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a b s t r a c t

The goal of this study was to establish a quantitative relationship model between workload and task
demand under different tasks, when time pressure was set as the main influential factor to the task
demand, with three workload measurement parameters. The workload “redline” was also analyzed and
determined with the relationship models between the workload measurement parameters and time
pressure. The experiment was designed with three different tasks under different time pressures. Three
workload measurement parameters (subjective evaluation workload, accuracy and pupil diameter) and
the subjective feeling threshold of time pressure were measured experimentally and then used in a
comprehensive analysis for the relationship model. The data analysis result showed significant differ-
ences in workload under different time pressures, but workload was not affected by the task type. With a
time pressure of 0.8, participants felt a sense of time urgency and the accuracy decreased by approxi-
mately 85%. The results demonstrate that the subjective evaluation workload, accuracy and pupil
diameter can be used as the measurement parameters for the workload under different time pressures
and for different tasks. Thus, for a time pressure of 0.8, an accuracy of 80%e85% was determined as the
workload “redline”. Linear relationships were found between subjective evaluation workload, and pupil
diameter and time pressure, and a quadratic curve relationship was found between accuracy and time
pressure. Workload prediction can thus be performed using these relationship models betweenworkload
and time pressure.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Mental workload is often conceptualized as the interaction be-
tween the capacity and the operator (Hilburn and Jorna, 2001). The
ratio between task demands and capacity therefore determines the
level of workload. The workload acting on operators includes time
load, mental effort load and psychological stress load (Reid and
Nygren, 1988). Capacity is determined by the skills and training of
the operator, but may also be influenced by stressors such as fa-
tigue, noise, etc. Task demands are determined by the number of
tasks to be performed, the amount of attention needed, and the
time available (Hancock and Meshkati, 1988). Cillie (1992) defined
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the task variables as task criticality, task structure (High versus
Low), task novelty, time response, amount of task, task complexity,
and task rate. The time available for task demand can lead to con-
version of time load and psychological stress load to workload.
Engineers typically emphasize operational definitions based on
time available to perform a task (Krüger, 2008). It is crucial to assess
workload by the time available, which is one of the main factors
influencing task demand. Thus, the relationship between time
available and workload is an important issue for the workload
prediction and assessment.

Time available, as an input variable referring to task demand
(Gaillard, 2001), was defined by the task loading index and used in
workload assessment with time pressure. The time pressure can be
defined as the ratio of time required to complete a task to the time
available (Siegel and Wolf, 1969). The time pressure is defined as
the ratio of time required for tasks to time available for tasks (Mioch
et al., 2010). The ratio of time required to time available (Time
Pressure, TP) is widely used inworkload prediction and assessment.
The time line approach treats theworkload as a function of the time
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available to perform a task (Beevis, 1994), and calculates workload
with TP, which is used to identify workload encountered in the
overall aircraft operations, and then used to develop workload
prediction models, such as the Workload Assessment Model
(WAM), Time Based Analysis of Significant Coordinated Operations
(TASCO) (Roberts and Crites, 1985), the Workload Index (W/
INDEX)(North, 1986), etc. The proportion of time required to time
available is also taken as an objective indication of workload levels
for ATM operators (Cullen,1999), inwhich 100% occupation is taken
to indicate high workload (and is plotted as a workload value of 5),
and 0% occupation is taken to indicate lowworkload (and is plotted
as a workload value of 0).

The time pressure is a critical factor in terms of pilot workload,
especially in the flight scenario of emergency operations. The flight
operation procedure was designed and fixed after the design of the
human-machine interface in the cockpit. The standard normal
operating procedure is fixed at each flight phase. In an emergency
situation, the number of operation tasks in a unit time increases so
that the time pressure becomes the main factor influencing work-
load. There are various types of flight operation tasks, including
visual tasks, such as altimeter monitoring and airspeed indicator
monitoring, and operational tasks, such as manipulating the stick
(disk), operating the throttle lever, etc. Under these different types
of task units, are the relationship between time pressure and
workload constant? Understanding the linear relationship between
workload and time pressure under different types of tasks can
improve the accuracy of workload prediction.

