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Abstract: This research explores the impact of visual distraction duration from multifunctional in-car
displays on driver safety. Utilizing a driving simulator and eye-tracking technology, this study
involved 35 participants in visual search and car-following tasks, assessing their performance and
mental workload across different durations of distraction. The results show that distractions lead to
a decrease in driving control and a rise in mental workload, characterized by deteriorated vehicle
handling and longer reaction times. With continued exposure to distractions, drivers begin to adapt,
indicating a non-linear relationship between the duration of distraction and its consequences. This
adaptation points to a threshold beyond which the negative effects of distractions no longer intensify.
This work aids in developing safer automotive interfaces by highlighting the effects of larger screen
trends on driving behavior and proposing strategies to mitigate distractions. It enriches the discourse
on human–machine interaction by offering fresh perspectives on how visual distraction duration
from in-car displays influences driving dynamics and cognitive load, thereby enhancing road safety.

Keywords: visual distraction; driving performance; mental workload; eye tracking

1. Introduction

With the advancement of the intelligent cockpit, it has transitioned from a novel
concept to an increasingly ubiquitous trend in standard automotive design. The large-
scale full-touch display (referred to as the full-touch human–machine interaction (HMI)
mode) has emerged as the dominant mode of interaction between the driver and the
system (see Figure 1). As the dimensions of the full-touch screen increase, it expands the
range of features accessible to drivers via in-vehicle-connected technologies. Nevertheless,
this increase concurrently intensifies the risk of driver distraction. Driver distraction is
characterized as the deviation of attention from essential driving tasks due to competing
activities [1]. According to the National Highway Traffic Safety Administration (NHTSA),
in 2018, distractions behind the wheel were responsible for 8% of deadly incidents, leading
to 2841 deaths, and constituted 15% of accidents causing injuries, with an estimated
400,000 individuals injured in the United States [2]. Recognition errors, primarily attributed
to driver distraction, account for approximately 39% of all vehicular collisions [3].
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Figure 1. The trend of large screens and multi-screens in intelligent connected vehicles (image 
sourced from the internet: top left (Tesla Model S): www.engadget.com (accessed on 1 January 
2024), top center (Land Rover Range Rover): fordauthority.com (accessed on 1 January 2024), top 
right (LUCID): ir.lucidmotors.com (accessed on 1 January 2024), middle left (Volvo): www.car-
magazine.co.uk (accessed on 1 January 2024), middle center (Mercedes-Benz): www.mercedesben-
zofcharleston.com (accessed on 1 January 2024), middle right (BWM): www.fieldsbmworlando.com 
(accessed on 1 January 2024), bottom left (XPENG): electrek.co (accessed on 1 January 2024), bottom 
center (GEELY): www.arenaev.com (accessed on 1 January 2024), bottom right (Li Auto): 
www.51cheping.com (accessed on 1 January 2024). 

While driving, individuals often experience external noise and visual distractions, 
especially from their touch screens. Visual distractions significantly compromise the 
safety of drivers by substantially impairing their driving capabilities and heightening the 
probability of accidents. Existing research has explored the phenomenon of visual distrac-
tion during driving, noting its adverse effects on recognition, perception, and various cog-
nitive processes, whether the distraction is deliberate or accidental [4]. For instance, intel-
ligent transport systems, by diverting the driver’s gaze from the necessary visual field, 
introduce visual distractions that can undermine safety [4]. Additional research indicates 
that visual distractions negatively influence reading behaviors and understanding, and 
sensory disruptions can detrimentally affect higher-order cognitive abilities required for 
learning from textual materials [5]. Driving performance is compromised as drivers’ vis-
ual focus shifts to secondary tasks, such as using the touch screen, and manual interactions 
that require disengaging from the steering wheel, thereby increasing the risk of accidents 
[6]. The presence of in-vehicle screen devices correlates with increased driver fixation du-
ration on screens over the roadway, significantly contributing to vehicular collisions, near 
misses, and critical safety incidents [7]. Distraction intensity and driving risk increase with 
the secondary task’s visual and manual demands, which compete for cognitive resources 
crucial for safe driving. The World Health Organization has identified driver distraction 
as a significant factor in road traffic accidents [8].  

An expanding corpus of studies has explored the visual workload of drivers [9], cog-
nitive workload [6], and driving performance [10] associated with the utilization of the 
full-touch screen during vehicle operation, and most existing research focuses on the im-
pact of single secondary task scenarios on driving distraction, such as making phone calls, 
sending text messages, adjusting FM, etc. With the development trend of the multi-screen 
and large screen in the intelligent cockpit, the continuous visual occupation of secondary 
tasks has become very common, and some special functions, such as navigation and setup 
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While driving, individuals often experience external noise and visual distractions,
especially from their touch screens. Visual distractions significantly compromise the safety
of drivers by substantially impairing their driving capabilities and heightening the proba-
bility of accidents. Existing research has explored the phenomenon of visual distraction
during driving, noting its adverse effects on recognition, perception, and various cognitive
processes, whether the distraction is deliberate or accidental [4]. For instance, intelligent
transport systems, by diverting the driver’s gaze from the necessary visual field, introduce
visual distractions that can undermine safety [4]. Additional research indicates that vi-
sual distractions negatively influence reading behaviors and understanding, and sensory
disruptions can detrimentally affect higher-order cognitive abilities required for learning
from textual materials [5]. Driving performance is compromised as drivers’ visual focus
shifts to secondary tasks, such as using the touch screen, and manual interactions that
require disengaging from the steering wheel, thereby increasing the risk of accidents [6].
The presence of in-vehicle screen devices correlates with increased driver fixation duration
on screens over the roadway, significantly contributing to vehicular collisions, near misses,
and critical safety incidents [7]. Distraction intensity and driving risk increase with the
secondary task’s visual and manual demands, which compete for cognitive resources
crucial for safe driving. The World Health Organization has identified driver distraction as
a significant factor in road traffic accidents [8].

An expanding corpus of studies has explored the visual workload of drivers [9],
cognitive workload [6], and driving performance [10] associated with the utilization of
the full-touch screen during vehicle operation, and most existing research focuses on the
impact of single secondary task scenarios on driving distraction, such as making phone
calls, sending text messages, adjusting FM, etc. With the development trend of the multi-
screen and large screen in the intelligent cockpit, the continuous visual occupation of
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secondary tasks has become very common, and some special functions, such as navigation
and setup functions, require many steps to complete. However, the cumulative effects of
prolonged visual distraction tasks may differ and could impact various aspects of driving
behavior, such as lateral and longitudinal control. To explore this, the present study aims to
investigate the cumulative effects of prolonged visual distraction on driving performance
and mental workload through a simulated experiment. Changes in driving performance
and mental workload across different time windows will be examined. This study provides
a new perspective for a more comprehensive understanding of the complex relationship
between distraction and driving safety.

2. Related Works

This section synthesizes research on the in-vehicle HMI and visual distraction, re-
viewing the effects of various interaction modalities and visual distractions on driving
performance, in addition to the effects of distraction duration on driving stability.

2.1. In-Vehicle HMI Interaction and Safety

In the vehicle Human–Machine Interface (HMI), safety evaluation holds a pivotal
position in analyzing the implications of driver distraction and in guaranteeing secure
operation. Undoubtedly, engaging in tasks using a full-touch interface alters a driver’s
distraction behavior. Researchers investigating the HMI have examined the influence
of various factors like touch gestures, aerial gestures, voice interaction, and touchscreen
placement on driving performance and resource needs [11]. Studies into the effects of
traditional buttons, voice commands, and touchscreens on driving safety have revealed
that touchscreens significantly reduce safety, with their impact being more pronounced
compared to other modes [12]. Additionally, studies indicate that touchscreen methods
lacking nonvisual feedback are inferior in task performance compared to conventional
physical buttons [13].

