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Abstract

Novice drivers often exhibit poor lane-changing competence due to ineffective risk identi-
fication and control instability. Existing driver training primarily focuses on mechanical
skills, lacking systematic psychological interventions. To address this gap, this study
constructs a four-stage intervention program (attention, retention, reproduction, and mo-
tivation) utilizing Bandura’s observational learning theory. A within-subject pre—post
design driving simulator experiment was conducted with 46 drivers (16 experienced and
30 novices). Multimodal data—including eye movements, physiological responses, and
vehicle kinematics—were collected and analyzed. The results demonstrate that the pro-
posed intervention effectively bridged the initial significant capability gap between the
two groups. Post-intervention, novice drivers exhibited significantly optimized visual
search strategies, reduced mental workload, and enhanced vehicle control stability during
lane-changing maneuvers. Ultimately, no statistical differences remained between novices
and experienced drivers across all core indicators, fully validating the research hypotheses.
These findings offer robust theoretical support and a practical paradigm for reforming
novice driver training, contributing to reduced lane-changing accidents and enhanced
active road safety.

Keywords: road traffic safety; novice driver; lane-changing ability; observational learning
theory; driving intervention; driving simulator experiment

1. Introduction
1.1. Research Background and Significance

Against the macro background of constructing a sustainable transportation system,
road traffic safety is not only a core issue of social public health, but also the cornerstone
of the sustainable development of the traffic system. As one of the most frequent and
complex driving behaviors during vehicle operation, lane changing is accompanied by
a sharp increase in drivers” workload and psychological stress [1], which greatly raises
the probability of operational errors and accident risks, making traffic accidents highly
likely to occur [2]. Relevant statistics show that traffic accidents caused by lane changing
account for approximately 5% of all traffic accidents [3], among which 18% are attributed
to inappropriate lane-changing decision-making [4]. The above statistical data indicate
that the safety of lane-changing behavior has become a key bottleneck restricting the
improvement of traffic system safety.
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In the “driver-vehicle-road-environment” system, drivers play a dominant role. They
are road users, vehicle controllers, and perceivers of the external environment. Existing
studies have demonstrated that about 90% of traffic accidents are mainly caused by human
factors of drivers [5]. Driving behavior is not static but affected by multiple factors such as
individual characteristics, driving experience, and the risk perception capability of drivers.
There are significant differences in risk perception, operational behavior, and attention
allocation mechanisms between drivers with different levels of driving experience. Among
them, risk perception acts as a link between drivers’ internal knowledge system and
external behavior, and is also one of the few driving skills proven to be correlated with
traffic accidents [6,7]. Risk perception capability relies heavily on driving experience, and
relevant studies have shown that drivers’ risk perception ability gradually improves with
the accumulation of driving experience [8]. According to situational awareness theory,
drivers need to go through three stages of perception, comprehension, and prediction
for each element of the road traffic environment during driving. Novice drivers lack
driving knowledge accumulated from sufficient driving experience, making it difficult
for them to predict potential safety risks. In contrast, even in the absence of immediate
hazards, experienced drivers can allocate attention to potentially dangerous areas [9].
Especially in lane-changing scenarios that require substantial cognitive resources, such
differences are further amplified. Experienced drivers can judge lane-changing timing
through brief visual observation, adopt smooth and continuous operations, and complete
lane changing safely and efficiently. By contrast, novice drivers need to observe multiple
areas simultaneously [10], and the resulting cognitive overload and psychological tension
narrows their visual search range and weakens their ability to acquire traffic information.

At present, traditional driver training policies mostly focus on mechanical operational
skill training, lacking systematic intervention based on cognitive and decision-making ca-
pabilities. Therefore, exploring scientific intervention strategies to improve novice drivers’
risk perception and lane-changing decision-making ability is not only a technical require-
ment for enhancing the level of active road safety, but also a strategic choice to opti-
mize traffic safety-training policies and realize the safe and sustainable development of
transportation systems.

1.2. Literature Review
1.2.1. Research on Drivers” Lane-Changing Characteristics

Lane-changing ability is a comprehensive reflection of drivers” multi-dimensional
skills, including visual perception, risk decision-making, and vehicle control [11]. Ex-
isting studies have systematically revealed the differences in lane-changing behavioral
characteristics of drivers with different driving experience levels from multiple dimensions.

From the perspective of visual cognition, drivers’ visual fixation points transfer from
the current lane to the target lane during the lane-changing process. The current lane and
the target lane serve as the core areas of drivers’ visual allocation, accounting for more than
65% of the total fixation duration [12]. In addition, experienced drivers form a standardized
scanning sequence encompassing the current lane, target lane, and rearview mirror during
lane changing. By contrast, novice drivers lack regularity in visual search, excessively focus
on the narrow area directly in front of the vehicle, and pay insulfficient attention to key areas
such as rearview mirrors [13]. In the stage of lane-changing intention generation, novice
drivers show a significantly later first fixation time on the rear-side traffic environment
and a larger variation range of pupil diameter than experienced drivers, indicating lower
information-processing efficiency and higher cognitive load [14].
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At the psychological and decision-making level, existing studies have confirmed that
physiological indicators such as heart rate and heart rate variability can effectively char-
acterize drivers” mental workload and risk perception level during lane changing [15-17].
Specifically, novice drivers present a significantly higher growth in heart rate and a larger
judgment deviation in lane-changing gaps than experienced drivers, with both conser-
vatism and randomness existing in their risk decision-making [18]. Moreover, in complex
urban construction sections, drivers experience significantly higher mental workload under
non-disturbed conditions than under disturbed conditions. Both the growth in heart rate
and the maximum deceleration of drivers show a high partial correlation between disturbed
and non-disturbed conditions [19].