The method of using time pressure (the proportion of time
required to time available) to calculate the workload only considers
temporal relationships in a fixed period of time without consid-
ering task type. However, there are other factors that influence
workload, such as task difficulty, but there is no quantitative cor-
responding relationship between time pressure and workload for
more precise workload prediction that considers these additional
factors.

1.1. Task demand, performance and workload

The earliest relation model between task demand and perfor-
mance has been described by Meister (Meister, 1976). Meister
defined three regions: performance remains unchanged with the
increase in task demand, performance decreases with the increase
in task demand, performance remains at this minimum level with
further increase in demand. Other studies (Meijman & O'Hanlon,
1984) described the relationship among task demand, perfor-
mance and workload with a reverse “U” model, including the
underload and overload regions. There are six regions in the rela-
tion model among workload, performance and task demand (De
Waard, 1996). The relationship among task demand, performance
and workload was detailed in these models. However, there is no
quantitative analysis on their relationship because the task de-
mands are determined by task difficulty and time pressure. A
quantitative relationship model between workload and task de-
mand can be established when the task demand mainly comes
from one factor, task difficulty or time pressure.

1.2. Workload measurement

There are numerous methods to measure workload, such as
subjective measurement, physiological measurement (pupil dila-
tion, heart rate, respiratory, sinus, arrhythmia, etc.) (Berka et al.,
2007; Glenn et al., 1994; Vigo et al., 2012; Miriam Reiner and
Gelfeld, 2013; Faure et al., 2016; Mansikka et al., 2016), primary
task performance (accuracy, reaction time, etc.) and secondary task
performance (Brookhuis and De Waard, 2010; Mazur et al., 2013;
Reiner and Gelfeld, 2013). Under different methods, there are
many parameters that can be used to indicate workload. To qualify
the relationship of workload and time pressure, the parameters
used to indicate the workload should also be defined with qualifi-
cation. Among all the parameters, performance accuracy is the
most direct indicator of the workload (Mazur et al., 2013; Krüger,
2008). Subjective measurement is the most widely used method
in measuring workload (Fairclough et al., 2005; Prichard et al.,
2011; Stuiver et al., 2012; Fallahi et al., 2016; García-Mas et al.,
2016). Meanwhile, the correlation of pupil size in physiological
measurement with mental workload has long been supported
(Juris and Velden, 1977). Pupil size is the most promising single
measure of mental workload because it does not disrupt a user's
ongoing activities, and provides real-time information about the
user's mental workload (Kahneman, 1973). Startle eyeblink was
attenuated during both tasks, and the attenuation was greater
during the multiple-task condition than during the single-task
condition (Neumann, 2010). Although the difference in pupil size
between different emergency operation procedures (EOPs) was not
significant, there was a tendency for pupil size in the high
complexity EOP to be larger than that in the low complexity EOP
(Gao et al., 2013). When participants drove a simulator and per-
formed the n-back task, the initial results show their pupil size (PS)
measurements have the expected trends, but significant differences
between n-back levels found in the PS data suggest that PS may be
more sensitive to differences in workload (Gable et al., 2015).

It is well known from a variety of studies that an observer's
pupils dilate with increasing cognitive workload being imposed
(Klingner et al., 2008). All of the parameters are not indicated to
individually influence workload, but rather combining physiolog-
ical information with subjective and performance information
leads to a more pronounced insight into workload. We chose the
workload measurement parameters of subjective evaluation, ac-
curacy and pupil diameter to represent workload for the compre-
hensive analysis on the relationship model between task demand
and workload.

When using pupil diameter as the measurement indicator to
workload, the factors influencing pupil diameter require consid-
eration. Winn et al. (1994) reported that pupil size decreased lin-
early as a function of age at all illuminance levels. Pupil diameter
changes under different tasks (Batmaz and Ozturk, 2008). Pupil
dilation is known to quickly respond to changes in the brightness in
the visual field and a person's cognitive workload while performing
a visual task (Pomplun and Sunkara, 2003). Pupil diameter as a
workload measure should be introduced and discussed in light of
some recent research demonstrating, for instance, an effect of blink
duration but not pupil size with workload (Gao et al., 2013). Also
Schulz et al. (2013) showed that pupil diameter increases were
associated with a shift of visual attention frommonitoring towards
manual tasks. Gao et al. (2007) reported that pupil diameter was
affected by stress. Thus, pupil diameter can be affected by various
factors, such as task, brightness, stress, etc.