Touchscreens, as a crucial component of the HMI, can distract drivers and diminish
their environmental awareness, thereby posing significant safety risks in the context of
driving. While modern vehicles are increasingly equipped with intelligent safety features,
such as path tracking control and assisted braking [14,15], which autonomously maintain
vehicle control and prevent collisions, these technologies do not fully eliminate the risks of
visual distraction. Research shows that drivers’ focus varies with the display’s position,
and the lack of tactile feedback on screens requires more visual attention [16]. Moreover,
some studies explore the impact of touchscreen size, user interface design, and subtasks on
the visual demands of in-car tasks and the boundary of driver distraction [17]. To minimize
distraction, studies suggest using directional touch gestures to lower visual demands and
maintain focus on the road [18]. Others investigate how touchscreen size, interface design,
and specific tasks affect visual demands and distraction levels in drivers [17]. O. Tsimhoni
and colleagues investigated three address input methods during the driving process: word-
based speech recognition, character-based speech recognition, and input on a touchscreen
keyboard. The findings indicate that using touchscreen input for address entry results
in a decrease in vehicle control capability. The experiments reveal that, in the context of
navigating address input, the use of a touchscreen introduces certain safety risks and is
unfavorable for drivers during driving [19].

The distraction caused by in-vehicle large screens is becoming increasingly severe.
Numerous studies are exploring the impact of these screens on driving performance and
mental workload. However, our focus is on the cumulative distraction effects of visual-
distracted driving behaviors caused by in-vehicle screens, such as the frequent use of car
navigation systems, on driving safety.

2.2. Attention and Visual Distraction

Attention diversion in drivers during vehicular travel involves a shift from focusing
primarily on safe driving to engaging in secondary activities or objects unrelated to driving
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safety [20]. This shift in focus substantially impairs the driver’s ability to respond to unex-
pected events and slows reaction times, thereby increasing the risk of traffic accidents. The
National Highway Traffic Safety Administration (NHTSA) categorizes driver distraction
into four types based on the source of the distraction: visual distraction, manual distraction,
auditory distraction, and cognitive distraction [11]. Visual distractions arise from tasks
requiring visual engagement, whereas auditory distractions originate from tasks demand-
ing auditory attention. However, this dichotomy is not rigid. For example, engaging in
telephonic conversations while driving [21], though primarily auditory, can invoke visual
recollections or imaginings in the driver. Such cognitive processes can adversely affect
the driver’s visual search capabilities, diminishing both the efficiency and frequency of
information retrieval, thereby creating potential visual blind spots.

Visual information serves as a pivotal source for drivers to acquire necessary cues.
Drivers rely on visual inputs to maintain speed and stability following distances. In-
complete or biased visual information acquisition can lead to traffic accidents. Devices
for tracking eyes are often employed to scrutinize the eye movements of drivers and ex-
plore how distractions influence their driving performance [22]. Furthermore, analyzing
driver’s eye movement and attention data provides a deeper understanding of their mental
activities and anticipated actions, thus offering a more comprehensive view of their behav-
ioral patterns. For instance, ref. [23] carried out an extensive review of driver distraction
across various simulated environments, including standard driving, visual–manual tasks,
and cognitive burdens. This study identified a significant decrease in the proportion of
gaze towards the road when engaging in visual–manual tasks, contrasting sharply with
regular driving conditions. Conversely, the incidence of the driver’s gaze on the road
conspicuously augmented during cognitively demanding tasks, surpassing that observed
in normal driving conditions. Ref. [24] investigated the influence of hands-free telephone
conversations on drivers’ visual attention through a practical field experiment. This study
concluded that hands-free phone usage while driving marginally affects gaze behavior
concerning the driving task, with a tendency for drivers to focus less on traffic-specific
details. Complementary findings were reported by [25] during a simulation study that
evaluated drivers’ visual behavior using eye-tracking technology, alongside assessments of
driving errors and subjective workload. Ref. [26] also corroborated that visual secondary
tasks diminish the scope of drivers’ visual search. Under such circumstances, drivers tend
to compensate by increasing the amplitude and frequency of head movements to acquire a
broader field of view.

Visual search, a crucial aspect of driving, involves the capacity to survey the surround-
ings and identify potential hazards. Research indicates that driver experience significantly
influences visual search strategies [27]. The cognitive load from secondary tasks, such
as conversations or operating devices, further narrows the visual search field, thereby
reducing drivers’ ability to detect hazards.

Extensive research in the domain of driver distraction has employed eye-tracking
technology as a pivotal tool to analyze drivers’ visual behavior and attention allocation.
Building on this foundation, our study also employs eye-tracking technology to analyze
visual distraction. We aim to further explore the intricate relationship between distraction
duration and visual attention during driving.

2.3. Distraction Duration and Driving Behavior

Driving instability is profoundly influenced by the distraction duration. It is note-
worthy that driving instability encapsulates deviations from standard driving behaviors,
including variations in speed, deceleration, acceleration, and jerk [28]. Recent research
by [28] has established a direct correlation between increased distraction duration and
heightened driving instability. Studies have illuminated the process by which an increase
in distraction duration during driving worsens vehicular control issues, subsequently ele-
vating the risk of accidents or near-miss incidents [29]. Crash and near-crash risks increase
significantly for certain activities, especially those that require both visual attention and
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manual interaction or those requiring longer gaze duration. These activities include dialing
on a cell phone, texting, reaching for items, and responding to external disturbances [30].
Visual distractions from secondary tasks significantly impact speed stability and contribute
to crash and near-crash risks, with the increasing distraction intensifying the probability of
such incidents [31].

Mental workload affects driving behavior by altering visual search patterns, reducing
attention, and increasing reaction times, thereby heightening accident risks. Defined as the
required operator resources to handle specific task demands [32], mental workload has
profound implications on driving safety. Research has established a link between the risk
of accidents, the driver’s visual search patterns, and the level of mental load [33]. Both an
excessive mental workload, often associated with stress, and an inadequate one, linked
with vigilance, can impair a driver’s perception and attention, potentially leading to traffic
incidents [34]. A driver’s mental workload develops through a gradual accumulation
process, resulting in a deterioration of driving skills. As this workload reaches a certain
threshold, it may cause a rapid decrease in the ability to drive, leading to errors in judgment,
confusion in operation, and similar issues, all of which significantly raise the risk of traffic
incidents [35]. As the demands of task processing increase, drivers require more time to
process information effectively. Furthermore, driving distractions, predominantly visual
and cognitive, exert a similar influence on drivers by affecting their performance and signif-
icantly contributing to traffic accidents [36]. Such distractions lead to an increased mental
workload for drivers [37]. Visual distractions considerably affect drivers, leading to poorer
performance compared to cognitive distractions. This suggests that visual distractions
impose a more substantial mental workload on drivers than cognitive distractions [38].
Numerous eye-tracking metrics are recognized as reliable indicators of mental workload.
These include changes in pupil diameter, the length of blinks, the spread of horizontal
gaze, frequency of blinking, the duration of gaze, the number of saccades, the standard
deviation in the rotation of the eyeball horizontally, and the variations in the points of
gaze [39]. However, there is a paucity of literature examining the patterns of change in
mental workload over time in response to varying levels of distraction.

Detection response is essential for understanding driving behavior, revealing that dis-
tractions and increased cognitive load significantly impair reaction times and overall driv-
ing performance, directly linking to safety on the roads. The detection response task (DRT),
endorsed by the International Organization for Standardization (ISO 17488:2016) [40], is
predominantly utilized to gauge distraction, particularly in driving studies, where it as-
sesses drivers’ resource availability and the attentional demand of secondary tasks [41].
This technique has proven effective in assessing variations in cognitive load, indicated by
changes in reaction times and miss rates. The DRT’s sensitivity to cognitive load changes is
equal across auditory, tactile, and visual stimuli and is unaffected by the visual location
of the stimuli, emphasizing that cognitive rather than visual demands reduce detection
capability [41]. This approach is particularly reliable for assessing reduced visual atten-
tion and identifying safety-critical information in the periphery [42]. Evaluations of DRT
performance through reaction times and hit rates offer a nuanced understanding of the
competing secondary task’s difficulty [43].