From the perspective of vehicle control, there is a significant correlation between driv-
ing style and drivers’ lane-changing duration as well as gap-acceptance characteristics [20].
Under normal conditions, drivers follow a sinusoidal steering pattern in lane changing,
with a second longer and flatter wave peak appearing at the vehicle centering stage. In
addition, drivers tend to slightly decelerate before overtaking and lane changing, then
accelerate rapidly after lane changing and maintain a high speed until returning to the
original lane [12]. In comparison, novice drivers frequently perform steering corrections in
lane-changing maneuvers, accompanied by large fluctuations in lateral acceleration and
heading angle, poor stability in lane-changing trajectory, and unreasonable operations such
as excessive deceleration [21].

1.2.2. Intervention Methods for Drivers” Lane-Changing Ability

Risk perception ability is a core element of safe driving [22], and the exploration of its
improvement methods has long been a research focus in the field of traffic safety. Although
novice drivers have poor hazard perception during lane changing, such capability can be
effectively improved through targeted training.

Hazard awareness and perception training adopts potential traffic hazard scenarios
to cultivate drivers’ visual search skills [23]. By conducting video-based risk scenario
training for novice drivers, researchers demonstrate standard visual search patterns in lane
changing, clarify key fixation areas, and verify that the lane-changing decision-response
speed of trained drivers is significantly improved [21,24]. In addition, commentary-based
training includes self-commentary and expert commentary. For instance, self-commentary
training can guide drivers to voluntarily explain their risk identification and operational
logic during lane changing, which also effectively standardizes the lane-changing behaviors
of novice drivers [25]. Action and prediction-based hazard perception training is also
widely applied by using traffic scenario videos. Most existing studies carry out practical
lane-changing training based on driving simulators. Training novice drivers by combining
expert commentary with simulator practice has proven that trained novice drivers can
take deceleration measures earlier in the lane-changing process, achieve enhanced vehicle
control stability, and obtain a significantly lower accident rate in emergency lane-changing
scenarios [26].

1.2.3. Current Research

Studies have shown that there is a profound relationship between drivers’ attitude,
cognition, and behavior during the lane-changing process. Changing drivers’ attitude and
cognition during lane changing can effectively improve the safety of their lane-changing
behaviors [27,28]. Therefore, through observational learning intervention, optimizing
the four processes of attention, retention, reproduction, and motivation, and targeting
the potential mechanisms affecting drivers’ risky lane-changing behaviors, drivers’ lane-
changing ability can be enhanced.
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Bandura argued that if human knowledge and skills could only be acquired through
personal experience and trial-and-error [29], the learning process would be excessively slow,
and individual development would be greatly restricted. In real life, however, most people
do not need to experience everything personally, but learn by observing others’ behaviors.
Bandura defined this learning mode as observational learning. Simply put, observational
learning means that individuals acquire certain behaviors by watching how others act
and observing the corresponding outcomes [30]. Bandura proposed that observational
learning is not merely mechanical imitation or rigid replication of others” actions; instead,
it follows a cognitive processing sequence consisting of four stages: attention, retention,
reproduction, and motivation [30]. The integrity of these four processes determines the
effectiveness of observational learning. The attention process refers to the psychological
activity in which observers selectively focus on demonstrative information. Since observers
cannot process all environmental stimuli simultaneously, information screening is indis-
pensable. The retention process denotes the cognitive activity of encoding, storing, and
rehearsing demonstrative information. The reproduction process is the transformation
of symbolic representations stored in memory into actual behavioral movements. The
motivation process involves internal and external incentive factors that influence observers’
implementation of learned behaviors.

A questionnaire survey on drivers’ risk perception level after observational learning
training found that drivers reported a higher level of risk perception after training. Female
drivers showed higher risk perception than male drivers, and older drivers had higher risk
perception than young drivers. Moreover, the improvement effect remained significant
two months after training [31]. In addition, integrating observational learning training into
driver hazard-detection training has also achieved favorable results [32]. When applying
observational learning theory to the risk perception training of novice drivers, compared
with young, untrained, novice drivers, trained drivers can actively reduce vehicle speed
when facing hazardous road sections, and their visual search strategies are also effectively
improved [33].

To fill the research gap in improving novice drivers’ lane-changing ability and ul-
timately enhance road traffic safety, this study adopts a psychological perspective and
follows the principles of observational learning theory. It aims to improve novice drivers’
lane-changing ability by optimizing their attention, retention, reproduction, and moti-
vation processes. Multiple behavioral indicators of drivers in different lane-changing
scenarios during simulated driving are used to analyze the effectiveness of the proposed
improvement method. To scientifically and comprehensively evaluate the intervention’s
effectiveness, it is imperative to clearly define the core concept of this research. In this study;,
“lane-changing ability” is defined as the driver’s overarching cognitive and operational ca-
pacity to safely, efficiently, and smoothly execute lane-changing maneuvers in dynamic and
complex traffic environments. To operationalize and quantify this multi-dimensional at-
tribute, we deconstruct lane-changing ability into three specific and measurable evaluation
dimensions [34,35]:

(1) Visual Perception Dimension, which characterizes visual search efficiency and atten-
tion allocation strategies during the maneuver;

(2) Psychological and Cognitive Dimension, which reflects the driver’s mental workload
and physiological stress levels in response to traffic complexity;

(3) Behavioral Control Dimension, which evaluates the smoothness of the vehicle trajec-
tory and the rationality of operational decision-making.

