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Distracted driving is a dominant cause of traffic accidents. In addition, with the rapid development of intelligent vehicles, mixed
traffic environments are expected to becomemore complicated with multiple types of intelligent vehicles sharing the road, thereby
increasing the opportunities for distracted driving. However, the existing research on detecting driver distraction in mixed traffic
environments is limited. )erefore, in this study, we analysed the effect of cognitive distraction on the driver physiological
measures and driving performance in traditional and mixed traffic environments and compared the parameters extracted in the
two environments. Sixty drivers were involved in the data collection, which included normal driving and two distracting tasks
while driving in a simulator. Repeated-measures analysis of variance (ANOVA) was performed to examine the effect of cognitive
distraction and traffic environments on all parameters. )e results indicate that the effects of the pupil diameter, standard
deviations (SDs) of the horizontal and vertical fixation angles, blink frequency, speed, SD of the lane positioning (SDLP), SD of the
steering wheel angle (SDSWA), and steering entropy (SE) were significant. )ese findings provide a theoretical foundation for
identifying the most appropriate parameters to detect cognitive distraction in traditional and mixed traffic environments to help
reduce traffic accidents.

1. Introduction

)eWorld Health Organization claims that traffic accidents
are the ninth leading cause of death, accounting for 2.2% of
all deaths [1]. Statistics show that 3,477 people died in traffic
accidents caused by distracted driving in the United States in
2015 [2]. Evidence indicates that driver distraction is a major
cause of road traffic accidents [3, 4]. In particular, in future
mixed traffic environments, in which autonomous vehicles
(AVs), connected AVs [5] (CAVs), manual vehicles (MVs),
and connected MVs [6] (CMVs) will share the road, the
complex driving environment is expected to involve addi-
tional factors that induce distraction. )erefore, research
must be performed to identify ways to prevent distracted
driving [7]. Distracted driving can impair driving

performance and the ability to respond to hazardous situ-
ations. )erefore, it is particularly meaningful to study the
drivers’ perception abilities (driver physiological measures,
subjective evaluation performance, etc.) and driving per-
formance parameters during distracted driving and extract
the parameters that are significantly different from those of
normal driving to detect the distracted state of drivers [8, 9].

)e physiological characteristics of drivers are a major
aspect of distracted driving recognition that many re-
searchers have utilized, andmany studies have indicated that
the effects of distracted driving on the pupil diameter, fix-
ation angle, and blink frequency can be verified [10]; thus,
these parameters can be used as cognitive distraction rec-
ognition features [11, 12]. Many previous studies illustrated
that vehicle-based lateral performance parameters, such as
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the standard deviation (SD) of lane positioning (SDLP),
which has been used to evaluate the lane-keeping ability
during secondary task driving, can be used to detect dis-
tracted driving. Notably, distracted driving results in a
significant increase in the SDLP [13], and the driver abilities
in lane positioning have been noted to deteriorate under
visually distracted driving [14, 15]. )e mean and SD of the
lateral acceleration (SDLA) [16], which have been noted to
be impaired by distracted driving, can represent unsafe
driving conditions. A field study in Wuhan indicated that
the lateral acceleration increases when the drivers exhibit
cognitive distraction [17]. Moreover, the steering entropy
(SE), which is also influenced by distracted driving, results in
less smooth steering than normal driving [18]. Cell phone
use has also emerged as a major contributor to distracted
driving [19–21]. Several previous studies focused on steering
reversal rates during distracted driving due to phone use and
highlighted that a steering reversal rate of 10 represents a
distracted driver state; thus, this parameter can be consid-
ered an input parameter for detecting cognitive and visual
distraction [22]. Vehicle-based longitudinal performance
parameters may also be relevant factors: the speed of dis-
tracted drivers is a key parameter that must be investigated.
Many studies have reported that distracted drivers (visual,
cognitive) compensate for their driving impairment by re-
ducing their speed [23, 24]. )e driving speed is affected by
the complexity of the driving environment, and the results
indicate that the workload of drivers increases as the driving
environment becomes more complex; a greater speed re-
duction is a compensation measure [25, 26].

Although many studies have attempted to identify the
significant parameters that can be used to identify distracted
driving, these studies were primarily based on traditional
traffic environments [27]. Certain recent studies focused on
drivers in the context of intelligent vehicles [28]. For example,
Weaver et al. [29] conducted a comprehensive experimental
study on the factors affecting the takeover performance in the
process of conditional autonomous driving. )e results in-
dicated that engaging in nondriving-related tasks may lead to
a deteriorated takeover performance, especially when the
resource requirements overlap with those of driving tasks.
Zhang et al. [30] investigated the mean takeover times from
129 studies with SAE level 2 automation or higher by using
three complementary approaches. )e three methods indi-
cated that a shorter mean takeover time is associated with
increased emergency situations. Notably, most of these
studies focused on drivers in the context of development of
intelligent vehicles, and only a few studies have been con-
ducted on distracted driving in mixed traffic environments.
At present, the traditional and mixed environments are
considerably different. )us, it is necessary to perform a
comparative analysis to identify the relevant differences.
Moreover, it is necessary to examine if the influence of
distracted driving on the driving performance parameters and
physiological measures has changed. )e parameters iden-
tified in previous studies [10] can be used for distraction
recognition in a traditional environment; however, it remains
unclear whether these parameters can be used to identify
distracted driving in a mixed environment. Furthermore, new

and common parameters that can be applied for distraction
recognition in a mixed environment must be clarified.