1.3. Workload “redline”

Estimates of workload can determine whether specified
functions and tasks allocated to human operators are feasible in
terms of time and capability requirements (Krüger, 2008).
Therefore, it is important to determine the workload “redline”.
The value of the workload is called “redline”. Workload “redline”
is always presented as another parameter, for instance, perfor-
mance has been used as the presentation of workload “redline”
(Colle et al., 1988).

Therefore, it may be more useful to place a workload redline at
the transition from the optimal performance region to the task-
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related effort region (Krüger, 2008). Reid et al. used SWAT scale as
the representative of the workload “redline”, and identified 40 ± 10
as the redline range for the Subjective Workload Assessment
Technique (SWAT) (Reid and Colle,1988). Colle et al. (Colle and Reid,
2005) also estimated a SWAT based redline with SWAT scores of
approximately 40. The value achieved 85%e95% accuracy in pre-
dicting a “redline” workload level in training data, and on
completely new data, the accuracy was in the 70e75% range
(Schvaneveldt, 1997). The redline value was adopted from earlier
work (Reid and Colle, 1988) showing that at that value of workload,
performance measures begin to show effects of workload. If the
workload level is calculated at 85%, then it could be expected that,
in the normal performance of the tasks, the operator would shed
some activities to bring the workload below 80% occupation. In the
timeline task analysis, the situations of concern are those which
cause the operator to approach the edges of the performance en-
velope, i.e., as TP approaches 1.0., simulation for the Workload
Assessment and Manning (SIMWAM).

Although there are many studies on workload redline, they
determined the workload redline with one single parameter. Is the
“redline” the same when using multiple parameters under
comprehensive consideration?

The purposes of this study were, therefore to 1) analyze the
relationship between time pressure and workload with measure-
ment parameters, and test the impact of individual differences and
task type on measurement results; 2) establish a quantitative
relationship between time pressure and workload, using three
workload parameters, subjective evaluation, accuracy and pupil
diameter; 3) determine theworkload “redline” under different time
pressures, with comprehensive multi-parameter considerations.

2. Methods

2.1. Participants

The participants were 29 healthy right-handed males between
19 and 26 years old who reported no orthopedic or neurological
disease, with a CVA (corrected visual acuity) of 1.5. Ethical approval
was requested and received from the Ethics committee in the
Technion for human experiments. The participants signed consent
forms.

2.2. Apparatus

Experimental stimuli were displayed using pictures on the
computer screen. The content of the experiment was edited and
shown in the software (Experiment Buide, EB) of Eyelink II. The
participants sat approximately 70 cm from the bottom of the
stimulus. Data were collected using data analysis software of Eye-
link II. Eyelink II is a head-mounted video-based eye tracker, con-
sisting of a video camera and infrared light source that were
pointed at a participant's eye, and a device that tracked the location
and size of the pupil using these tools. Pupil size can be recorded at
250 Hz (pupil) or 500 Hz (pupil with cornea). In the experiments,
the pupil size was recorded at 250 Hz because the eyes of most
participants cannot be identified well with cornea.

2.3. Experimental content

According to the human information processing stage model
and the MRT (Multiple Resource Theory) proposed by Wickens
(Wickens and McCarley, 2007), the resource processing stages
include perception, cognition, and response. Perception included
both visual and auditory perception; cognition included both
spatial and verbal cognition; response included both manual and
vocal response.

Then, according to the flight operation procedure of civil aircraft
A320, the flight operation tasks include perception tasks (e.g.,
monitoring altimeter, scanning navigation information and
receiving warning sounds), cognition tasks (e.g., evaluation,
calculation and selection), and responding tasks (e.g., operating
toggle switch, having a conversation). A whole operation task
commonly includes perception, cognition and response in
sequence.

In the analysis of flight operation tasks, the experiments were
designed including three types of flight operation tasks: Identify
the status of the toggle (Task 1), i.e., perception (visual) ecognition
(spatial, simple) e response (manual) as a whole task; Identify the
warning information with warning light (Task 2), i.e., perception
(visual) e cognition (spatial, complex) e response (manual);
Recognize the notification aural (Task 3), i.e., perception (auditory)
e cognition (verbal) e responding (manual).