Based on this clearly defined multi-dimensional evaluation framework, this study
proposes the following three research hypotheses:
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H1. The intervention method based on observational learning can optimize the visual search
strategies of novice drivers during lane changing.

H2. The intervention method based on observational learning can reduce the mental workload and
tension level of novice drivers during lane changing.

H3. The intervention method based on observational learning can optimize the lane-changing
operational behaviors of novice drivers, and improve their vehicle control stability and the rationality
of lane-changing decision-making.

2. Methodology
2.1. Participants

The driving simulation experiment was conducted from October to December 2025.
Recruitment information was released through online and offline channels to recruit drivers
holding a People’s Republic of China Class C1 or higher driving license. A total of 46 partic-
ipants were finally enrolled, including professional drivers from transportation enterprises
and university students. All participants were in good physical health, with no eye diseases
and normal visual acuity. None suffered from driving simulator sickness, ensuring the
safety and accuracy of the experimental process. Prior to the experiment, all participants
were required to fill out a questionnaire to collect basic demographic information, including
gender, age, educational background, driving experience, and records of previous traffic
violations. This study was conducted in strict accordance with the ethical guidelines of
the Declaration of Helsinki. To ensure participant safety and well-being, the experimental
protocol and potential safety hazards were thoroughly discussed, reviewed, and internally
approved by the academic professors within the research group, and sufficient contingency
plans were established. During the preparation stage, all participants were fully informed
of the research procedures and potential risks (e.g., simulator sickness), and provided writ-
ten informed consent. Participants were explicitly instructed that they possessed the right
to provide feedback, pause, or terminate the experiment at any time if they experienced
any discomfort or felt unsafe. Furthermore, dedicated experimenters fully participated in
the process, continuously monitoring the participants to guarantee their safety throughout
the entire experimental session.

2.1.1. Experienced Drivers

Referring to previous studies, experienced drivers are defined as those with more
than 10 years of driving experience and an annual mileage of over 8000 km [36]. A total
of 16 experienced drivers were recruited in this study, among whom 10 were professional
drivers. All participants successfully completed the experiment and were compensated
with 80 RMB each. The participants were aged 37-56 years (M = 45.56, SD = 6.31), with
driving experience of more than 10 years (M = 22.13, SD = 5.93) and an annual total mileage
exceeding 100,000 km (M = 1,162,000, SD = 311,143.05). Detailed demographic information
is presented in Table 1. The selection of older, professional drivers was highly intentional.
In the context of observational learning, they represent a mature, conservative, and highly
standardized driving style, making them ideal “demonstrators” to provide behavioral
benchmarks for novice drivers.
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Table 1. Demographic information of the drivers.

Variables Experienced Drivers Novice Drivers
Gender Male = 10, Female = 6 Male = 18, Female = 12
Mean age (years) + SD 45.56 + 6.31 23.83 +£1.78

Mean driving experience
(years) &+ SD

Mean total mileage (km) + SD 1,162,000 + 311,143.05 563.28 4+ 183.72

22.13 £ 593 3.14 £ 1.69

2.1.2. Novice Drivers

A total of 30 novice drivers were recruited, all of whom were postgraduate students.
All participants completed the experiment successfully and received compensation of
40 RMB each. The participants were aged 21-29 years (M = 23.83, SD = 1.78), with driving
experience of less than 4 years (M = 3.14, SD = 1.69) and a total driving mileage of no more
than 1000 km (M = 563.28, SD = 183.72) [36]. Most novice drivers lacked practical on-road
driving experience after obtaining their driving licenses. Relevant details are shown in
Table 1.

2.2. Experimental Equipment

The experimental instruments adopted in this study mainly include the OKTAL
driving simulator (Oktal Sydac, Toulouse, France), Tobii Glasses 3 eye tracker (Tobii AB,
Stockholm, Sweden), and MP150 multi-channel physiological recorder (BIOPAC System:s,
Inc., Goleta, CA, USA), supplemented by devices such as laptop computers (see Figure 1).

Figure 1. Experimental platform and data acquisition equipment.

The OKTAL driving simulator is equipped with adjustable seats, safety belts, instru-
ment panels, integrated light and wiper lever switches, an automatic manual transmission
lever, and embedded DAQ data acquisition and sensors. The experimental scenarios are pre-
sented on three 43-inch liquid crystal displays, each with a resolution of 1920 x 1080 pixels.
The system provides drivers with a wide driving field of view of 150° horizontally and
28° vertically. The audio system can reproduce the sound of vehicles and the surrounding
road environment in experimental scenarios. The driving scenarios were established based
on SCANEeR studio (version 2.1). Vehicle kinematic data during simulated driving were
synchronously collected at a sampling frequency of 100 Hz.

The Tobii Glasses 3 eye tracker is a lightweight wearable eye-tracking device with an ap-
pearance similar to ordinary glasses, integrating a binocular eye-tracking module and a scene
camera. It adopts a binocular tracking mode and can record the real-time fixation coordinates
of both eyes under conditions where the participant’s head moves freely. The device supports
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slippage compensation and automatic parallax correction, which can effectively reduce data
anomalies caused by wearing slippage and ensure the accuracy and real-time performance
of eye movement data. The sampling frequency of the eye tracker is 100 Hz, and the scene
camera synchronously captures the driver’s first-person perspective video.