Building on extensive research on the in-vehicle HMI and visual distractions, prior
studies highlight the correlation between distraction duration and driving instability, em-
phasizing how visual distractions increase a driver’s mental workload and impair perfor-
mance. Despite these insights, there remains a notable gap in understanding the specific
long-term impacts of cumulative visual distractions on driving performance. Previous
studies have often focused on immediate or short-term effects (1–12 s), leaving the pro-
longed impact less explored. Therefore, this study aims to utilize driving performance, the
DRT, and eye-tracking data to deeply investigate how sustained attention to distractions
(300 s) affects mental workload and driving behavior over time.
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3. Experiments
3.1. Participants

This study, adhering to the NHTSA Guidelines, initially recruited forty subjects across
four age categories: 18–24, 25–39, 40–54, and 55–64 years, with a gender distribution of
twelve females and twenty-eight males. Table 1 shows the participants’ demographic
information. Due to recording issues, the analysis included only 35 valid participants
(24 males and 11 females). All participants were right handed with normal contrast
sensitivity, visual acuity, and color vision, and were free from cardiac and mental health
issues. Every participant possessed a legitimate driver’s license and a minimum of two
years of experience behind the wheel, averaging 5.42 h of driving weekly. No participants
had incurred any traffic fines or accidents over the previous years. This study received
approval from the IRB ethical committee of the Beijing Institute of Technology.

Table 1. Demographic descriptive statistics (N = 35).

Character Frequency Percent

Gender
Male 25 0.71

Female 10 0.29

Age

18–24 9 0.26
25–39 9 0.26
40–54 9 0.26
55–64 8 0.22

3.2. Apparatus and Materials

Driving simulator. This study employed a driving bench to develop a driving simu-
lator that comprised a steering wheel and pedals, a computer, and a television in front of
the bench simulator. The driving simulator was equipped with SCANeR™ studio driving
simulation software (SCANeR 2021.2). The computer was capable of storing the driving
performance data of the participants and synchronizing it with the information acquired by
the eye-tracking devices. As shown in Figure 2, an in-vehicle 12′′ touchscreen display was
used to display the detection response tasks (DRTs), and the touchscreen utilized an Honor
Tablet 8 (12 inches, which is manufactured and supplied by Honor, a company based in
Shenzhen, China) as the display device, featuring a resolution of 2000×1200 dpi, a pixel
density of 195 PPI, and a peak brightness of 350 nits. The touchscreen was located on the
central stack of the dashboard in a fixed position within the driver’s visual range, and
the positional parameters were calculated based on the average values of the measured
vehicles’ touchscreen parameters from the XPeng P7, Li Xiang One, BYD Song, and NIO
ES8 (The XPeng P7 is manufactured by XPeng Motors, based in Guangzhou, China. The
Li Xiang One is produced by Li Auto, headquartered in Beijing, China. The BYD Song is
made by BYD Auto, located in Shenzhen, China. Lastly, the NIO ES8 is manufactured by
NIO Inc., which is based in Shanghai, China). The traffic scenarios and virtual environment
were generated with SCANeR™ studio software. The driving simulator SCANeR™ studio
delivers a highly authentic virtual realm: it encompasses road settings, vehicle dynamics,
traffic, sensors, both real and simulated drivers, headlights, weather scenarios, and scenario
scripting (see Figure 2).

Eye tracking. Eye tracking stands as a highly sophisticated technique employed in
usability assessment. Accumulating data from eye tracking provides significantly more
insights into user behavior. The experiment utilized the Tobii Pro Glasses 2 (The Tobii Pro
Glasses 2 are manufactured and supplied by Tobii Pro, a company based in Danderyd,
Sweden.) as the device to monitor eye movements, operating at a frequency of 100 Hz for
sampling and providing a robust dataset for analyzing the timing and duration of gaze
behaviors. This feature is critical for understanding the nuanced ways in which individuals
interact with various stimuli. The device’s ergonomic design ensures minimal intrusion,
allowing for a more natural observation of participants’ visual behavior. Its compatibility
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with numerous software enhances its versatility, accommodating both qualitative and
quantitative research in eye-tracking studies. In our experiments, we ensured consistent
lighting to maintain data accuracy, confirming that our results reflect genuine participant
interactions with the stimuli, free from external influences [44].
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Figure 2. The experimental setup of the driving simulator: A—Tobii Pro Glasses 2; B—Logitech G29
Driving Force (manufactured and supplied by Logitech, a company based in Lausanne, Switzerland,
with additional headquarters in Newark, CA, USA), with the G29 steering wheel replaced by a
Mercedes-Benz steering wheel (manufactured and supplied by Mercedes-Benz, a division of the
German company Daimler AG, headquartered in Stuttgart, Germany), and pedals; C—touch screen;
D—TV screen.

3.3. Experimental Design and Procedure

In this experiment, a visual-based dual-task experimental paradigm was adopted
to explore the effects of distraction duration on driving performance and visual search
task accuracy. The independent variable in this experiment is the duration of the visual
secondary task. The primary task, the car following [45] task, which is one of the most
common road conditions during driving on straight roads and an important requirement
for safe driving, requires participants to follow another vehicle at a constant speed of
60 km/h on a straight urban road, while the visual secondary task involved performing a
visual search.

Visual-based DRT task: To investigate the influence of visual load on drivers, a
paradigm based on visual search tasks was utilized to establish links between gaze behavior
and levels of attention [46]. A visual search and response behavior involve using the eyes
to seek out relevant information within a given display or scene, subsequently guiding
subsequent actions [47] while experiencing minimal or negligible cognitive load. In this
visual search paradigm experiment, as shown in Figure 3, participants are instructed to
respond to changes in shapes (circle/triangle/square) on the in-vehicle large screen by
pressing a button on the side of the steering wheel within 1500 ms of the appearance of
the triangle shape. There is a 1 s interval between the display of the triangle and circle
shapes, each lasting 1000 ms, with the entire experiment lasting 5 min. Throughout the
duration of the experimental protocol, stringent controls were established to ensure a
constant illumination level within the experimental milieu, thereby aiming to attenuate
the effects of extraneous variables on pupillary dilation variations. In consideration of the
experimental goal of visual distraction, measures were taken to minimize the likelihood of
drivers recognizing stimulus images in their peripheral vision. Specifically, the size and
color of the stimulus images presented during the experiment were carefully chosen to
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blend in with the background color of the main experimental interface. This was performed
to further reduce the possibility that drivers would recognize these images peripherally.
This task was designed to simulate visual distraction tasks that drivers might engage in
during driving, such as prolonged interaction with content on the in-vehicle large screen.
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The experimental procedure began with online preparations. Participants digitally
signed an informed consent form and completed several questionnaires. Upon arrival at
the lab, participants were thoroughly briefed about the study procedures, including the
objectives and their role in the experiment. This briefing was followed by an informed
consent process and a demographic survey. Next, participants were introduced to the
driving simulator. This introduction included detailed explanations about the simula-
tor’s functionalities, the primary and secondary tasks, and the overall procedure of the
experiment. Prior to each experimental drive, participants underwent a 4 min training
session tailored to the specific driving conditions. This session was designed to familiarize
participants with the simulated driving environment, the sensitivity of the steering wheel,
and the car pedals. This practice focused on maintaining a consistent speed on a straight
road, acclimating them to the driving environment. They also practiced the secondary
visual task, which involved using an in-vehicle large screen to identify specific shapes
with a high degree of accuracy (over 95%). In this instructional session, the participants
practiced driving on straight paths, around bends, at crossroads, and transitioning from
dual lanes to quadruple lanes. After the session, the participant put on eye-tracking glasses,
and the experimenter adjusted the calibration of their gaze. Once the practice session was
completed, participants were directed to focus on accuracy in the secondary visual tasks
while ensuring steady and safe driving during the experimental runs. During this phase,
the participant wore the eye-tracking equipment and the experimenter calibrated the gaze
position of each participant. This equipment was crucial for collecting precise data on
where and how often participants looked away from the road, providing valuable insights
into the effects of distraction. Then, the first experimental drive, which lasted five minutes,
commenced. After this session, the experimenter expressed gratitude to the participants
and provided compensation for their involvement. Figure 4 illustrates a diagram outlining
the experimental process.
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3.4. Data Analysis

This study designates the duration of the secondary task as the independent variable.
The dependent variables are driving measures related to car-following behavior.