The experiments are described in detail as follows.
Task 1: Identify the status of the toggle: Identify the position

status of the toggle “ANTI COLLISION”. When it is on “ON”, press
button “N”; when it is on “OFF”, press button “F”.

Task 2: Identify the warning information with a warning
light: Press different buttons according to the warning light in
different positions. When the warning light glows in area “ENG”,
identify the danger posed by the engine, then press button “E”;
when it glows in area “HYD”, identify the danger posed by the
hydraulic pressure system, and press button “H”; when it glows in
area “AIR”, identify the danger posed by the air condition system,
and press button “A”; when it glows in area “BLEED”, identify the
danger posed by the bleed air system, and press button “B”.

Task 3: Recognize the notification aural: Press different but-
tons according to different notification notes that participants hear.
When the aural “Ding” occurs, press button “A”, which stands for
“Attention”; when the aural “short buzz” sounds, press button “W”,
which stands for “Wait”; when the aural “long buzz” sounds, press
button “E”, which stands for “Emergency”; when the aural “fire
alarm sound” occurs, press the button “F”, which stands for “Fire
alarm”.

Siegel and Wolf (Siegel and Wolf, 1969) proposed that the time
pressure (TP) of the task operation can be calculated by the equa-
tion TP¼ Tr/Ta, inwhich Ta represents the time available to perform
a task and Tr represents the time required to perform the task. In
the experiment, Tr was measured in the pre-test before the official
experiment, and then Ta can be obtained based on the time pres-
sure calculation equation with the value of Tr and TP. The experi-
mental time was set by Ta.

The required time (Tr) of each participant to perform the task
was recorded without any time limitations in the experiment,
operating as quickly as possible while ensuring accuracy. TP was set
at the level of 0.6, 0.7, 0.8, 0.9, 1.0 and 1.2. Then, based on Tr and the
equation of TP ¼ Tr/Ta, the available operation time Ta can be
calculated, which was taken as the experiment time. Each experi-
mental task under different TPs was performed thirty times, so that
the participants fully felt the workload of the operation tasks. It has
been said that such psychophysical experiments might cause
habituation error and expectation error, in which case the results
might be affected by the non-susceptibility factors. Therefore, the
experiment was designed with the method of minimal change
smallest variation to allow habituation error and expectation error
to cancel each other out to eliminate the effect of the errors (Yang,
1988). The time pressures of the experimental tasks are set from
small to big, then to small: 0.6, 0.7, 0.8, 0.9,1.0,1.2,1.2,1.0 0.9, 0.7, 0.8
and 0.6.
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2.4. Parameters

Three workload parameters, including subjective evaluation
workload, pupil diameter and accuracy, from twenty-nine partici-
pants in the experiment were measured.

2.4.1. Subjective evaluation for workload
A five-point Likert scale with instructions was used for subjec-

tive evaluation, of which one point indicates that the task can be
easily completed with no difficulty; two points indicates that the
task can be easily completed with little difficulty; three points in-
dicates that the task can be completed with little difficulty; four
points indicates that the task is difficult to complete; five points
indicates that the task is too difficult to complete.

2.4.2. Accuracy
Each task required the participant to operate the corresponding

keyboard in the experiment, which are described in the experi-
mental contents. The correct keyboard operationwas defined as the
accuracy of each task in the experiment. The accuracy was recorded
in EB.

2.4.3. Pupil diameter
In each experiment, under different tasks and after completion

of each task, the pupil diameter of each participant was recorded
with eye tracker for further analysis.

2.4.4. Threshold value of time pressure
In each experiment, under different tasks and after the

completion of each TP task, the participant was required to provide
a subjective feeling rating. If the participant felt the time pressure of
the task operation showed a sign of positive reaction, they marked
the operation as “þ”; if they did felt the time pressure of task
operation showed a sign of negative reaction, they marked the
operation as “-”.

2.5. Procedure

In order to eliminate the effect of fatigue on the experimental
results, it is necessary to strictly control the time of the experiment.
Therefore, before the formal experiment, there are a lot of pre-
experiments, to determine the time of experimental executing,
ensuring that the workload changes can be measured without any
fatigue.