To address the abovementioned limitations in the
existing research, this study considered both traditional and
mixed traffic environments to analyse the physiological
measures, driving performance parameters, and subjective
evaluation performance of drivers under normal and dis-
tracted driving. Moreover, the effect of distracted driving on
these parameters in the two traffic environments was
compared to identify the significant differences, and the
optimal parameters that can contribute to distraction rec-
ognition in traditional and mixed traffic environments were
extracted. )e experiment was conducted using a driving
simulator. Normal and distracted driving tasks (two-back
task and clock task) were performed in the two traffic en-
vironments. )e experimental design in the traditional
environment was similar to those adopted in previous
studies [18]: the participant drove an MV through 24
unsignalized intersections while performing different driv-
ing tasks. In addition, the driver drove a CMV that could
obtain the driving information of surrounding vehicles and
assist the driver in making the optimal decisions through 24
unsignalized intersections in a mixed traffic environment.
)e relevant parameters were collected for 60 participants in
each driving condition in the two traffic environments, and
the effects of all driving tasks and traffic environments on the
parameters were analysed through repeated-measures
analysis of variance (ANOVA) tests. )e parameters in the
traditional traffic environment were compared with those in
a mixed traffic environment to observe the effects of the
driving environment and distracted driving on the pa-
rameters. Finally, the parameters that were adversely affected
by distracted driving and significantly different from those of
normal driving were extracted. )e findings can provide a
reference for the selection of input parameters for intelligent
in-vehicle devices to detect distraction in traditional and
mixed traffic environments.

)is paper is organized as follows: )e research meth-
odology is presented in Section 2; specifically, the experimental
environment and design scheme, as well as the parameter data
to be collected are introduced. Section 3 presents the results of
the systematic analysis of the effect of driving tasks on the
parameters in traditional and mixed traffic environments.
Finally, the parameters that can indicate cognitive distraction
in traditional and mixed traffic environments are theoretically
discussed, and the limitations of this paper and scope for
future work are described in Section 4.

2. Methodology

)e main framework of this study is shown in Figure 1. )e
parameters (driver physiological measures, subjective evalu-
ation performance parameters, and driving performance pa-
rameters) and data analysis method were determined through
a comprehensive literature review survey [22]. )e traditional
and mixed traffic environments were constructed in the
driving simulator, and the secondary tasks were designed.
Drivers were recruited to conduct the distracted driving ex-
periment. Each driver was required to respond to a subjective
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questionnaire survey after completing the driving experiment.
)e distracted driving data, normal driving data, and ques-
tionnaire survey data for the two traffic environments were
collected and analysed through ANOVA to observe the sig-
nificant effect of the parameters affected by the driving con-
ditions and environments. )e parameters that were
significantly affected by distraction were extracted. Finally, a
potential explanation for the result was provided. )e detailed
experimental process is described in the following sections.

2.1. Participants. Sixty licenced drivers were recruited for
this study, and the participants conformed to the distri-
bution of Chinese drivers based on the driver survey data of
the road traffic safety research centre of the Ministry of
Public Security of China in terms of the distributions of
gender, age, and driving experience. )e participants were
divided into four age groups based on the driving experience
(in years): 18 ≤ age ≤ 25: mean = 4.27, SD= 3.12; 26 ≤ age ≤
35: mean = 10.7, SD= 6.82; 36≤ age≤ 50: mean = 19.2,
SD= 8.47; and 60≤ age: mean = 32.25, SD= 6.83. )e par-
ticipant details are shown in Table 1.

2.2. Apparatus. )e equipment used in the driving exper-
iment included a simple driving simulator and Tobii Pro
Glasses 2 eye tracker, as shown in Figure 2.

Simple driving simulator: the driving environment was
established using the simulation software UC-win/Road and
displayed on three 32-in LED displays. )e horizontal
viewing angle of the scenario display system was 120°, and a
sound system that could provide drivers with information
regarding the surrounding vehicles was used.)e LOG plug-
in was used to collect various driving performance data that
were saved in the CSV format and output. )e sampling
frequency was 100Hz. While driving, the driver was re-
quired tomanipulate only the steering wheel, paddle shifters,
brake pedal, and accelerator pedal to complete the driving
task. )e sampling rate of the Tobii Pro Glasses 2 eye tracker
was 50Hz, and 4 eye-tracking cameras that could obtain the
driver's blink frequency, fixation direction, pupil diameter,
and other information were used. Python language pro-
gramming was performed to ensure the synchronization of

the two-channel data in time, and the interpolation method
was adopted to extend the collected eye movement data to
100Hz to ensure that the driving performance data and eye
movement data matched in the same period.