The MP150 multi-channel physiological recorder is manufactured by BIOPAC Sys-
tems, Inc., Goleta, CA, USA, and consists of hardware and software components. The
hardware collects electrocardiogram signals through three lead wires connected to three
electrode patches attached to the participant’s chest. Data acquisition and analysis were
completed via AcqKnowledge software (Version 4.4) with a sampling frequency of 50 Hz.
The software can display electrocardiogram (ECG) waveforms in real time, calculate various
physiological indicators, and support data export.

2.3. Experimental Scenario

Based on the SCANeR Studio platform, two simulated road scenarios were established
in this study, including a two-way four-lane highway and an urban road. The lane width
complied with relevant design specifications: the lane width of the highway was 3.75 m
with a road length of 20 km, while the urban road adopted a lane width of 3.5 m and a road
length of 10 km. To reproduce real driving conditions, each road was divided into a steady
driving section, a lane-changing task section, and a recovery driving section according
to the scenario layout. During the steady driving phase, participants were required to
maintain a specified speed of 50 km/h on urban roads and 110 km/h on the highway, so as
to guarantee the accuracy and authenticity of the experiment.

The experimental scenarios were designed based on publicly available Chinese traffic
accident cases. According to the annual statistical data of 2025, a total of 200 accident
videos caused by lane-changing behavior on urban roads and highways were screened out.
The contributing factors, accident locations, road environments, and other key elements
were summarized and analyzed. On the basis of video observation and cause extraction,
three types of lane-changing scenarios for urban roads and three types for highways were
formulated, forming six typical lane-changing scenarios in total. All scenarios were bal-
anced in task difficulty and have been widely adopted as classical lane-changing situations
in human factor research. The detailed scenario settings are presented in Table 2.

To ensure the ecological validity and realism of the simulated environment, the sce-
narios were strictly calibrated against real-world physical and engineering parameters.
First, the geometric road alignment, including lane widths (3.75 m for highways and 3.5 m
for urban roads), was designed in strict accordance with Chinese highway and urban
road design specifications. Second, the OKTAL driving simulator and SCANeR Studio
software employ an industry-validated vehicle dynamics engine, providing high-fidelity
visual, auditory, and kinesthetic feedback (e.g., steering wheel torque and acceleration
simulation). Finally, during the adaptive driving stage prior to the formal experiment, all
participants reported that the vehicle handling and scenario rendering closely mirrored
real-world driving conditions, subjectively confirming the effectiveness and immersion of
the simulated scenarios.

This study focuses only on the specific driving scenario of lane changing. The lane-
changing scenarios are set to differ before and after the experimental intervention, while
maintaining a high consistency in lane-changing type and task difficulty. This design serves
to control environmental variables and eliminate the interference of scenario differences
on lane-changing behavior. It ensures that the observed changes in driving behavior after
intervention are mainly attributed to the improvement in drivers’ lane-changing ability,
namely the genuine effect of the intervention method, rather than variations in scenario
complexity or task difficulty.
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Table 2. Description of lane-changing scenarios.

Road Scenario . . - Ego Vehicle Lane?- .
Tvpe No Trigger Event Traffic Conditions Speed Changing Experimental Purpose
yp . Scenario
Slow-moving Adjacent lane Evaluate drivers’ ability to
vehicle ahead available with Low-speed detect speed differences,
Cl1-1 traveling at sufficient 50 km/h vehicle Ehea d assess traffic gaps, and
30 km/h in the gap-acceptance execute routine
current lane conditions overtaking maneuvers
Urban Road Moderate traffic flow Road Evaluate risk perception
road ClI construction zone  in adjacent lane; lane 50 km/h construction and decision-making
blocking the closure requires route area ahead under temporary
current lane adjustment roadway restrictions
Disabled vehicle Adjacent lane Assess drivers” hazard
. contains movin Broken-down  recognition and emergenc
C1-11 occupying the & 50 km/h & sency
curfe}llﬁ l%me traffic requiring gap vehicle ahead lane-changing
judgment performance
Slow-moving .
vehicle ahead conéﬁrichzztel?ﬁ; ffic Low-speed Evaluate lane-changing
Hi1-1 traveling at . 110 km/h Wosp behavior under high-speed
: flow with vehicle ahead . -
80 km/h in the acceptable gaps overtaking conditions
current lane P sap
Road Moderate traffic Road Assess drivers” workload
Highway {11 maintenance area  density and reduced 110 km /h construction and vehicle control
ahead causing available roadway area ahead stability under
lane closure space constrained conditions
Sulﬁlolllltrl&l; \ﬁgtlﬁlslslﬁgze:;én Lane changing  Evaluate decision-making
. & required under ability and operational
Hi1-III vehicles creating target lanes, 110 km/h

interaction
conflicts

requiring continuous
gap assessment

multi-vehicle
interaction

stability in complex
traffic interactions

2.4. Design of Intervention Content Based on Observational Learning Theory

2.4.1. Demographic Questionnaire

A questionnaire was designed in this study to collect participants” demographic
information and self-perceived driving ability. The demographic information included
gender, age, educational background, driving experience, type of driving license, and
average annual driving mileage.

2.4.2. Intervention Content

The ultimate goal of the intervention based on observational learning theory is to
induce behavioral changes in learners. Behavioral change must be grounded in infor-
mation acquisition capability, guaranteed by cognitive ability, and consolidated through
reinforcement. Following this logical framework, this study constructs an intervention
model consisting of the attention, retention, reproduction, and motivation processes, as
shown in Figure 2, providing a new approach for improving the lane-changing ability of
novice drivers. The entire intervention was implemented one-on-one by uniformly trained
experimenters, with a total duration of approximately 45 min. The specific procedures are
described as follows.