(1) Lateral control measures

The standard deviation of lane position (SDLP) (m): The SDLP was calculated as
the standard deviation of the vehicle’s lateral displacement from the centerline for each
driver [48]. An increased SDLP indicates reduced lateral control of the vehicle.

Standard deviation of steering wheel angle (SDSWA) (degrees): This measure offers
insight into the vehicle’s lateral dynamics. A higher value in this measure suggests more
significant lateral adjustments made by the vehicle [45].

(2) Longitudinal control measures

The standard deviation of speed (SDS) (m/s): A higher standard deviation in driving
speed suggests less efficient driving.

Standard deviation of acceleration (SDA) (m/s2): A larger standard deviation of
acceleration indicates poorer longitudinal control over the vehicle.

(3) DRT measures

Missing rate (MR): A higher missing rate signifies a decrease in the driver’s ability to
detect and respond to secondary tasks.

Reaction time (RT): This indicator reflects variation in the driver’s reaction time due to
interference from secondary tasks while driving.

(4) Mental workload

Average pupil size [49] (APS): Pupil size is commonly believed to increase in response
to the mental workloads imposed on a driver while driving.

Single fixation duration (SFD): A prolonged off-road single fixation duration indicates
heightened distraction levels during tasks, suggesting that the driver is experiencing an
increased mental workload.

Statistical evaluations of the driving and cognitive load data were performed using
polynomial regression in GraphPad 9.5. For all statistical assessments, a p-value of less
than 0.05 was used as the criterion for statistical significance.

4. Results

The correlation matrix is utilized to understand the relationship among driving per-
formance, detection response, mental workload, and distraction duration. This matrix
displays the Pearson correlation among its elements, where the value represents Pearson’s
coefficient denoted as ‘r’. A larger r-value means a stronger correlation between these
two components.

Regarding the longitudinal control of the vehicle, Figure 5 indicates that the standard
deviation of acceleration and the standard deviation of velocity are positively correlated
with distraction duration, and distraction duration was significantly associated with the
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standard deviation of acceleration (r = 0.7177, p < 0.001) and the standard deviation of
velocity (r = 0.8107, p < 0.001).
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In terms of the lateral control of the vehicle, Figure 5 indicates that the distraction
duration was significantly associated with the standard deviation of lane position and
the standard deviation of steering wheel angle. Correlation analysis also showed that
distraction duration had a strongly positive correlation with the standard deviation of
steering wheel angle (r = 0.2298, p < 0.001) and the standard deviation of lane position
(r = 0.6741, p < 0.001).

In the context of detection response, Figure 5 shows a significant association between
distraction duration and both missing rate and reaction time. Concurrently, correlation
analysis reveals a negative association between distraction duration and missing rate
(r = −0.6896, p < 0.001), as well as reaction time (r = −0.5554, p < 0.001).

Regarding mental workload, Figure 5 shows a significant association between dis-
traction duration and average pupil size, with no significant correlation found for single
fixation duration. Further correlation analysis indicates a negative correlation between
distraction duration and average pupil size (r = −0.3647, p < 0.001).

4.1. Driving Performance

By analyzing the correlation between driving performance and distraction duration,
we infer a connection between the standard deviation of steering wheel angle, lane posi-
tion, velocity, acceleration, missing rate, reaction time, average pupil size, and distraction
duration. To clarify this relationship, the cubic equation was used to model the trends of
these variables.

The standard deviation of acceleration and velocity assesses the driver’s longitudinal
control abilities, with higher values indicating poorer longitudinal control over the vehicle.
The relationship between the standard deviation of velocity, the standard deviation of
acceleration, and the distraction duration is displayed in Figure 6a,b. These relationships
indicate that with the increasing duration of distraction, both the standard deviation of
acceleration and the standard deviation of velocity exhibit a similar pattern of change,
characterized by an initial ascent followed by a gradual tendency toward stability, ulti-
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mately re-emerging with an upward trend around the 300 s mark. As depicted in Figure 7,
each plot corresponds to the rolling standard deviation of these metrics measured in
5 s intervals across a 300 s duration. The graphs show an initial variability that gradually
stabilizes as time progresses, indicating that despite initial fluctuations, the control abilities
tend to stabilize, suggesting an adaptation or habituation effect in the driver’s response
to sustained driving conditions. The correlation test results in Table 1 indicate that the
fitting coefficients obtained from the cubic regression consistently surpass 0.9. This finding
highlights the favorable fitting performance of the curve. Furthermore, it suggests that with
an increased distraction interval, the driver’s longitudinal control of the vehicle does not
consistently decline but exhibits a certain degree of stability. The cubic regression equations
are also displayed in Table 2.
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Figure 7. The relationship between longitudinal control abilities, lateral control abilities, and distrac-
tion duration: rolling standard deviation of SDV (a), SDA (b), SDLP (c), and SDSWA (d) measured
over time in 5 s intervals.

Table 2. The correlation between driving performance, detection response, mental workload, and
distraction duration.

Correlated Variables r-Value Cubic Equation

The SD of acceleration—duration of distraction 0.9351 y = 5.280e − 8x3 − 3.300e − 5x2 + 0.006493x + 0.1091
The SD of velocity—duration of distraction 0.9685 y = 1.521e − 6x3 −−0.00093x2 + 0.1836x + 1.933

The SD of steering wheel angle—duration of distraction 0.6371 y = 1.607e − 7x3 − 9.736e − 5x2 + 0.01694x + 1.905
The SD of lane position—duration of distraction 0.6891 y = 4.633e − 8x3 − 2.489e − 5x2 + 0.004217x + 0.3247

Missing rate—duration of distraction 0.7053 y = −4.369e − 8x3 − 2.444e − 5x2 +−0.004474x + 0.3802
Reaction time—duration of distraction 0.3539 y = 5.000e − 7x3 −−0.0001452x2 + 0.003762x + 0.8125

Average pupil size—duration of distraction 0.4650 y = −1.523e − 8x3 − 1.192e − 005x2 +−0.002813x + 3.741
Single fixation duration—duration of distraction 0.0631 y = −8.581e − 6x3 − 0.003565 +−0.3539x + 123.2

Measures of lateral control evaluate the effectiveness of drivers in keeping their
vehicles positioned correctly within a lane. These include the standard deviation of lateral
position and steering wheel angle. Greater values of the SDLP and SDSWA indicate a
diminished lateral control proficiency of the driver over the vehicle. The relationship
between the standard deviation of the steering wheel angle, the standard deviation of
lane position, and the distraction duration is displayed in Figure 6c,d. This relationship
suggests that with the increasing duration of distraction, both the standard deviation
of the steering wheel angle and the standard deviation of lane position exhibit a trend
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characterized by an initial ascent followed by a subsequent decline, ultimately concluding
with a marginal resurgence. The correlation test outcomes presented in Table 1 reveal that
the fitting coefficients derived from the cubic regression consistently surpass 0.6. This
observation underscores the satisfactory fitting performance of the curve. Furthermore, it
implies that an augmentation in distraction duration does not lead to a continual decline in
lateral control of the vehicle but rather suggests the presence of a distinct stable phase. The
cubic regression equations can be found in Table 1 as well.