2.3. Cognitive Tasks. )e two-back task and clock task in-
curred a relatively large driver cognitive load and easily dis-
tracted the drivers; these tasks could be randomly arranged and
repeated many times, resulting in an ideal distraction effect.
Kaye et al. [31] reported that the two-back task is similar to the
distraction observed on roads. )e clock task mainly occupies
the visuospatial working memory of the participants [32] and
triggers thinking, which represents the driving behaviour
occupying both mental load and visual resources. )erefore,
these tasks were adopted in this study. In the two-back task, the
drivers heard 10 randomized 1-digit numbers (0–9) in turn,
with an interval of 2 s between each number. )e participants
were required to verbalize the two numbers preceding the
number they heard. )e two-back task is illustrated in
Figure 3(a). In the clock task, the driving assistant randomly
verbalized a time point from the prepared time list, such as 10 :
10, and the drivers were asked to judge whether the angle
between the hour hand and minute hand was an acute or
obtuse angle. )e time range was 1 : 00–12 : 59. )e time in-
terval for each question was 2 s, as shown in Figure 3(b).

2.4. Driving Environment and Experimental Design. )e
scenarios involved unsignalized intersections of urban roads
in traditional and mixed traffic environments. )e roads
were closed-loop two-way two-lane roads with a length of
approximately 16 km, which satisfied the Chinese traffic
regulations, with a single lane width of 3.75m. )e roads
included 24 unsignalized intersections, with each intersec-
tion located in an interval of 500m. In the traditional en-
vironment, the vehicle driven by the participant was an MV,
and the surrounding vehicles passing through the inter-
section were MVs. In the mixed traffic environment, the
vehicle driven by the participant was a CMV, and the
surrounding vehicles passing through the intersection in-
cluded various intelligent vehicles. )e participants drove
the subject vehicle in the longitudinal lane following the
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Figure 1: Framework of the methodology adopted for this study.
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traffic rule, and the posted speed limit in the scenario was
70 km/h.

When the vehicle was 120m from the stop line of the
intersection, the horizontal road traffic flow was triggered, in
which the vehicles moved at a speed of 40 km/h and the
distance between the vehicles was randomly distributed. )e
participant drove the vehicle from 200m before the stop line
of the intersection to 20m after the line, which was defined
as an intersection event. While driving, the participants were
required to follow the target vehicle on the longitudinal road.
)e speed and relative distance between the subject and
target vehicles constantly varied. )e top view of the ex-
perimental scenarios is shown in Figure 4. A total of 24
unsignalized intersections were present in one circle, and the
driving tasks were set randomly at each intersection. )e
types of vehicles appearing from the lateral lanes were
different in each traffic environment. )e details are pre-
sented in the following sections.

2.4.1. Traditional Traffic Environment. )e vehicles
approaching both sides of the horizontal lane wereMVs, and
no communication occurred between the MVs in the lateral
lane and the subject vehicle (as shown in Figure 4(a)).

2.4.2. Mixed Traffic Environment. )e vehicles approaching
from the left and right sides of the lateral lane were CMVs,
AVs, CAVs, and MVs, and communication occurred be-
tween the connected vehicles in the horizontal lane and the
subject vehicle (as shown in Figure 4(b)).

)e communication information was reported to par-
ticipants through the human-machine interaction interface
display and voice broadcast to provide driving assistance,
which included the speed of the surrounding vehicle (for
instance, the speeds of the vehicle ahead (target vehicle) and
that in the lateral lane) and distance from the intersection.
Finally, the participant’s vehicle met the vehicle in the lateral

Table 1: Demographic characteristics of participants.

Demographic
characteristics

Recruited drivers
Percentage of total Chinese driver population in 2019

Quantity Percentage

Gender Male 42 70 70∗
Female 18 30 30∗

Age

18–25 14 23.33 24.1∗
26–35 20 33.33 34.12∗
36–50 24 40 38.88∗
>60 2 3.3 2.9∗

∗Data source: Road Traffic Safety Research Centre of the Ministry of Public Security.

Figure 2: Driving simulator and eye tracker.
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Figure 3: Illustrations of the two cognitive secondary tasks. (a) Two-back task. (b) Clock task.
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Figure 4: (a) Traditional traffic environment. (b) Mixed traffic environment.

Journal of Advanced Transportation 5



lane at the intersection.)e driver stopped and gave way and
left the intersection. When secondary tasks were assigned to
the participant, the driving mode was considered to be
distracted driving. In the absence of any secondary tasks, the
driving task was considered to be the baseline.

2.5. Procedure. A 15min training and practice session for
both the secondary tasks and normal driving was conducted
before the formal experiment to ensure that the participants
were accustomed to all the experimental procedures. After
the trial drive, the participants completed the formal ex-
periment. During the experiment, no interference from
other human factors occurred except for the secondary tasks,
and the execution time of the secondary tasks in each event
exceeded the data extraction time of each event, which
ensured that the distracted driving covered the entire target
event. )e presentation order of the two secondary tasks was
counterbalanced across participants to control the learning
effects. If any problem occurred during the experiment, the
drivers restarted the experiment to ensure the validity of the
experimental data.

3. Data Analysis

3.1. Dependent Variables

3.1.1. Driver Physiological Measures

(i) Pupil diameter: the diameter of the pupil of a driver
is different under different cognitive loads; thus, this
parameter is a key metric used to measure the driver
cognitive load (measured in metres) [10].

(ii) SD of the horizontal and vertical fixation angles: the
SD of the horizontal and vertical fixation angles was
used as an index to evaluate the search breadth of
the viewing angle and identify the difference be-
tween the fixation angles of the driver in normal
driving and distracted task driving in the two traffic
environments (in degrees) [33].