Attention process: to strengthen novice drivers’ ability in information acquisition.
Experienced and articulate drivers were selected as demonstrators, and their lane-changing
behaviors in the driving simulator were recorded as video materials. MATLAB (R2022b)
software was adopted to perform K-means clustering and marking on the fixation coor-
dinates of experienced drivers during lane changing. With supplementary verbal expla-
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nations in the video, the behavioral adjustment strategies of experienced drivers were
demonstrated. The training aimed to cultivate novice drivers’ capacity to acquire key
information and execute decision-making during lane changing, and guide them to allocate
attentional resources to extract multi-source traffic information.

Observational learning intervention method based on
experienced drivers' lane-changing behavior

[i=oiEtialEmpnasisieinioncementbinio EnationacutEtioncapaciy i Guide
.5? i Narrowvisualscan & 5 | Expert lane-change videos > attler,‘tlon o
» T | Brief mirrorglance yO | i and K-Means labeling / multi-source
g | Poor speed perception | .| Video + commentary AA cues and
e g Mmoo decisions /
heoretical Emphasis: long-term memory and cognitive transfer
,g /" Structured lane-change process: mirror check - gap selection-> risk To enable long-
Retention . 'g-. | assessment - lane-change maneuver N term memory
g._ ! Video demo and explain process and stable
S \ Oral &writtenreview | & cognition
)
.
Theoretical Emphasis: Understanding to action Stable lane-
< . . A change
. Simulator + Apply lane-change strategy and risk perceptlon& 2
Reproduction| = . . < : behavior and
§ observational Expert real-time guidance and correction &
§' learning Repeated practice and error correction ‘ kr'ow'do
& alignment
. : n \ Theoretical Emphasis: Reinforce maintenance and lasting effect Enhance real
i ; | i Real-time feedback (positi isal t L] driving
| Motivation ‘ﬁl\ eal-time feedba (posi :ve appraisal, compe ence) . Y T
| ‘ p g Social recognition (model's positive effect) 6. (I P d
\ y r g' Self-evaluation of driving behavior - ans er.an
b y _ retention

Figure 2. Observational learning intervention method based on experienced drivers’ lane-changing
behaviors.

Retention process: to promote novice drivers’ long-term memory of risk informa-
tion extraction and driving decision-making. The experimenters structured the lane-
changing procedure of experienced drivers into standardized steps (rearview mirror
observation—lane-changing gap selection—risk judgment—Ilane-changing operation),
which were presented and explained in the training videos. After video learning, novice
drivers were required to summarize the key procedures of lane changing orally and in
written form in their own words. Such verbal and written rehearsal helped transform their
short-term memory into long-term memory.

Reproduction process: to enable novice drivers to transform comprehension into
behavioral execution. Observational learning is not limited to passive observation and
imitation, but aims to achieve practical behavioral improvement. Novice drivers applied
the learned lane-changing strategies and risk perception methods to practical operations in
the driving simulator. Meanwhile, the designated experienced demonstrators provided
real-time guidance and behavioral correction during the simulation practice. Repeated
training helped novice drivers form stable lane-changing operation habits and realize the
transition from cognitive understanding to practical driving performance.

Motivation process: to strengthen behavioral maintenance and ensure persistent
intervention effects. Firstly, experimenters gave positive evaluations on novice drivers’
lane-changing behaviors and decisions during the training session, enhancing their sense
of competence and self-confidence. Secondly, targeted communication was conducted to
illustrate the positive effects of the demonstrators’” standard lane-changing behaviors, so
as to improve novice drivers’ recognition and acceptance of exemplary driving patterns.
Finally, novice drivers were encouraged to conduct self-evaluation on their own lane-
changing performance. The combination of external reinforcement and self-evaluation
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effectively promoted the behavioral transfer and long-term maintenance of standardized
lane-changing behaviors in real driving scenarios.

2.5. Experimental Procedure
2.5.1. Adaptive Driving and Preparation Stage

Prior to the formal experiment, all participants were required to complete adaptive
driving in a practice scenario to familiarize themselves with the operation of the driving
simulator, ensuring that they could drive in accordance with the specified speed and oper-
ational requirements in the subsequent formal experiment. Participants could terminate
the experiment at any time if they felt physical discomfort during simulated driving. The
cross-sectional design of the practice scenario was consistent with the formal experimental
scenario. To minimize the influence of repeated trials, the practice scenario only set physical
obstacles for lane changing without additional traffic flow. This sufficient adaptive driving
stage ensured that any subsequent behavioral changes were driven by the intervention
rather than increased simulator familiarity.

After adaptive driving, all participants carefully read and signed the informed consent
form and completed the demographic questionnaire to ensure experimental compliance
and data integrity. Subsequently, participants were seated in the driving simulator cockpit.
The experimenter attached three disposable electrode patches to the left side of the partici-
pant’s chest, right side of the chest, and navel, which were connected to the physiological
recorder via wires to ensure accurate and stable collection of physiological data. After-
wards, participants were instructed to put on the eye-tracking device. Gaze calibration
was performed to align the participants’ fixation points with the scene recorded by the
eye-tracker camera. All eye movement data were stored in real time on the SD card of the
eye-tracker controller for subsequent data analysis.

2.5.2. Pre-Intervention Data Collection

Following the preparation stage, both experienced and novice drivers participated in
the baseline data collection experiment. To ensure the consistency of data acquisition, all
participants completed two driving tasks in sequence: a highway scenario and an urban
road scenario. This arrangement allowed participants to transition from a simple road
environment to a relatively complex one, reducing the learning effect during task switching.
The experimenter monitored the entire experimental process and the physical state of
participants to guarantee a smooth implementation procedure. A short rest was arranged
after each scenario task to avoid fatigue caused by continuous testing. Upon completion of
all experimental sessions, experienced and novice drivers received a subsidy of 80 RMB
and 40 RMB, respectively.