Before the experiment started, twenty minutes were allocated
to each participant in order to become familiar with the experi-
mental contents. Then, the participants were asked to execute the
experimental tasks as quickly as they could with accuracy as the
premise. This group of experiments contained eleven tasks with TP
levels of 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.2, 1.0 0.9, 0.7, 0.8 and 0.6,
respectively. The absolute feeling threshold of time pressure is the
boundary at which the participants change from one reaction to the
other. Each task was presented to the participants for ten minutes,
and the reaction times of the participants were recorded. If the
participant felt the time pressure of task operation showed a sign of
positive reaction, they marked the operation as “þ”; if they felt the
time pressure of task operation showed a sign of negative reaction,
they marked the operation as “-”. Then, the subject was equipped
with the eye tracker and subjective evaluation methods and stan-
dards were instructed to the participants, and the official experi-
ments began. Each TP level of the experiment lasted 3 min, and the
subjective evaluation was performed after each level. When the
subjective evaluation finished, the subjects pushed the “task”
button to enter the next level. The whole experiment lasted
approximately 90 min. The accuracy of operation, the subjective
evaluation of the workload and the pupil diameter were obtained.

2.6. Data analysis methods

It is expected that threeworkloadmeasurement parameters, i.e.,
subjective evaluation, accuracy and pupil diameter, can show the
same change orientation and degree as the change of time pressure.
The time pressure was taken as the only variable in each experi-
mental task, the effect of individual diversity was taken as the fixed
factor. ANOVA was used to test the different significant of the
workload under different time pressure.

Then, the data of all participants under the same experiment
were averaged to establish a relationship model betweenworkload
and time pressure. UNIANOVA was used to test the effect of task
type and time pressure on the experimental results. Pearson cor-
relation coefficients (g) were used to test the simple correlation
between workload measurement parameters and time pressure,
which fit the normal distribution, at a confidence level of 0.05.

All analyses were completed using SPSS 18.0 (SPSS Inc., Chicago,
USA). A significance level of 0.05 was used throughout the
manuscript.

3. Results

The experiments were performed with TP levels of 0.6, 0.7, 0.8,
0.9, 1.0, 1.2, 1.0, 0.9, 0.8, 0.7 and 0.6 in sequence. All the data of
workloadmeasurement parameters were distributed in the form of
normality (p > 0.05 for all). The same TP tasks were first averaged,
resulting in six sets of data, i.e., TP under 0.6, 0.7, 0.8, 0.9, 1.0, and
1.2. The workload parameters from twenty-nine participants
showed that there is high correlation among each other with the
mean value, with a significance level of 0.05 (p < 0.05).

3.1. Analysis of workload measurement

The test results of the ANOVA on the subjective evaluation, pupil
diameter, and accuracy were recorded and analyzed as follows.

(1) Subjective evaluation workload.
The impact variance analysis of the TP on workload was shown

by analyzing the workload subjective evaluation of the same task
under different time pressures. During the analysis, the TP was set
as the fixed factor and the subjective evaluation workload was set
as the dependent variable.

� Task 1: Identify the status of the toggle

Significant difference in terms of subjective evaluationworkload
was observed under different time pressures, F (11, 335) ¼ 24.92,
p < 0.05.

� Task 2: Identify the warning information with a warning light

Significant difference in terms of subjective evaluationworkload
was observed under different time pressures, F (11, 335) ¼ 19.85,
p < 0.05.

� Task 3: Recognize the notification aural

Significant difference were noted for subjective evaluation
workload was observed under different time pressures, F (11,
335) ¼ 16.58, p < 0.05.

The above results suggest that for the three different tasks, the
difference of the subjective evaluation workload under different
time pressures is significant.

(2) Accuracy.



Fig. 1. The change in subjective evaluation workload with time pressure for three
different tasks.
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The impact variance analysis of TP in terms of accuracy was
studied by analyzing the accuracy of the same task. During the
analysis, the TP was set as the fixed factor, and the accuracy was set
as the dependent variable.

� Task 1: Identify the status of the toggle

Significant difference was noted in terms of accuracy under
different time pressures, F (11, 335) ¼ 77.81, p < 0.05.

� Task 2: Identify the warning information with the warning light

Significant difference was noted for accuracy under different
time pressures, F (11, 335) ¼ 96.56, p < 0.05.