(iii) Blink frequency: the blink frequency can reflect the
psychological reaction of the driver to a certain
extent. After the elimination of invalid data, 150
valid data samples were obtained from each driver
under each driving task, and the blinking data
recorded by the eye tracker were converted into the
blinking frequency (in times/min).

3.1.2. Longitudinal Control Parameter

(i) Speed: the speed was obtained from the extracted
data at each intersection.

(ii) Mean and SD of acceleration: the mean and SD of
acceleration for each intersection were measured for
all drivers (in m/s2).

3.1.3. Lateral Control Parameter

(i) SD of lane positioning (SDLP):)is parameter re-
flects the drivers’ lane-keeping capabilities. )is
parameter was calculated based on a time series of
historical lateral position coordinates.

(ii) Mean and SD of the steering wheel angle (SDSWA):
)e mean and SDSWA for each intersection were
measured for all drivers (in degrees).

(iii) SE:)is parameter indicates the smoothness of
steering control to quantify the workload imposed
on drivers [34]. SE values were obtained from a time
series of historical steering angles.

3.1.4. Subjective Evaluation Performance

(i) Workload assessment performance: this parameter
represents the overall driving burden experienced by
the drivers in the driving process.

(ii) Environmental perception performance: this pa-
rameter represents the extent to which drivers can
perceive roads, traffic environments, and other ve-
hicles during the driving process.

Certain parameter data were collected from the eye
tracker and driving simulator, such as the pupil diameter,
fixation angle, speed, acceleration, and steering wheel angle.
)e values of the descriptive statistical parameters, such as
the mean, SDSWA, and SE, were calculated from the
measured data, as mentioned. )e performances of the
workload assessment and environmental perception were
obtained through the participants’ scoring according to the
scale (see Table 2) when the formal experiment was
completed.

3.2. Results. A 3 (driving task: normal driving, two-back
task, clock task)∗2 (environment: traditional traffic envi-
ronment, mixed traffic environment) repeated-measures
ANOVA was conducted for each metric; the data were also
checked for sphericity assumptions. If Mauchly’s assump-
tion of sphericity was violated, the Greenhouse–Geisser
epsilon correction was implemented. Bonferroni’s post hoc
tests at a 0.05 significance level were performed if the main
or any interaction effect was found to be significant. )e
following sections present the results obtained from the
ANOVA tests of all the parameters, and the main results are
summarized in Table 2.

3.2.1. Pupil Diameter. )e variation in the driver's pupil
diameter during the driving tasks in the two traffic envi-
ronments is shown in Figures 5(a) and 5(b). )e results
demonstrate that, in the traditional and mixed traffic en-
vironments, the pupil diameter of the driver increases with
the increases of driving load. )ese results are consistent
with previously reported results [37].

6 Journal of Advanced Transportation



A 3 (task)× 2 (environment) repeated-measures ANOVA
was conducted on the pupil diameter results. )e results in-
dicate that the interaction effect of the driving task with the
environment is significant (as shown in Figure 6(b)). More-
over, the driving task and environment have significant effects
on the pupil diameter (see Table 2). Bonferroni’s post hoc
results show that the pupil diameter is significantly larger in the
case of distracted driving than that under normal driving [38].
In addition, a significant difference exists between the clock
task and two-back task. )e mean values of the pupil diameter
across the driving tasks are shown in Figure 6(a). )e range of
the fluctuation of pupil diameter in the mixed traffic envi-
ronment is larger than that in the traditional traffic environ-
ment (as shown in Figures 5(a) and 5(b)), which indicates that
the complexity of the mixed traffic environment is higher than
that of the traditional traffic environment, resulting in a higher
baseline of the overall driver level.

3.2.2. Standard Deviation (SD) of the Fixation Angle. A 2
(environment)× 3 (driving task) repeated-measures
ANOVA was performed on the SDs of the horizontal and
vertical fixation angles, as shown in Table 2. )e results
indicate the presence of significant differences across the
driving tasks for the mean SD of the horizontal and vertical
fixation angles, as shown in Figures 7(a) and 7(b). )e post
hoc analysis highlights that distracted driving results in
lower SDs of both the horizontal and vertical fixation angles
compared to those in normal driving, which is consistent
with the results of a previous study [39]. )is aspect can be
attributed to the driver’s fixation point coverage being
distributed widely while driving normally. However, the
driver’s field of view becomes narrower and relatively
concentrated under distracted driving, in accordance with
the previously reported results [40, 41]. )e horizontal and
vertical fixation angles in the clock task are the lowest,

Table 2: ANOVA tests on all parameters.