4.2. Detection Response

Figure 8a illustrates the relationship between distraction duration and missing rate
when participants were instructed to drive and respond to the detection response task
(DRT). It can be observed that at the beginning of the distraction period, the missing rate
initially increases. As distraction duration continues, the missing rate slightly decreases
and subsequently stabilizes. Ultimately, the missing rate rises to 0.4 before decreasing to
approximately 0.12. Figure 8b depicts the correlation between reaction time and response
frequency. The data indicate that at the beginning of the distraction period, reaction time
initially increases as the number of responses rises. Afterward, reaction time exhibits a
marginal trend toward stabilization. Subsequently, after the 25th response task, reaction
time tends to stabilize and slightly decrease until the end of the experiment, rising to 0.82 s
before decreasing to 0.67 s. Despite the cumulative effects of prolonged distractions, drivers’
reaction times did not continuously increase but instead showed a brief period of stability
before a slight reduction.
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(b) reaction time.

4.3. Mental Workload

It is generally believed that pupil dilation increases when a driver experiences mental
workloads while driving [50]. An extended off-road single fixation duration signifies
increased driver distraction during tasks, reflecting a higher mental workload for the driver.
Figure 9a indicates that the average pupil size does not continuously increase with an
extended duration of distraction. On the contrary, the pupil size gradually decreases and
stabilizes at 3.54 mm, followed by an upward trend. Figure 9b illustrates a noticeable
decline in the single fixation duration within the first 60 s of sustained distraction, reaching
a minimum of 92 ms. Subsequently, the single fixation duration gradually increases with
the prolonged distraction time until it decreases again at 223 s of distraction. This suggests
that the driver’s mental load does not exhibit a linear escalation with prolonged distraction;
rather, there appears to be a discernible plateau, and in certain instances, a reduction in
mental workload may be observed.
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5. Discussion

This study investigates the impact of prolonged screen fixation-induced visual sec-
ondary tasks on driving performance, detection reactions, and mental workload. Addi-
tionally, it explores how driving performance, detection response time (DRT), and mental
workload vary with the duration of distraction. Driving distraction is a significant risk
factor for accidents, as highlighted by [51]. Hence, quantifying the relationship between
the duration of visually induced driving distractions and driving performance is crucial.
Numerous studies have shown that a prolonged distraction duration can result in a dete-
rioration of driving performance and an increase in mental workload. However, limited
research has delved into how the cumulative effects of extended visual distraction, particu-
larly from prolonged screen viewing, impact driving performance, response detection, and
mental workload. This study aims to investigate the correlation between the duration of
visual secondary tasks and their implications for driving safety. The findings are expected
to enhance our understanding of the incremental impact prolonged driving distractions
from large screens have on driving safety.

Referring to the effects of distraction duration on the lateral control of the vehicle, the
findings reveal that as the distraction duration extends from 0 to 100 s for the driver, there
is a non-linear rise in the standard deviation of lane position and steering wheel angle.
Previous research also indicates a direct correlation between the extent of distraction and
driving instability [29]. When the distraction duration increases from 100 s to 300 s, the
standard deviation of lane position and steering wheel angle gradually tends to stabilize.
This stabilization might be attributed to a decrease in the mental workload of the driver as
they become accustomed to the distractions. This reduction in mental workload could result
from the driver’s improved efficiency in processing the distractions over time, allowing
for better allocation of attention to the lateral control of the vehicle. This finding suggests
that after reaching a distraction time of 100 s, both the standard deviation of the steering
wheel angle and standard deviation of lane position tend to stabilize rather than continue
to rise, indicating that the driver’s lateral control of the vehicle does not further worsen
with an increased distraction duration. When the distraction duration exceeds a specific
adaptation threshold, there appears to be a counterintuitive positive correlation between
increased distraction duration and improved driving performance. This suggests that
beyond a certain level of exposure to distraction, drivers might adapt their behavior to
manage the demands of driving and distraction more effectively, which is in line with
the literature [52]. Therefore, these findings underscore the nuanced relationship between
distraction duration and driving performance, suggesting that while prolonged distraction
initially exacerbates driving instability, this study reveals a potential for stabilization or
even modest improvement in vehicle control with increased duration of visual distractions,
and this should not be interpreted as an endorsement of introducing routine distractions
as a method to enhance driving skills. Instead, these findings highlight the adaptability
and resilience of human attention and control mechanisms under prolonged exposure
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to distraction. Further research is needed to understand how these adaptations can be
leveraged safely and effectively without compromising road safety.

Referring to the effects of distraction duration on the longitudinal control of the
vehicle, as the duration of distraction increases, both the standard deviation of speed and
the standard deviation of acceleration show a non-linear and significant rise, indicating that
drivers experience a deterioration in longitudinal control ability with prolonged distraction,
which is consistent with the findings by [21], who noted increased speed variation in
tasks demanding higher mental workload. Moreover, as the distraction task diverts the
driver’s focus, their ability to control speed diminishes, aligning with the conclusions
presented by [38]. Nevertheless, with further increases in distraction duration, drivers
exhibit stability or even improvement in longitudinal vehicle control, suggesting that
drivers may adapt to the impact of distraction to some extent, leading to a reduction in its
influence on longitudinal vehicle control. This suggests that as the cumulative duration
of visual distraction tasks increases, drivers gradually regain and adapt their longitudinal
vehicle control capabilities to the visual distraction tasks.

Referring to the effects of distraction duration on detection response, as the distraction
duration increased, there was an observed elevation in the initial missing rate and reaction
time. This indicates an increase in the psychological load on the drivers. Previous research
also indicated that additional cognitive tasks can increase mental workload, subsequently
leading to an increase in reaction time and missing rates [53]. However, with a further
increase in distraction duration, the missing rate gradually decreased and stabilized at
0.12, while the reaction time initially remained stable, starting to decrease around 100 s,
eventually reaching 0.67. This suggests that with the increase in distraction duration, drivers
may experience a reduced mental workload in the detection response task, primarily due to
increased proficiency and automation in handling these tasks. As task processing becomes
more automated and attention allocation is optimized, drivers are able to maintain or even
enhance task performance at a lower mental workload. This phenomenon aligns with the
literature on long-term adaptation and cognitive resource optimization [54]. These trends
affirm that as the cumulative duration of visual distraction tasks increases, drivers may
demonstrate improved responsiveness and reduced missing rates. Despite the negative
association observed between distraction duration and missing rate (r = −0.6896, p < 0.001),
as well as reaction time (r = −0.5554, p < 0.001), our study results indicate that missing
rate and reaction time initially increase, suggesting a rise in cognitive load. This aligns
with previous findings that additional cognitive tasks elevate mental workload, leading to
increased reaction times and missing rates. As distraction duration extended further, we
observed stabilization and even a reduction in missing rate and reaction time. This does
not imply that drivers’ overall performance improved but rather shifted from a very poor
state to a less poor state. This phenomenon can be attributed to the drivers’ adaptation
and increased automaticity in handling distraction tasks. Over time, drivers become more
proficient at managing distractions, allowing for better attention allocation and reduced
cognitive load.

Referring to the effects of distraction duration on mental workload, with increasing
duration of distraction, we observed a swift escalation in both pupil size and fixation
duration, indicating an accelerated increase in the mental workload of drivers. This could
be attributed to the fact that the distraction task heightens the driver’s cognitive burden
and intensifies psychological effort, consequently elevating their mental workload [55].
However, as the duration of distraction further increases, mental workload stabilizes and
even experiences a slight decrease. This contradicts findings from a study that reported that
driver distraction was found to increase mental workload [26,38]. This suggests that drivers
may gradually adapt to distractions, and it may also imply that the impact of distractions on
mental workload is no longer significant to a certain extent. Beyond a certain point, it does
not lead to a corresponding increase in mental workload. This indicates that the cumulative
effect of visual distraction does not continuously increase the mental workload of drivers;
instead, it reaches a plateau or even decreases slightly. This suggests that drivers might
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adapt or become habituated to the distraction over time. As they learn to manage cognitive
demands more efficiently, the increase in mental workload stabilizes and may even diminish.
This adaptive response could have important implications for understanding how long-
term exposure to distractions affects driver performance and safety.