� Task 3: Recognizing the aural notification

Significant difference in terms of accuracy was observed under
different time pressures, F (11, 335) ¼ 28.68, p < 0.05.

The above results show that for the three different tasks, the
difference in accuracy under different time pressures is significant.

(3) Pupil diameter.
The impact of the TP over pupil diameter was studied by

analyzing the pupil diameter under different time pressures of the
same task. During the analysis, the TP was set as the fixed factor,
and pupil diameter was set as the dependent variable.

� Task 1: Identify the status of the toggle

There is a significant difference in pupil diameter under
different time pressures, F (11, 335) ¼ 6.98, p < 0.05.

� Task 2: Identify the warning information with the warning light

The pupil diameter under different time pressures is significant,
F (11, 335) ¼ 8.69, p ¼ 0.025 < 0.05.

� Task 3: Recognizing the aural notification

The pupil diameter under different time pressure is significant, F
(11, 335) ¼ 5.48, p ¼ 0. 04 < 0.05.

The above results show that for the three different tasks, the
difference in pupil diameter under different time pressures is
significant.

The accuracy, subjective evaluation, and pupil diameter can be
used for workload measurement study because the three param-
eters show great differences under different TPs among all the
tasks.

3.2. Relationship of TP and workload parameters with TP

All the data of the participants within the same experiment
were averaged to test the effect of task type and TP with
UNIANOVA.

(1) Subjective evaluation.
Task type and TP were set to be fixed factors and the subjective

evaluation workload was set as the dependent variable. The sub-
jective evaluation workload under different tasks shows no sig-
nificant difference: F (2, 15) ¼ 2.105, p ¼ 0.173 > 0.05. The pupil
diameter under different time pressures is significantly different: F
(5, 13) ¼ 266.277, p < 0.05.

g ¼ �0.037 (p ¼ 0.885 > 0.05), between the subjective ratings
and task types demonstrates a low correlation between the two
parameters. However, g ¼ 0.981(p < 0.05), between the subjective
ratings and TP, shows strong correlation.
The analysis diagram of subjective evaluation workload of
different tasks under different time pressures is shown in Fig. 1.
From the figure, we observe that the subjective evaluation work-
load increases with the time pressure in a linear relationship.

(2) Accuracy.
Task type and TP were set to be fixed factors and the accuracy

was set as the dependent variable. The accuracy under different
tasks shows no significant difference: F (2, 15) ¼ 2.70,
p ¼ 0.11 > 0.05. The accuracy under different time pressures shows
a significant difference: F (5, 13) ¼ 261.31, p < 0.05.

g¼ 0.05 (p¼ 0.843 > 0.05), between the accuracy and task types
demonstrates a low correlation between the two parameters.
However, g ¼ � 0.931 (p < 0.05) between the accuracy and TP
shows a strong correlation.

The analysis diagram of pupil accuracy under different time
pressures is shown in Fig. 2. From the figure, we observe that the
accuracy decreases with increasing time pressure.

(3) Pupil diameter.
Task type and TP were set to be fixed factors and the pupil

diameter was set as the dependent variable. The pupil diameter
under different tasks shows no significant difference: F (2,
15) ¼ 2.70, p ¼ 0.11 > 0.05. The diameter under different time
pressures shows a significant difference: F (5, 13)¼ 261.31, p < 0.05.

g ¼ 0.008(p ¼ 0.975 > 0.05), between the pupil diameter and
task types demonstrates a low correlation between the two pa-
rameters. However, g ¼ 0.854 (p ¼ 0.049 < 0.05) between the pupil
diameter and TP shows strong correlation.

The analysis diagram of pupil diameter under different time
pressures is shown in Fig. 3. From the figure, we can observe that
the pupil diameter increases with increasing time pressure.
3.3. Determine the workload “redline”

(1) The sensory threshold of TP.
In this paper, the sensory threshold of TP indicates the lowest

time pressure value when the participants feel time pressure. TPs
were set to levels of 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.0, 0.9, 0.8, 0.7 and 0.6,
respectively, for different tasks. The subjective evaluation values of
the sensory threshold, i.e., the time pressure of participants under



Fig. 2. The change in accuracy with time pressure for three different tasks.

Fig. 3. The change in pupil diameter with time pressure for three different tasks.