Driving performance Effect df1 df2 F-value p value

Pupil diameter
Driving task 2 597 18.32 p< 0.001
Environment 1 597 7.723 p � 0.013

Driving task ∗ environment 2 597 6.841 p � 0.026

Standard deviation of the horizontal fixation angle
Driving task 2 197 5.215 p � 0.041
Environment 1 197 3.646 p � 0.062

Driving task ∗ environment 2 197 5.252 p � 0.034

Standard deviation of the vertical fixation angle
Driving task 2 197 7.054 p � 0.027
Environment 1 197 6.211 p � 0.032

Driving task ∗ environment 2 197 1.627 p � 0.732

Blink frequency
Driving task 2 149 24.51 p< 0.001
Environment 1 149 6.726 p � 0.036

Driving task ∗ environment 2 149 5.493 p � 0.017

Speed
Driving task 2 714 16.22 p � 0.002
Environment 1 714 6.180 p � 0.021

Driving task ∗ environment 2 714 4.962 p � 0.037

Mean acceleration
Driving task 2 234 0.132 p � 0.923
Environment 1 234 0.251 p � 0.728

Driving task ∗ environment 2 234 0.223 p � 0.816

Standard deviation of the acceleration
Driving task 2 234 0.216 p � 0.827
Environment 1 234 0.151 p � 0.847

Driving task ∗ environment 2 234 0.324 p � 0.631

SDLP
Driving task 2 234 16.33 p< 0.001
Environment 1 234 2.623 p � 0.056

Driving task ∗ environment 2 234 0.754 p � 0.293

Mean steering wheel angle
Driving task 2 234 0.331 p � 0.843
Environment 1 234 0.275 p � 0.756

Driving task ∗ environment 2 234 0.312 p � 0.871

Standard deviation of the steering wheel angle
Driving task 2 234 20.37 p< 0.001
Environment 1 234 1.463 p � 0.08

Driving task ∗ environment 2 234 3.782 p � 0.027

Steering entropy
Driving task 2 234 19.56 p< 0.001
Environment 1 234 1.521 p � 0.752

Driving task ∗ environment 2 234 0.624 p � 0.315

Workload assessment performance
Driving task 2 174 15.78 p< 0.001
Environment 1 174 0.629 p � 0.127

Driving task ∗ environment 2 174 0.213 p � 0.562

Environmental perception performance
Driving task 2 174 13.29 p< 0.001
Environment 1 174 5.262 p � 0.032

Driving task ∗ environment 2 174 18.23 p< 0.001
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followed by those in the two-back task. However, no sig-
nificant difference exists between the clock task and two-
back task.

)e interaction effect of the driving task and envi-
ronment on the SD of the horizontal fixation angles is
significant; however, this effect is not significant for the
SD of the vertical fixation angles. )e post hoc test results
show that the SD of the horizontal fixation angles is lower
in the mixed traffic environment than in the traditional
traffic environment (as shown in Figure 8(a)). Moreover,
with those in the traditional traffic environment, the

values of the overall baseline SDs of the vertical fixation
angles in the mixed traffic environment are lower (as
shown in Figure 8(b)).

3.2.3. Blink Frequency. A 2 (environment)× 3(driving task)
repeated-measures ANOVA was performed for the blink
frequency. )e results are shown in Table 2. )e driving task
and environment exert significant effects on the blink fre-
quency. )e mean blink frequency across the driving tasks is
shown in Figure 9. )e post hoc analysis results show that
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Figure 5: Change in pupil diameter in the (a) traditional traffic environment and (b) mixed traffic environment.
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Figure 6: (a) Main effect of the driving tasks on the pupil diameter. (b) Interaction effect of the driving tasks and traffic environment on the
pupil diameter.
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the two-back task and clock task exert significant effects on
the blink frequency compared to those in normal driving,
and the difference between the two-back task and clock task
is significant (p � 0.002). )e interaction effect of the
driving tasks with the environment is significant. )e post
hoc results show that the blink frequency of the drivers in
each driving task in mixed traffic environments is higher
than that in traditional traffic environments (as shown in
Figure 10). )is phenomenon can be attributed to the
complexity of the mixed traffic environment. When the
driver is affected by the complex traffic environment, the
blink frequency increases significantly, which makes the
overall baseline level higher.

3.2.4. Speed. A repeated-measures ANOVA was performed
to investigate the vehicle speed under different driving tasks
in the two traffic environments. )e results show that the
main effects of the driving tasks and environments on the
speed are significant (see Table 2).

Subsequent post hoc tests were conducted, which show
that the two-back task results in a significant difference in
speed compared to that under normal driving. Moreover,
the effect of the clock task on the speed of drivers corre-
sponds to the largest decrease from that under normal
driving [42, 43]. A significant difference exists between the
speeds associated with the two-back task and clock task. )e
mean speed across driving tasks is shown in Figure 11.
Moreover, Table 2 shows that the interaction effect of the
driving task and traffic environment is significant. )e post
hoc results show that drivers who performed driving tasks in
traditional traffic environments drove at higher speeds than
those in mixed traffic environments (as shown in Figure 12).
)e difference occurs because the mixed traffic environment
is more complex and part of the driver's cognitive resources
need to be applied to address this complexity. )e driver
subconsciously reduces the speed to cope with the changes in
the external environment to ensure safe driving.

3.2.5. Mean and Standard Deviation (SD) of the Acceleration.
Table 2 shows that themean and SD of the acceleration of the
drivers do not significantly differ across the driving tasks and
traffic environments moreover, the interaction effect of the
driving task and traffic environment is not significant.

According to these analysis results, the mean and SD of
the longitudinal acceleration are not significantly different
under the driving tasks in the two environments. )e minor
corrections are similar in the traditional and mixed envi-
ronments. )erefore, these two parameters cannot capture a
cognitively distracted driver state.

3.2.6. SDLP. )e SDLP can reflect the driver's lane-keeping
ability in the execution of driving tasks; this parameter was
recorded in the experiment. A 2 (environment)× 3 (driving
task) repeated-measures ANOVA was conducted on the
SDLP.

