frequently get 
information and most of them explained to feel a little bit bored, it was found that the 
participant’s eyes would still have many subconscious movements. Thus it can be 
inferred that saccade frequency was not sensitive to the task difficulty in this 
experiment. Meanwhile, considering the pair-comparison results in table 2, it 
indicated that the sensitivities of the participants’ blink parameters (blink duration and 
blink latency) were not so satisfactory. By investigating the videos and the raw blink 
data recorded by the eye tracker, it was found that many of the blinks are actually 
“transition blinks” which accompanied with large range of eye movements. The 
mechanism of transition blinks is different from the ordinary blinks and they would 
affect the assessment of the blink-related features.  
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Fig. 1. Mean of the physiological parameters in different flight phases 
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Though the rest of the physiological features showed significant differences among 
the segments, their diagnosticity were still remained to be discussed. Fig. 1 showed 
the average value of the physiological features of all the 53 trials in different task 
segments. It indicated that some features changed in a “V” or inversed “V” style, such 
as respiration rate, respiration depth and blink duration. While for other features, 
some kept increasing such as heart rate; some kept the tendency to decrease such as 
fixation duration, pupil diameter and blink latency. It’s easy to infer that the features 
changed in “V” or inversed “V” styles are related to task difficulty because the task 
difficulty in the three segments also had the “V” style. But heart rate, fixation 
duration, pupil diameter and blink latency seemed to be related to other factors. Since 
they had the accumulative effect, it could be explained that they were related to 
fatigue. Moreover, the changes of the fixation duration could also relate to the 
requirement of the task. For during the climb phase, participants had to pay most of 
their attention on the attitude indicator, thus the fixation duration were long. During 
the cruise phase, participants had certain amount of eye movements due to curiosity 
or boredom, thus they didn’t fix on something for very long. While during the 
approach & landing phase, because of the high time pressure and the large amount of 
information requirements, the participants had to frequently glance at the indicators 
and the outside view, this made the fixation duration become very short. 

5 Conclusions 

In this paper, several physiological parameters were measured in a simulated flight 
task. According to the experimental results, it indicated that fixation duration, blink 
latency, blink duration, pupil diameter, heart rate, respiration rate, respiration depth 
were sensitive to the differences of task difficulty. Where pupil diameter and 
respiration rate were the most sensitive parameters, they could distinguish the 
differences of task difficulty between any two flight phases. On the other hand, the 
diagnosticity of the parameters was found to be different. Some parameters could be 
direct indicators of task difficulty, such as respiration rate, respiration depth and blink 
duration; others parameters in this experiment might be affected by not only the task 
difficulty but also other factors such as fatigue and so on. These results could provide 
some reference to further study in the assessment of the pilot’s workload. 
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