2.5.3. Implementation of the Intervention Scheme

After the completion of baseline data collection, the experimenter conducted ob-
servational learning intervention training for novice drivers based on the lane-changing
behaviors of experienced drivers, following the four-stage procedure mentioned above, as
shown in Figure 3. First, videos with K-means clustering marking and voice explanation
were used to guide novice drivers to extract key information during lane changing. Second,
novice drivers were required to make oral and written summaries of the lane-changing pro-
cess to consolidate long-term memory. Third, practical operational training was carried out
on the driving simulator, with real-time guidance from demonstrators to correct irregular
driving behaviors. Finally, the experimenter provided positive feedback on their driving
performance to enhance novice drivers’ sense of accomplishment.
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Figure 3. Intervention scenario.

2.5.4. Post-Intervention Data Collection

After the intervention training, novice drivers conducted lane-changing experiments
in parallel experimental scenarios with the same task difficulty as the baseline experiment
to eliminate the influence of memory effect. The eye movement, physiological, and driving
behavior data of novice drivers during lane changing were collected after the intervention.
The experimenters monitored the whole experimental process and closely observed partici-
pants’ physical status to ensure the smooth progress of the experiment. A short rest was
arranged after each scenario task to prevent fatigue caused by continuous experiments.

2.6. Data Processing
2.6.1. Data Types

Based on experimental driving simulation data, this study mainly analyzes the charac-
teristics of changes in driving behavior and physiological status during the lane-changing
decision-making stage. The MP150 multi-channel physiological recorder and Tobii Pro
Glasses 3 eye tracker were used to collect drivers’ physiological and eye movement data in
order to characterize the changing rules of drivers’ physiological characteristics and visual
attention allocation. Meanwhile, the driving simulator was adopted to collect driving
behavior data such as vehicle speed as well as lateral and longitudinal acceleration, which
were used to analyze the variation in characteristics of driving behavior. This provides a
data foundation for describing the lane-changing characteristics of drivers with different
driving experience. The collected data are shown in Table 3.

Table 3. Types of collected data.

Indicator Type Indicator Name Symbol Unit Description
Velocity \% Km/h Rate of change in object displacement with time
Acceleration A m/s? Rate of change in velocity with time
. Acceleration component perpendicular to the
Driving Behavior Lateral Acceleration Ace(X) m/s? instantane(I))us VelOIZit}II) direction
Indicators Longitudinal Accelerati t along th
ongitudina 2 cceleration component along the
Acceleration Acc(Y) m/s instantaneous velocity direction
Heading Angle 0 o Angle between the travellmg ?hrectlon and the
reference direction
Percentage of Fixation Pd o Ratio of fixation duration on a certain AOI to
Duration ’ the total fixation duration
. . Average Fixation Average dwelling time of all fixation points
Physiological apd Eye Duration Afd s within a given AQI
Movement Indicators
First Fixation Duration Ffd S Duration of the first fl?afltlon point falling into a
specific AOI
Heart Rate n Beats/min Number of heart beats per minute
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Average Fixation Duration (s)

2.6.2. Analysis Methods

This study used SPSS (IBM SPSS Statistics 25) and Python software (version 3.9) to
complete statistical data analysis. The specific analysis methods are as follows. First,
timeline alignment, outlier elimination, and filtering processing were performed on the
collected raw data. Invalid samples caused by equipment signal loss and operational
errors of participants were excluded, and 228 valid lane-changing samples were finally
retained. Second, the Shapiro-Wilk test was used to test the normality of all indicator
data. Parametric tests were adopted for data conforming to normal distribution, and
non-parametric tests were used for data that did not conform to normal distribution.

3. Results

3.1. Pre-Intervention Experimental Results
3.1.1. Analysis of Eye Movement Indicators

1. Average Fixation Duration

In urban lane-changing scenarios, the complex traffic environment requires frequent
visual search for critical information. Average fixation duration, as a key indicator of visual
processing, reflects drivers’ cognitive load and information-processing efficiency. Figure 4
presents the differences in fixation duration across AOIs between novice and experienced
drivers in urban and highway conditions.

10
mmm Experienced Driver mmm Experienced Driver
Novice Driver Novice Driver

Average Fixation Duration (s)

Forward Road

o
*
Rearview Mirror Right Mirror Left Mirror Forward Road Dashboard Rearview Mirror Right Mirror Left Mirror

AOI AOI

(a) Urban road scenarios (b) Highway scenarios

Figure 4. Average fixation duration on each AQOI in (a) urban road scenarios and (b) highway
scenarios (Note: * and ** indicate significant differences at p < 0.05 and p < 0.01).

In the urban lane-changing scenario (Table 4), fixation duration differed between
novice and experienced drivers across AOIs. The most significant difference was observed
for the dashboard (U = 39.0, p = 0.002), with novice drivers showing longer fixation duration
(M =0.269 s, SD = 0.098 s) than experienced drivers (M = 0.166 s, SD = 0.047 s). A significant
difference was also found for the rearview mirror (U = 1.0, p = 0.033), where novice drivers
had a longer fixation duration. No significant differences were found for the forward road,
right rearview mirror, or left rearview mirror (p > 0.05).