)e SDLP does significantly differ across the driving
tasks (see Table 2). )e mean values of the SDLP across the
driving tasks are shown in Figure 13. Bonferroni’s post hoc
tests indicate that driving under the two-back task is sig-
nificantly different from normal driving, and the SDLP
values for drivers who perform clock tasks are significantly
higher than those under normal driving [35, 36]. However,
no significant difference exists between the SDLP values
under the two-back task and clock task. Although the in-
teraction effects of the driving task and environment are not
significant (see Table 2), the SDLP exhibits a higher value in
the mixed traffic environment than in the traditional traffic
environment, and drivers performing the clock task exhibit
the highest SDLP value in the mixed traffic environment (as
shown in Figure 14).

3.2.7. Mean and SDSWA. )e mean and SDSWA indicate
the degree of change in the angular position of a steering
wheel [44, 45], which can indicate the steering smoothness
and instability.
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Figure 7: Main effect of the driving tasks on the (a) horizontal fixation angle and (b) vertical fixation angle.
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A 2 (environment)× 3 (driving task) repeated-measures
ANOVA was performed for the mean and SDSWA, and the
results are shown in Table 2. )e analysis shows that the in-
teraction effect of the driving task and environment on the
mean steering wheel angle is not significant. Moreover, the
effects of the driving tasks and environments on the mean
steering wheel angles are not significant. However, the driving
tasks have a significant main effect on the SDSWA, as shown in
Figure 15.)e post hoc test shows that, under the clock task and
two-back tasks, the SDSWA is higher than that under normal
driving, and the SDSWA changes significantly under distracted
driving [46]. However, the results under the two-back task and
clock task are not significantly different (p � 0.074). )e in-
teraction effect of the driving task and environment is signif-
icant on the SDSWA. When driving tasks are performed in the
mixed traffic environment, the SDSWA is higher than that in
the traditional traffic environment (as shown in Figure 16).

3.2.8. Steering Entropy (SE). Table 2 shows that the inter-
action effect of the driving tasks with the environments is not
significant; in contrast, the mean SE values significantly differ
across the driving tasks. Bonferroni’s post hoc test results show
that the SE values under distracted driving and normal driving
are significantly different, and themean SE under the clock task
is the highest, followed by that under the two-back task [47, 48].
)emean SE values (with the standard error) across the driving
tasks are shown in Figure 17. No significant difference can be
observed between the SE values under the clock task and two-
back task. Moreover, the environment does not have a sig-
nificant effect. )e results indicate that the influence of the
driving tasks on the SE in the traditional and mixed traffic
environments is similar (as shown in Figure 18).
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Figure 8: Interaction effect of driving tasks and traffic environment on the SD of the (a) horizontal fixation angle and (b) vertical fixation
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on the blink frequency.
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3.2.9. Subjective Evaluation Performance. Significant rela-
tionships exist between the workload, situational aware-
ness, and number of traffic accidents caused by distracted
driving. In this paper, subjective evaluation is performed
to examine the drivers' subjective feelings during the
driving tasks in the two traffic environments. )e sub-
jective evaluation criteria are shown in Table 3. A higher
workload score corresponds to a higher workload, and a
higher situational awareness score corresponds to a higher
situational awareness ability. )e scoring results are
shown in Table 4.

Table 2 shows that the interaction effects of the driving
tasks and environments on the workload assessment
performance are not significant. )e results show that the
trends of workload assessment performance scored by
participants in traditional and mixed traffic environments

are similar (as shown in Figure 19(a)). )e interaction
effects of the driving tasks and environments on the
environment perception performance are significant;
distracted drivers in the mixed traffic environment exhibit
an inferior environment perception performance com-
pared to those in the traditional traffic environment (as
shown in Figure 19(b)). )e main effects of the driving
tasks are significant (see Table 3). )e mean workload
assessment performance across the driving tasks is
plotted in Figure 20(a).

A post hoc test was performed. )e results indicate that
the workload assessment performance under distracted
driving (two-back task: 3.599; clock task: 3.969) and envi-
ronmental perception performance under distracted driving
(two-back tasks: 3.951; clock task: 3.298) (see Figure 20(b))
are significantly higher (p< 0.001) than those under normal
driving.)e results for the two-back tasks and clock tasks are
also significantly different.
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4. Discussion and Conclusion

Sixty participants were involved in driving tasks (normal
driving, two-back task, and clock task) in traditional and
mixed traffic environments. )e following driver physio-
logical measures, driving performance parameters, and
subjective performance were considered: pupil diameter,
fixation angle, blink frequency, speed, mean acceleration, SD
of acceleration, SDLP, mean steering wheel angle, SDSWA,
SE, workload assessment performance, and environmental
perception performance. )e main independent variables
were three different driving tasks (normal driving, two-back
task, and clock task), and the two traffic environments were
traditional and mixed traffic environments. Moreover, the
main effects of the driving tasks and environments on these
performance parameters were analysed. )e interaction
effects of the variables were investigated by performing
mixed design repeated-measures ANOVA tests and
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Table 4: Results.