Fig. 4. The diagram of subjective feeling threshold in terms of time pressure.
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the same TP, were averaged. Due to the fact of the limited the
number of participants, the 50th percentile of the sensory
threshold was chosen as the absolute TP threshold. The absolute TP
threshold in different experiments was shown in Fig. 4. The analysis
of the data could be seen in Table 1. It was demonstrated from Fig. 4
and Table 1 that TP at 0.8 was the sensory threshold for different
tasks, i.e., the workload exceeds the human capacity when the ratio
of time required to time available is at 0.8.

(2) “Redline” analysis.
The sensory threshold of TP showed that participants felt the

workload was influenced obviously when TP reached 0.8. The
subjective evaluation workload was normalized and converted to
the new standardwith ten points as the highest points. The analysis
diagrams of subjective evaluation workload, accuracy, and pupil
diameter in the same task, are shown in Figs. 5e7. The analysis of
the relationship of workload, pupil diameter and accuracy indicates
that 1) the accuracy dropped into the range from 85% to 80% when
the TP increased to 0.8; and 2) the changes of pupil diameter
started to show linear trends when TP reached 0.8. Therefore, for
different cognitive tasks, there are no differences in the relationship
between time pressure and accuracy, pupil diameter and workload.



Table 1
The subjective feeling threshold of TP over different experiments.

Identify the status of toggles Identify the warning information with warning light Recognize the notification tone

Average 0.79 0.78 0.80
Medium value 0.80 0.80 0.80
Standard deviation 0.076 0.11 0.08
Variance 0.01 0.01 0.01
50th percentile 0.80 0.80 0.80

Fig. 5. The workload measurement parameters in Task 1 for defining workload
“Redline”.

Fig. 6. The workload measurement parameters in Task 2 for defining workload
“Redline”.

Fig. 7. The workload measurement parameters in Task 3 for defining workload
“Redline”.
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Thus, TP 0.8 could be set as the workload “redline”, with an accu-
racy of 80%e85% and a subjective evaluation workload of approx-
imately 5.
Fig. 8. Relationship model between subjective evaluation workload and time pressure.
3.4. Relationship models

(1) Subjective evaluation workload and time pressure.
The subjective evaluationworkload and time pressure showed a

significant linear relationship: y ¼ �0.279 þ 0.903x, 0.6 � TP � 1.2,
where y indicates subjective workload ratings and x indicates time
pressure, as shown in Fig. 8.
(2) Accuracy and time pressure.
The accuracy and time pressure showed a significant curve

linear relationship: y ¼ 1.012 þ 0.309x - 0.699x2, 0.6 � TP � 1.2,
where y indicates accuracy and x indicates time pressure, as shown
in Fig. 9.

(3) Pupil diameter and time pressure.



Fig. 9. Relationship model between accuracy and time pressure.
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The pupil diameter and time pressure showed a significant
linear relationship: y ¼ 3.117 þ 0282x, 0.6 � TP � 1.2, where y in-
dicates pupil diameter and x indicates time pressure, as shown in
Fig. 10.
4. Discussion

The first research result of this study is the quantitative rela-
tionshipmodel between time pressure andworkload.WhenTP is in
a small special range, i.e., 0.6 to 1.2, time pressure and subjective
evaluationworkload show a linear trend in the relationship model;
time pressure and accuracy show a quadratic curve trend; time
pressure and pupil diameter also show a linear trend. Although
many researchers predict workload with time pressure, i.e., the
ratio of operating time required to time available (Cullen, 1999),
Fig. 10. Relationship model between pupil diameter and time pressure.
there are no quantitative relationship models that exist for time
pressure and workload. Through a detailed study on the definitions
of task demand and workload, and their relationships, we found
that time pressure is one of the important elements influencing
task demand. When the task type remains unchanged, the change
in time pressure can lead to different workloads. Thus, the quan-
titative relationship model between time pressure and workload
can be established under this situation.

The second research result of this study is that there is no dif-
ference in the relationship model between time pressure and
workload under three different tasks, i.e., there is no effect of task
type on the relationshipmodels. Because the task load is not high in
the experiment, time pressure is the only factor affecting task de-
mand, thereby increasing the workload. Thus, when the task load is
not high, the relationship between time pressure and workload is
not affected by task type. When the task load is high, the effect
analysis of task type on the relationship model is worthy for further
study.