Several limitations were present within this study. Although the participant sample
included individuals from all age groups, there was a notably low representation of elderly
participants. A portion of the older participants could not successfully complete the
experiment, leading to a further reduction in their representation in the data. As such,
the generalizability of the findings is constrained and should be considered within the
context of this limited demographic coverage. Studies using driving simulators often
induce atypical driving behaviors, attributed to the absence of real-life risks in simulated
environments and the learning impacts from event repetitions [56]. The distractor task was
auto-paced, differing from most real-world, driver-paced secondary tasks, thus affecting
the applicability of our findings to everyday driving scenarios. The experiment’s duration,
limited to 300 s, does not capture the complexities of longer driving sessions, which may
involve prolonged and varied distractions.

6. Conclusions

Advancements in 5G and vehicle intelligence have notably increased full-touch screens’
prevalence in production vehicles’ intelligent cockpits. As vehicles become more connected
and interactive, understanding the implications of full-touch screens on driver attention and
safety has become crucial. This study, therefore, seeks to bridge the gap in understanding
by focusing on the specific effects of touchscreen interfaces within these intelligent cockpits.
Specifically, it investigates the impact of driver distraction caused by operating the central
console touchscreen on driving performance and mental workload.

This study aims to explore how the duration of driving distraction influences changes
in both driving performance and mental workload among drivers. The effects of distraction
duration on vehicle control and mental workload reveal that initially, within the first fifty
seconds, distraction leads to a deterioration in lateral and longitudinal control, increased
missing rates, and reaction times, indicating higher mental workload. However, as the
duration of distraction continues to increase, particularly after 150 s, drivers gradually
adapt to the impact of distraction, rendering its effects on driving performance and mental
workload less pronounced. This further indicates that there may be an upper limit to the
influence of distraction time on drivers. Once this limit is surpassed, there is potential
for stabilization or improvement in vehicle control to some extent, along with a reduction
in the impact on mental workload. The SDLP increased from an initial value of 0.45 m
to a peak of 0.78 m within the first 100 s of distraction before stabilizing around 0.65 m
beyond 150 s. The missing rate for detection response tasks initially increased but then
decreased from 0.40 to 0.12 over the duration of the experiment. Similarly, reaction times
initially increased but eventually improved from 0.82 s to 0.67 s as drivers adapted to
the prolonged distraction. Average pupil size, indicative of mental workload, initially
increased but stabilized at 3.54 mm after 223 s of distraction, demonstrating a non-linear
response to prolonged distraction.

This finding indicates a non-linear positive correlation between distraction duration
and driving performance, emphasizing the dynamic nature of driver adaptation to dis-
tractions over time. By shedding light on the cumulative effects of visual secondary tasks
from full-touch screens, this research enhances our understanding of the impact on driving
safety by focusing on driver performance and mental workload. Additionally, it explores
the temporal aspects of driver behavior, eye movements, and mental workload, providing
critical insights into how drivers interact with in-car technology over time.

Author Contributions: Conceptualization: all authors. Methodology: Y.W. (Yahui Wang), Z.L., Y.W.
(Yueyang Wang) and X.L. Data curation and analysis: Z.L., C.Q., C.Z., H.D., Y.H. and J.D. Funding
acquisition: Y.W. (Yahui Wang), Y.W. (Yueyang Wang) and X.L. Validation and visualization: C.Q.,
C.Z., H.D., Y.H. and J.D. Software: H.D., Y.H. and J.D. Writing—original draft: Y.W. (Yahui Wang),



Electronics 2024, 13, 2718 17 of 19

Z.L. and Y.H. Writing—review and editing: All authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the Foundation of the National Key Laboratory of Human
Factors Engineering, grant No. HFNKL2023WW02, the Beijing Natural Science Foundation, grant
No. 9244037, and the Beijing Institute of Technology Research Fund Program for Young Scholars,
grant No. 3320012222316.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the Institutional Ethics Committee of the Beijing Institute of
Technology (BIT-EC-H-2022124, 19 September 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author(s).

Acknowledgments: We express our sincere gratitude to Changan Automobile Co., Ltd. for
project support.

Conflicts of Interest: Authors Hongjiang Du and Jie Deng were employed by the company Changan
Automobile Co., Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Kashevnik, A.; Shchedrin, R.; Kaiser, C.; Stocker, A. Driver distraction detection methods: A literature review and framework.

IEEE Access 2021, 9, 60063–60076. [CrossRef]
2. Ma, J.; Li, J.; Wang, W.; Huang, H.; Zhang, X.; Zhao, J. The impact of co-pilot displays use on driver workload and driving

performance exploring the impact of co-pilot display on drivers’ workload and driving performance. Appl. Ergon. 2024,
114, 104138. [CrossRef]

3. Khattak, Z.H.; Fontaine, M.D.; Li, W.; Khattak, A.J.; Karnowski, T. Investigating the relation between instantaneous driving
decisions and safety critical events in naturalistic driving environment. Accid. Anal. Prev. 2021, 156, 106086. [CrossRef]

4. Zahabi, M.; Shahini, F.; Yin, W.; Zhang, X. Physical and cognitive demands associated with police in-vehicle technology use: An
on-road case study. Ergonomics 2022, 65, 91–104. [CrossRef]

5. Gao, X.; Stine-Morrow, E.A.L.; Noh, S.R.; Eskew, R.T. Visual noise disrupts conceptual integration in reading. Psychon. Bull. Rev.
2011, 18, 83–88. [CrossRef]

6. Strayer, D.L.; Cooper, J.M.; Goethe, R.M.; McCarty, M.M.; Getty, D.J.; Biondi, F. Assessing the visual and cognitive demands of
in-vehicle information systems. Cogn. Res. Princ. Implic. 2019, 4, 18. [CrossRef]

7. Amini, R.E.; Al Haddad, C.; Batabyal, D.; Gkena, I.; De Vos, B.; Cuenen, A.; Brijs, T.; Antoniou, C. Driver distraction and in-vehicle
interventions: A driving simulator study on visual attention and driving performance. Accid. Anal. Prev. 2023, 191, 107195.
[CrossRef]

8. Li, Z.; Wang, C.; Fu, R.; Sun, Q.; Zhang, H. What is the difference between perceived and actual risk of distracted driving? A field
study on a real highway. PLoS ONE 2020, 15, e0231151. [CrossRef]

9. Reimer, B.; Mehler, B.; Muñoz, M.; Dobres, J.; Kidd, D.; Reagan, I.J. Patterns in transitions of visual attention during baseline
driving and during interaction with visual–manual and voice-based interfaces. Ergonomics 2021, 64, 1429–1451. [CrossRef]

10. Zhao, X.; Li, Z.; Zhao, C.; Wang, C.; Fu, R. Distraction pattern classification and comparisons under different conditions in the
full-touch HMI mode. Displays 2023, 78, 102413. [CrossRef]