Type Scoring item Normal driving Two-back Clock task

Traditional Workload assessment 1.808 3.474 3.70
Environmental perception 4.523 4.232 3.736

Mixed Workload assessment 2.062 3.725 4.238
Environmental perception 4.847 3.67 2.86
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Figure 19: Interaction effect of the driving tasks and environment on the (a) workload assessment performance and (b) environmental
perception performance.

Table 3: Subjective evaluation criteria.

Scoring item 0 1 2 3 4 5 6
Workload assessment Extremely low — — — — — Extremely high
Environmental perception Extremely low — — — — — Extremely high
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Bonferroni’s post hoc tests at the 0.05 significance level.
Table 5 summarizes the key observed effects of the driving
tasks on these parameters in traditional and mixed traffic
environments.

)e results show that each of the driver physiological
measures exhibits significant differences across the driving
tasks. )e pupil diameter and blink frequency under dis-
tracted driving are higher than those during normal driving
in the two traffic environments, and these two driver
physiological measures are higher in the driving tasks in the
mixed traffic environment than in the traditional traffic
environment. )is phenomenon occurs because the driver's
cognitive load increases in a mixed traffic environment,
which stimulates the sympathetic nervous system. )is as-
pect causes the dilation of the pupils and increases the blink
frequency, leading to an increase in the baselines of these two
metrics. However, the SD values of the horizontal and
vertical fixation angles are significantly lower during dis-
tracted driving than those during normal driving in the two
traffic environments. )e baseline of these measures in the
mixed environment is lower than that in the traditional
traffic environment. A potential explanation for this aspect is
that the driver’s cognitive load increases in a mixed traffic
environment. Moreover, in this environment, the driver’s
field of view is narrower than that in a traditional traffic
environment and relatively concentrated in the centre of the
road under distracted driving [49, 50]. Consequently, the
perception of things on both sides of the road is reduced, and
conflict with lateral pedestrians is prolonged. )e driver
physiological measures during distracted driving are sig-
nificantly different from those during normal driving in
traditional and mixed traffic environments. )us, these
driver physiological measures can be considered parameters
for detecting the cognitive distraction of drivers in the two
traffic environments.

Furthermore, the results indicate that several driving
performance parameters, such as speed, SDLP, SDSWA,
and SE, are significantly different under distracted driving

and normal driving in the two traffic environments. In
addition, the distracting tasks that require a higher
workload contribute to a higher SDLP, SDSWA, and SE
and a lower speed in the two traffic environments. )e
result of a higher SDLP is not in line with the previously
reported results [51], which may be caused by the different
experimental conditions. According to the analysis results,
the overall baseline of the effect of the driving tasks on
these parameters in the mixed environment is stronger
than that in the traditional environment, except for the
speed parameter. )e mean speed of drivers during driving
tasks in a mixed traffic environment is lower than that in a
traditional traffic environment because mixed traffic en-
vironments are complicated and occupy a part of the
driver’s cognitive resources. Consequently, drivers sub-
consciously reduce the speed of their vehicles to cope with
the changes in the external environment to ensure safe
driving. Moreover, when driving while performing dis-
tracting tasks, the driver's demand for cognitive resources
increases. )us, the driver actively reduces the driving
speed, which can be regarded as a compensation effect.
When the driver performs driving tasks in a mixed en-
vironment, especially distracting tasks, the baseline values
of the SDLP, SDSWA, and SE are higher than those in a
traditional traffic environment, which can explain why
drivers need extensive cognitive resources in a mixed traffic
environment. Additionally, the number of corrections to
the steering wheel by the driver is reduced, leading to the
aggravation of these parameters. Unlike normal driving,
the effects of certain parameters, including the SDLP,
SDSWA, and SE, are significant under distracted driving,
and thus, these parameters can be considered candidate
parameters for distraction recognition in the two traffic
environments. )e mean and SD of acceleration and mean
steering wheel angle exhibit no significant effects across
driving tasks and traffic environments and therefore
cannot be applied as parameters to measure cognitive
distraction.
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Figure 20: Main effect of the driving tasks on the (a) workload assessment performance and (b) environmental perception performance.
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Interestingly, driving tasks exert a significant effect on
the environmental perception performance and workload
assessment performance, with the environmental perception
performance being inversely proportional to workload as-
sessment performance. Distracting tasks incur a higher
driver cognitive load than normal driving, and the clock task
consumes the largest load. In contrast, the environment
perception ability is the most inferior in the clock task,
followed by that in the two-back tasks. )e results indicate
that drivers experience a higher cognitive load in a mixed
traffic environment for driving tasks than that in a tradi-
tional environment, and the environmental perception
ability, affected by the distracting tasks, is lower in a mixed
traffic environment than that in a traditional traffic envi-
ronment. )is phenomenon can be attributed to the in-
teraction effect between the distracting tasks and
environment. Although the development of intelligent
transportation has enhanced the convenience for human
beings, it is accompanied by certain uncertain factors. )e
subjective questionnaire survey shows that distractions in a
mixed traffic environment are highly dangerous.

Distracted driving in traditional and mixed traffic en-
vironments can reduce the drivers’ ability to perceive sudden
traffic events. )erefore, it is particularly important to install
a distraction recognition system on intelligent vehicles to
reduce the occurrence probability of traffic accidents. In this
study, the abovementioned findings can be used to under-
stand the driver’s driving experience in a mixed traffic
environment and identify the differences in the distractions
between traditional traffic and mixed environments. )e
differences between the driver’s physiological measures and
the driving performance parameters under these distracted
driving behaviours provide a theoretical basis for the study
of cognitive distraction recognition models in two traffic
environments. )e impacts of distracted driving on drivers’
physiological measures, driving performance parameters,
and subjective evaluation performance in traditional and
mixed environments are analysed to provide a valuable
reference to identify the most appropriate parameters for
distraction recognition.