In the highway lane-changing scenario (Table 5), no significant differences in fixation
duration were found across all AOIs (p > 0.05). Both groups showed similar fixation
duration on the forward road (U = 102.0, p = 0.885), and differences in other AOIs were not
statistically significant.

https://doi.org/10.3390/systems14080910


https://doi.org/10.3390/systems14080910

Systems 2026, 14, 910

13 of 31

Table 4. Average fixation duration of drivers with different experience levels for each AOI on

urban roads.

Experienced Drivers (s)

Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.278 (0.171) 0.300 (0.123) 87.0 0.2376
Dashboard 0.166 (0.047) 0.269 (0.098) 39.0 0.0019
Rearview mirror 0.075 (0.015) 0.177 (0.134) 1.0 0.0333
Right rearview mirror 0.138 (0.042) 0.376 (0.438) 9.0 0.8333
Left rearview mirror 0.190 (0.224) 0.141 (0.062) 23.0 0.9423

Table 5. Average fixation duration of drivers with different experience levels for each AOI on

highways.

Experienced Drivers (s)

Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.315 (0.127) 0.323 (0.138) 102.0 0.8854
Dashboard 0.189 (0.065) 0.246 (0.105) 88.0 0.1620
Rearview mirror 0.088 (0.032) 0.155 (0.055) 74.0 0.1255
Right rearview mirror 0.164 (0.136) 0.100 (0.057) 92.0 0.7850
Left rearview mirror 0.372 (0.230) 0.241 (0.121) 112.0 0.4970

2. Percentage of Fixation Duration

Percentage of fixation duration is a key indicator of drivers’ attention allocation. The
Mann-Whitney U test was used to compare differences between novice and experienced
drivers in urban and highway lane-changing scenarios. Figure 5 shows the distribution
and statistical differences across AOIs in both scenarios.

= Experienced Driver
Novice Driver

a0 mmm Experienced Driver

40 Novice Driver

Percentage of Fixation Duration (%)
Percentage of Fixation Duration (%)

.

Dashboard

— 41

D -

Dashboard

W :

Forward Road Rearview Mirror Left Mirror

AOI

Right Mirror

Rearview Mirror Right Mirror Left Mirror

AOI

Forward Road

(a) Urban road scenarios (b) Highway scenarios

Figure 5. Percentage of fixation duration for each AOI in (a) urban road scenarios and (b) highway
scenarios (Note: * indicate significant differences at p < 0.05).

In the urban lane-changing scenario (Table 6), significant differences in attention
allocation were observed for the side rearview mirrors. Experienced drivers showed a
higher percentage of fixation duration on the right rearview mirror (M = 0.09%, SD = 0.18%)
than novice drivers (M = 0.04%, SD = 0.16%) (U = 521.5, p = 0.039). In contrast, novice
drivers displayed a higher fixation for the left rearview mirror (M = 0.40%, SD = 0.16%)
than experienced drivers (M = 0.21%, SD = 0.52%) (U = 542.5, p = 0.025). No significant
differences were found in other AOIs (p > 0.05).
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Table 6. Percentage of fixation duration of drivers with different experience levels for each AOI on
urban roads.

Experienced Drivers (%) Novice Drivers (%)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 19.16 (20.81) 11.41 (14.88) 506.0 0.2390
Dashboard 2.57 (3.01) 4.72 (6.03) 381.0 0.4185
Rearview mirror 0.02 (0.04) 0.14 (0.57) 393.5 0.3771
Right rearview mirror 0.09 (0.18) 0.04 (0.16) 521.5 0.0386
Left rearview mirror 0.21 (0.52) 0.40 (0.16) 542.5 0.0251

In the highway lane-changing scenario (Table 7), a similar pattern was observed. Sig-
nificant differences were found for the right (p = 0.039) and left rearview mirrors (p = 0.025),
while no significant differences were observed for other AOIs (p > 0.05).

Table 7. Percentage of fixation duration of drivers with different experience levels for each AOI

on highways.
Experienced Drivers (%) Novice Drivers (%)
Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 18.71 (22.29) 13.30 (15.90) 477.0 0.4696
Dashboard 1.90 (2.58) 3.88 (5.54) 370.0 0.3176
Rearview mirror 0.01 (0.04) 0.12 (0.30) 390.0 0.2892
Right rearview mirror 0.02 (0.07) 0.01 (0.05) 461.0 0.3697
Left rearview mirror 0.35 (0.69) 0.05 (0.18) 545.0 0.0119
3.  First Fixation Duration
First fixation duration reflects drivers’ initial perceptual judgment during lane chang-
ing. The Mann-Whitney U test was used to compare differences between novice and
experienced drivers. Figure 6 presents the distribution of first fixation duration across AOIs
in urban and highway scenarios, highlighting the effect of driving experience on early
information acquisition.
’ I I , ! = = i
(a) Urban road scenarios (b) Highway scenarios

Figure 6. Duration of first fixation for each AOI in (a) urban road scenarios and (b) highway scenarios.

In the urban lane-changing scenario (Table 8), no statistically significant differences in
first fixation duration were found across AOIs (p > 0.05). However, a marginal difference
was observed for the rearview mirror, where novice drivers showed longer fixation duration
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(M =0.199s, SD = 0.129 s) than experienced drivers (M = 0.087 s, SD = 0.031 s) (U = 152.0,
p = 0.065). Novice drivers also had higher values for the right rearview mirror and dashboard,
while experienced drivers showed longer fixation duration on the forward road.

Table 8. First fixation duration of drivers with different experience levels for each AOI on urban roads.