11. Murali, P.K.; Kaboli, M.; Dahiya, R. Intelligent in-vehicle interaction technologies. Adv. Intell. Syst. 2022, 4, 2100122. [CrossRef]
12. Ma, Y.; Gu, G.; Yin, B.; Qi, S.; Chen, K.; Chan, C. Support vector machines for the identification of real-time driving distraction

using in-vehicle information systems. J. Transp. Saf. Secur. 2022, 14, 232–255. [CrossRef]
13. Jung, S.; Park, J.; Park, J.; Choe, M.; Kim, T.; Choi, M.; Lee, S. Effect of touch button interface on in-vehicle information systems

usability. Int. J. Hum.–Comput. Interact. 2021, 37, 1404–1422. [CrossRef]
14. Viadero-Monasterio, F.; Nguyen, A.T.; Lauber, J.; Boada, M.J.L.; Boada, B.L. Event-triggered robust path tracking control

considering roll stability under network-induced delays for autonomous vehicles. IEEE Trans. Intell. Transp. Syst. 2023, 24,
14743–14756. [CrossRef]

15. Meléndez-Useros, M.; Jiménez-Salas, M.; Viadero-Monasterio, F.; Boada, B.L. Tire slip H∞ control for optimal braking depending
on road condition. Sensors 2023, 23, 1417. [CrossRef] [PubMed]

16. Li, R.; Chen, Y.V.; Sha, C.; Lu, Z. Effects of interface layout on the usability of in-vehicle information systems and driving safety.
Displays 2017, 49, 124–132. [CrossRef]

17. Grahn, H.; Kujala, T. Impacts of touch screen size, user interface design, and subtask boundaries on in-car task’s visual demand
and driver distraction. Int. J. Hum.-Comput. Stud. 2020, 142, 102467. [CrossRef]

https://doi.org/10.1109/ACCESS.2021.3073599
https://doi.org/10.1016/j.apergo.2023.104138
https://doi.org/10.1016/j.aap.2021.106086
https://doi.org/10.1080/00140139.2021.1960429
https://doi.org/10.3758/s13423-010-0014-4
https://doi.org/10.1186/s41235-019-0166-3
https://doi.org/10.1016/j.aap.2023.107195
https://doi.org/10.1371/journal.pone.0231151
https://doi.org/10.1080/00140139.2021.1930197
https://doi.org/10.1016/j.displa.2023.102413
https://doi.org/10.1002/aisy.202100122
https://doi.org/10.1080/19439962.2020.1774019
https://doi.org/10.1080/10447318.2021.1886484
https://doi.org/10.1109/TITS.2023.3321415
https://doi.org/10.3390/s23031417
https://www.ncbi.nlm.nih.gov/pubmed/36772457
https://doi.org/10.1016/j.displa.2017.07.008
https://doi.org/10.1016/j.ijhcs.2020.102467


Electronics 2024, 13, 2718 18 of 19

18. Liu, X.; Sun, H.; Gao, Y.; Zhang, W.; Ge, Y.; Qu, W. Exploring the performance of click and slide gestures on large in-vehicle touch
screens. Appl. Ergon. 2022, 99, 103613. [CrossRef] [PubMed]

19. Foley, M.; Casiez, G.; Vogel, D. Comparing smartphone speech recognition and touchscreen typing for composition and
transcription. In Proceedings of the 2020 CHI Conference on Human Factors in Computing Systems, Honolulu, HI, USA, 25–30
April 2020.

20. Seppelt, B.D.; Victor, T.W. Potential solutions to human factors challenges in road vehicle automation. Road Veh. Autom. 2016, 3,
131–148.

21. Wijayaratna, K.P.; Cunningham, M.L.; Regan, M.A.; Jian, S.; Chand, S.; Dixit, V.V. Mobile phone conversation distraction:
Understanding differences in impact between simulator and naturalistic driving studies. Accid. Anal. Prev. 2019, 129, 108–118.
[CrossRef]

22. Brodeur, M.; Ruer, P.; Léger, P.-M.; Sénécal, S. Smartwatches are more distracting than mobile phones while driving: Results from
an experimental study. Accid. Anal. Prev. 2021, 149, 105846. [CrossRef] [PubMed]

23. Le, A.S.; Suzuki, T.; Aoki, H. Evaluating driver cognitive distraction by eye tracking: From simulator to driving. Transp. Res.
Interdiscip. Perspect. 2020, 4, 100087. [CrossRef]

24. Desmet, C.; Diependaele, K. An eye-tracking study on the road examining the effects of handsfree phoning on visual attention.
Transp. Res. Part F Traffic Psychol. Behav. 2019, 60, 549–559. [CrossRef]

25. Singh, H.; Kathuria, A. Analyzing driver behavior under naturalistic driving conditions: A review. Accid. Anal. Prev. 2021,
150, 105908. [CrossRef] [PubMed]

26. Son, J.; Park, M. The effects of distraction type and difficulty on older drivers’ performance and behaviour: Visual vs. cognitive.
Int. J. Automot. Technol. 2021, 22, 97–108. [CrossRef]

27. Wiczorek, R.; Protzak, J. The impact of visual and cognitive dual-task demands on traffic perception during road crossing of older
and younger pedestrians. Front. Psychol. 2022, 13, 775165. [CrossRef] [PubMed]

28. Arvin, R.; Kamrani, M.; Khattak, A.J. The role of pre-crash driving instability in contributing to crash intensity using naturalistic
driving data. Accid. Anal. Prev. 2019, 132, 105226. [CrossRef] [PubMed]

29. Arvin, R.; Khattak, A.J. Driving impairments and duration of distractions: Assessing crash risk by harnessing microscopic
naturalistic driving data. Accid. Anal. Prev. 2020, 146, 105733. [CrossRef] [PubMed]

30. Dingus, T.A.; Guo, F.; Lee, S.; Antin, J.F.; Perez, M.; Buchanan-King, M.; Hankey, J. Driver crash risk factors and prevalence
evaluation using naturalistic driving data. Proc. Natl. Acad. Sci. USA 2016, 113, 2636–2641. [CrossRef]

31. Bamney, A.; Pantangi, S.S.; Jashami, H.; Savolainen, P. How do the type and duration of distraction affect speed selection and
crash risk? An evaluation using naturalistic driving data. Accid. Anal. Prev. 2022, 178, 106854. [CrossRef]

32. Hancock, P.A.; Matthews, G. Workload and performance: Associations, insensitivities, and dissociations. Hum. Factors 2019, 61,
374–392. [CrossRef] [PubMed]

33. Jafari, M.-J.; Zaeri, F.; Jafari, A.H.; Najafabadi, A.T.P.; Al-Qaisi, S.; Hassanzadeh-Rangi, N. Assessment and monitoring of mental
workload in subway train operations using physiological, subjective, and performance measures. Hum. Factors Ergon. Manuf.
Serv. Ind. 2020, 30, 165–175. [CrossRef]

34. Zokaei, M.; Jafari, M.J.; Khosrowabadi, R.; Nahvi, A.; Khodakarim, S.; Pouyakian, M. Tracing the physiological response and
behavioral performance of drivers at different levels of mental workload using driving simulators. J. Saf. Res. 2020, 72, 213–223.
[CrossRef]

35. Oviedo-Trespalacios, O.; King, M.; Vaezipour, A.; Truelove, V. Can our phones keep us safe? A content analysis of smartphone
applications to prevent mobile phone distracted driving. Transp. Res. Part F Traffic Psychol. Behav. 2019, 60, 657–668. [CrossRef]

36. Koessmeier, C.; Büttner, O.B. Beyond the Smartphone’s mere presence effect: A quantitative mobile eye tracking study on the
visual and internal distraction potential of smartphones. Comput. Hum. Behav. 2022, 134, 107333. [CrossRef]

37. Kountouriotis, G.K.; Spyridakos, P.; Carsten, O.M.; Merat, N. Identifying cognitive distraction using steering wheel reversal rates.
Accid. Anal. Prev. 2016, 96, 39–45. [CrossRef] [PubMed]

38. Yang, Y.; Ye, Z.; Easa, S.M.; Feng, Y.; Zheng, X. Effect of driving distractions on driver mental workload in work zone’s warning
area. Transp. Res. Part F Traffic Psychol. Behav. 2023, 95, 112–128. [CrossRef]

39. Chihara, T.; Kobayashi, F.; Sakamoto, J. Estimation of mental workload during automobile driving based on eye-movement
measurement with a visible light camera. Trans. JSME 2020, 86, 2020. (In Japanese) [CrossRef]

40. ISO 17488:2016; Road Vehicles—Transport Information and Control Systems—Detection-Response Task (DRT) for Assessing
Attentional Effects of Cognitive Load in Driving. International Organization for Standardization: Geneva, Switzerland, 2016.