)e research in this paper still has some shortcomings.
First, similar to several previous studies, the experiments
were conducted in a simulated driving environment by using
a driving simulator, which lacks the realism of the traffic
environment. Future work can be aimed at investigating the
distraction effects on parameters collected in a real tradi-
tional and mixed traffic environment. Second, the sample
size of drivers in this study was small (60), and future work
must be aimed at considering a large sample. )ird, mea-
sures to produce distracted driving were realized through
secondary tasks. In future work, more realistic tasks, such as
those pertaining to distracting behaviours that often occur in
daily life, must be adopted.
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Table 5: Results of analyses of driver physiological measures and driving performance parameters.

Independent variable Mi vs Tr T vs N C vs N C vs T
Pupil diameter Increased∗↑ Increased∗↑ Increased∗↑ Increased∗↑

Fixation angle Horizontal Decreased Decreased∗↓ Decreased∗↓ Decreased
Vertical Decreased∗↓ Decreased∗↓ Decreased∗↓ Decreased

Blink frequency Increased∗↑ Increased∗↑ Increased∗↑ Increased∗↑
Speed Decreased∗↓ Decreased∗↓ Decreased∗↓ Decreased∗↓

Acceleration Mean — — — —
SD — — — —

SDLP Increased Increased∗↑ Increased∗↑ Increased
Mean steering wheel angle — — — —
SDSWA Increased Increased∗↑ Increased∗↑ Increased
SE Increased Increased∗↑ Increased∗↑ Increased

Subjective performance Workload assessment Increased Increased∗↑ Increased∗↑ Increased∗↑
Environment perception Decreased∗↓ Decreased∗↓ Decreased∗↓ Decreased∗↓

Tr = traditional traffic environment, Mi =mixed traffic environment, N = normal driving, T= two-back task, C = clock task, decreased∗↓= significant,
increased∗↑= significant, decreased = insignificant, and increased = insignificant.
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and cognitive load in real and simulated motorway driving,”
Transportation. Research Part F: Traffic Psychology and Be-
haviour, vol. 8, no. 2, pp. 97–120, 2005.

[41] M. Kutila, M. Jokela, G. Markkula, and M. R. Rue, “Driver
distraction detection with a camera vision system,” in Pro-
ceedings of IEEE International Conference on Image Process-
ing, vol. 6, San Antonio, TX, USA, September 2007.

[42] G. M. Fitch, S. A. Soccolich, G. Feng, J. Mcclafferty, and
T. A. Dingus, “)e impact of hand-held and hands-free cell
phone use on driving performance and safety-critical event
risk,” Driver Performance, 2013.

[43] P. Choudhary and N. R. Velaga, “Mobile phone use during
driving: effects on speed and effectiveness of driver com-
pensatory behaviour,” Accident Analysis and Prevention,
vol. 106, pp. 370–378, 2017.

[44] S. Cloete and G. Wallis, “Visuomotor control of steering: the
artefact of the matter,” Experimental Brain Research, vol. 208,
no. 4, pp. 475–489, 2011.

[45] J2944, S.A.E., “Operational definitions of driving performance
measures and statistics,” Society of Automotive Engineers,
2015.

[46] T. M. Garrison and C. C. Williams, “Impact of relevance and
distraction on driving performance and visual attention in a
simulated driving environment,” Applied Cognitive Psychol-
ogy, vol. 27, no. 3, pp. 396–405, 2013.

[47] B. Donmez, L. N. Boyle, and J. D. Lee, “Safety implications of
providing real-time feedback to distracted drivers,” Accident
Analysis and Prevention, vol. 39, no. 3, pp. 581–590, 2007.

[48] A. Paul, L. N. Boyle, ER. Boer, J. Tippin, and M. Rizzo,
“Steering entropy changes as a function of microsleeps,” in
Proceedings of 3rd International Driving Symposium on Hu-
man Factors in Driver Assessment, Training, and Vehicle
Design, pp. 441–447, Public Policy Center, University of Iowa,
Iowa City, IA, USA, June 2005.

[49] R. M. Wilkie, G. K. Kountouriotis, N. Merat, and J. P. Wann,
“Using vision to control locomotion: looking where you want
to go,” Experimental Brain Research, vol. 204, no. 4,
pp. 539–547, 2010.

[50] G. K. Kountouriotis, R. M. Wilkie, P. H. Gardner, and
N. Merat, “Looking and thinking when driving: the impact of
gaze and cognitive load on steering,” Transportation Research
Part F: Traffic Psychology and Behaviour, vol. 34, pp. 108–121,
2015.

[51] J. M. Cooper, N. Medeiros-Ward, and D. L. Strayer, “)e
impact of eye movements and cognitive workload on lateral
position variability in driving,”Human Factors: ?e Journal of
the Human Factors and Ergonomics Society, vol. 55, no. 5,
pp. 1001–1014, 2013.

Journal of Advanced Transportation 17