The third achievement of this study is that according to the
comprehensive analysis of subjective and objective measurement
of workload, the time pressure is the only factor influencing the
task demand, and workload “redline” for different tasks all appear
to be TP 0.8, with an accuracy of 80%e85%. Schvaneveldt et al.
(1997) showed that the value achieved 85e95% accuracy in pre-
dicting a “redline” workload level in training data, and for
completely new data, the accuracy was in the 70e75% range. Beevis
et al. (1994) showed that human reach overload caused the time
pressure to be more than 70e80%. In this experiment, the training
time is approximately ten minutes, which is between that of the
training data and new data, and the measurement accuracy is also
between them. However, the redline defined with time pressure is
similar to the research results from Beevis. Thus, the result is the
same as the study results of workload redline in previous studies
that used signal measurement indices.

In this study, the time pressure is an objective parameter,
defined as the ratio of time required to complete a task to the time
available (Siegel and Wolf, 1969), which is different than in other
studies. Monod and Kapitaniak (1999) proposed that the time
pressure would activate an emotional component and would thus
have an indirect effect on cognitive load. Time pressure involves a
conflict between the imposed completion time for a task and the
time it actually takes to perform the task, and leads to highly
emotional reactions. Koslowsky et al. (1995) demonstrated that
time pressure is one of the most common stressors in work envi-
ronments in which time may be part of a mediating process that
influences perception of control. Monod et al. not only defined time
pressure as the ratio of time required to complete a task to the time
available but also regarded it as a production result with emotion.
Koslowsky et al. considered time pressure from the perspective of
human feelings.

Accuracy and subjective evaluation workload showed no sig-
nificant difference over different tasks under the same time pres-
sure. However, pupil diameter showed significant differences with
different tasks under different time pressures. However, the
average processing can eliminate a certain amount of individual
differences in the same task. We know that the pupil diameter can
be influenced by many factors, such as lighting, distance, bright-
ness, etc. Thus, in the experiment, we control all the factors influ-
encing the pupil, such as lighting, and distance. Based on Fig. 3 and
Figs. 5e7, we found that pupil diameter increases can be very
sensitive to the changes in time pressure and task type. Relative to
the accuracy and subjective evaluation, the pupil diameter may be
more sensitive to the changes of workload, even to the slight
changes in task types, so this part of the study will be continued in
our research.
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Subjective evaluation workload is approximately 5 on the point
of workload “redline” determined with multiple parameters, and
approximately 8 on TP 1.2 in Figs. 5e7. Workload is usually evalu-
ated from multiple dimensions: time load, effort load, psychologi-
cal stress load in SWAT (Subjective Workload Assessment
Technique, Reid and Eggemeier, 1982), mental demand, physical
demand, temporal demand, effort, performance, and frustration
level in NASA-TLX (NASA Task Load Index, Hart and Staveland,
1988). In this experiment, workload is derived only from the fac-
tor of time pressure, with low task load. Thus, the participants still
felt the workload was low even when the performance was
declining. In this situation, subjective evaluation workload cannot
be used as the reference parameter in workload redline
determination.

In the study of psychophysics, the absolute threshold is defined
as the stimuli that causes positive reaction of 50% in the experiment
(Yang, 1988). Because this experiment could not last too long
because of participant fatigue, there are only a few experiments in
the process of determining the threshold. The method in the study
of psychophysics could not be used. Therefore, the 50th percentage
of the subjective evaluation value of threshold in time pressure was
set as the threshold in this article, as shown in Table 1.

5. Conclusions

When time pressure is the main influential factor of the task
demand, the quantitative relationship model between workload
and task demand under different tasks can be established with the
workload measurement parameters. When TP is in a small special
range, 0.6 to 1.2, time pressure and subjective evaluation workload
shows a linear trend relationship; time pressure and the accuracy
shows a quadratic curve trend; time pressure and pupil diameter
shows a linear trend.

When the time pressure is the only factor to the task demand,
workload “redline” for different task types all appear to be TP 0.8
(i.e., the ratio of time required to complete a task to the time
available is 0.8), with an accuracy 80%e85%.
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