41. Van Winsum, W. The effects of cognitive and visual workload on peripheral detection in the detection response task. Hum. Factors
2018, 60, 855–869. [CrossRef] [PubMed]

42. Wolfe, B.; Sawyer, B.D.; Rosenholtz, R. Toward a theory of visual information acquisition in driving. Hum. Factors 2022, 64,
694–713. [CrossRef]

43. Fotios, S.; Robbins, C.; Fox, S.; Cheal, C.; Rowe, R. The effect of distraction, response mode and age on peripheral target detection
to inform studies of lighting for driving. Light. Res. Technol. 2021, 53, 637–656. [CrossRef]

44. Wang, Y.; Yu, S.; Ma, N.; Wang, J.; Hu, Z.; Liu, Z.; He, J. Prediction of product design decision Making: An investigation of eye
movements and EEG features. Adv. Eng. Inform. 2020, 45, 101095. [CrossRef]

https://doi.org/10.1016/j.apergo.2021.103613
https://www.ncbi.nlm.nih.gov/pubmed/34743975
https://doi.org/10.1016/j.aap.2019.04.017
https://doi.org/10.1016/j.aap.2020.105846
https://www.ncbi.nlm.nih.gov/pubmed/33181456
https://doi.org/10.1016/j.trip.2019.100087
https://doi.org/10.1016/j.trf.2018.11.013
https://doi.org/10.1016/j.aap.2020.105908
https://www.ncbi.nlm.nih.gov/pubmed/33310431
https://doi.org/10.1007/s12239-021-0011-9
https://doi.org/10.3389/fpsyg.2022.775165
https://www.ncbi.nlm.nih.gov/pubmed/35250716
https://doi.org/10.1016/j.aap.2019.07.002
https://www.ncbi.nlm.nih.gov/pubmed/31465934
https://doi.org/10.1016/j.aap.2020.105733
https://www.ncbi.nlm.nih.gov/pubmed/32916552
https://doi.org/10.1073/pnas.1513271113
https://doi.org/10.1016/j.aap.2022.106854
https://doi.org/10.1177/0018720818809590
https://www.ncbi.nlm.nih.gov/pubmed/30521400
https://doi.org/10.1002/hfm.20831
https://doi.org/10.1016/j.jsr.2019.12.022
https://doi.org/10.1016/j.trf.2018.11.017
https://doi.org/10.1016/j.chb.2022.107333
https://doi.org/10.1016/j.aap.2016.07.032
https://www.ncbi.nlm.nih.gov/pubmed/27497055
https://doi.org/10.1016/j.trf.2023.03.018
https://doi.org/10.1299/transjsme.19-00326
https://doi.org/10.1177/0018720818776880
https://www.ncbi.nlm.nih.gov/pubmed/29791188
https://doi.org/10.1177/0018720820939693
https://doi.org/10.1177/1477153520979011
https://doi.org/10.1016/j.aei.2020.101095


Electronics 2024, 13, 2718 19 of 19

45. Yan, Y.; Zhong, S.; Tian, J.; Song, L. Driving distraction at night: The impact of cell phone use on driving behaviors among young
drivers. Transp. Res. Part F Traffic Psychol. Behav. 2022, 91, 401–413. [CrossRef]

46. Robbins, C.J.; Allen, H.A.; Chapman, P. Comparing drivers’ visual attention at Junctions in Real and Simulated Environments.
Appl. Ergon. 2019, 80, 89–101. [CrossRef] [PubMed]

47. Zhang, H.; Anderson, N.C.; Miller, K.F. Refixation patterns of mind-wandering during real-world scene perception. J. Exp. Psychol.
Hum. Percept. Perform. 2021, 47, 36. [CrossRef] [PubMed]

48. Simmons, S.M.; Caird, J.K.; Sterzer, F.; Asbridge, M. The effects of cannabis and alcohol on driving performance and driver
behaviour: A systematic review and meta-analysis. Addiction 2022, 117, 1843–1856. [CrossRef]

49. Wahn, B.; Ferris, D.P.; Hairston, W.D.; König, P. Pupil sizes scale with attentional load and task experience in a multiple object
tracking task. PLoS ONE 2016, 11, e0168087. [CrossRef] [PubMed]

50. Palinko, O.; Kun, A.L.; Shyrokov, A.; Heeman, P. Estimating cognitive load using remote eye tracking in a driving simulator. In
Proceedings of the 2010 Symposium on Eye-Tracking Research & Applications, Austin, TX, USA, 22–24 March 2010.

51. Guo, F.; Klauer, S.G.; Fang, Y.; Hankey, J.M.; Antin, J.F.; Perez, M.A.; Lee, S.E.; A Dingus, T. The effects of age on crash risk
associated with driver distraction. Int. J. Epidemiol. 2017, 46, 258–265. [CrossRef]

52. Mirman, J.H.; Albert, W.D.; Curry, A.E.; Winston, F.K.; Thiel, M.C.F.; Durbin, D.R. TeenDrivingPlan effectiveness: The effect of
quantity and diversity of supervised practice on teens’ driving performance. J. Adolesc. Health 2014, 55, 620–626. [CrossRef]

53. Pouliou, A.; Kehagia, F.; Poulios, G.; Pitsiava-Latinopoulou, M.; Bekiaris, E. Drivers’ Reaction Time and Mental Workload: A
Driving Simulation Study. Transp. Telecommun. J. 2023, 24, 397–408. [CrossRef]

54. Abd Rahman, N.I.; Dawal, S.Z.M.; Yusoff, N. Driving mental workload and performance of ageing drivers. Transp. Res. Part F
Traffic Psychol. Behav. 2020, 69, 265–285. [CrossRef]

55. Hu, X.; Lodewijks, G. Detecting fatigue in car drivers and aircraft pilots by using non-invasive measures: The value of differentia-
tion of sleepiness and mental fatigue. J. Saf. Res. 2020, 72, 173–187. [CrossRef] [PubMed]

56. Ezzati Amini, R.; Katrakazas, C.; Riener, A.; Antoniou, C. Interaction of automated driving systems with pedestrians: Challenges,
current solutions, and recommendations for eHMIs. Transp. Rev. 2021, 41, 788–813. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.trf.2022.10.015
https://doi.org/10.1016/j.apergo.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31280814
https://doi.org/10.1037/xhp0000877
https://www.ncbi.nlm.nih.gov/pubmed/32969691
https://doi.org/10.1111/add.15770
https://doi.org/10.1371/journal.pone.0168087
https://www.ncbi.nlm.nih.gov/pubmed/27977762
https://doi.org/10.1093/ije/dyw234
https://doi.org/10.1016/j.jadohealth.2014.04.010
https://doi.org/10.2478/ttj-2023-0031
https://doi.org/10.1016/j.trf.2020.01.019
https://doi.org/10.1016/j.jsr.2019.12.015
https://www.ncbi.nlm.nih.gov/pubmed/32199560
https://doi.org/10.1080/01441647.2021.1914771

	Introduction 
	Related Works 
	In-Vehicle HMI Interaction and Safety 
	Attention and Visual Distraction 
	Distraction Duration and Driving Behavior 

	Experiments 
	Participants 
	Apparatus and Materials 
	Experimental Design and Procedure 
	Data Analysis 

	Results 
	Driving Performance 
	Detection Response 
	Mental Workload 

	Discussion 
	Conclusions 
	References