Experienced Drivers (s)

Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.562 (1.145) 0.222 (0.200) 192.0 0.4114
Dashboard 0.254 (0.270) 0.367 (0.390) 188.0 0.5615
Rearview mirror 0.087 (0.031) 0.199 (0.129) 152.0 0.0649
Right rearview mirror 0.157 (0.050) 0.377 (0.437) 212.0 0.7820
Left rearview mirror 0.148 (0.176) 0.128 (0.072) 231.0 0.8954

In the highway lane-changing scenario (Table 9), no significant differences were

observed across all AOIs (p > 0.05). The two groups showed similar first fixation dura-
tions, with slightly higher values for experienced drivers on the forward road and left
rearview mirror.

Table 9. First fixation duration of drivers with different experience levels for each AOI on highways.

Experienced Drivers (s) Novice Drivers (s)

Area of Interest (AOI) U-Value p-Value

M (SD) M (SD)
Forward road 1.226 (2.646) 0.951 (2.080) 86.5 0.5896
Dashboard 0.169 (0.121) 0.233 (0.206) 86.0 0.5740
Rearview mirror 0.085 (0.035) 0.170 (0.071) 2.0 0.2857
Right rearview mirror 0.164 (0.136) 0.090 (0.043) 4.0 0.8000
Left rearview mirror 0.311 (0.234) 0.210 (0.148) 15.0 0.6303

3.1.2. Analysis of Physiological Indicators

An independent-samples t-test was used to compare physiological indicators between
novice and experienced drivers in urban lane-changing scenarios. Figures 7-9 present
comparisons of heart rate, RR interval, and HRGR across different road scenarios.

140
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* * [ — —
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(a) Urban road scenarios (b) Highway scenarios

Figure 7. Heart rate of drivers with different experience levels in various road scenarios in (a) urban
road scenarios and (b) highway scenarios (Note: * and ** indicate significant differences at p < 0.05
and p < 0.01).
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Figure 8. RR interval of drivers with different experience levels in various road scenarios in (a) urban
road scenarios and (b) highway scenarios (Note: * and ** indicate significant differences at p < 0.05

and p < 0.01).
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Figure 9. HRGR of drivers with different experience levels in various road scenarios in (a) urban road
scenarios and (b) highway scenarios (Note: ** and *** indicate significant differences at p < 0.01 and
p <0.001).

Table 10 shows significant differences in physiological indicators between novice and
experienced drivers in urban lane-changing scenarios. Novice drivers exhibited signifi-
cantly higher heart rates and HRGR and lower RR intervals across all scenarios (p < 0.05).
The highest heart rate was observed in Scenario III (M = 91.26 BPM, SD = 8.12 BPM), and
HRGR values were consistently higher for novice drivers (all M > 24%), with significant
inter-group differences.

Table 11 indicates similar results in highway scenarios. Significant differences were
found in all physiological indicators across scenarios (p < 0.05). Novice drivers showed
higher heart rates and HRGR and lower RR intervals than experienced drivers. The highest
heart rate occurred in Scenario II (M = 98.46 BPM, SD = 9.12 BPM), and HRGR differences
reached a highly significant level in Scenario I (t = 10.125, p < 0.001).
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Table 10. Comparison of physiological indicators of different drivers on urban roads (Note: * and
** indicate significant differences at p < 0.05 and p < 0.01).

Scenario Variable Novli\j:[e( ;) Si)vers Experi ;:Im(g(]i)])) rivers t-Value V. eﬁ;e
Heart rate (BPM) 88.75 (6.56) 74.74 (5.36) 5.815 0.027 *

I RR interval (s) 0.68 (0.05) 0.81 (0.07) —4.252 0.008 **
HRGR (%) 26.78 (5.12) 6.05 (2.34) 9.24 0.001 **

Heart rate (BPM) 86.83 (7.65) 75.82 (5.65) 3.915 0.012 *

1II RR interval (s) 0.69 (0.06) 0.79 (0.08) —3.156 0.027 *
HRGR (%) 24.04 (6.34) 8.31 (3.12) 6.112 0.002 **

Heart rate (BPM) 91.26 (8.12) 76.86 (6.28) 4.956 0.005 **

I RR interval (s) 0.66 (0.07) 0.78 (0.09) —-3.791 0.015 *
HRGR (%) 30.37 (7.58) 9.80 (3.85) 7.854 0.001 **

Table 11. Comparison of physiological indicators of drivers with different experience levels on

highways (Note: *, **, and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001).

Scenario Variable Novlivc[e(;)];i)vers Experi;;llc(g]i) l))rivers Vatl-u . v a;;l—le
Heart rate (BPM) 95.82 (8.45) 82.34 (6.12) 4.952 0.005 **

I RR interval (s) 0.63 (0.04) 0.73 (0.06) —4.115 0.012*
HRGR (%) 18.55 (4.21) 5.25 (1.85) 10.125 0.000 ***

Heart rate (BPM) 98.46 (9.12) 84.55 (7.45) 4.218 0.008 **

1T RR interval (s) 0.61 (0.05) 0.71 (0.08) —3.956 0.015 *
HRGR (%) 22.34 (5.65) 8.12 (2.45) 8.442 0.001 **

Heart rate (BPM) 94.1 (10.23) 81.12 (6.85) 3.124 0.035 *

1 RR interval (s) 0.64 (0.08) 0.74 (0.09) —2.856 0.035 *
HRGR (%) 15.60 (6.12) 4.80 (2.12) 5.965 0.001 **

3.1.3. Analysis of Driving Behavior Indicators

An independent-samples t-test was used to compare longitudinal velocity, lateral
velocity, and heading angle between novice and experienced drivers before intervention in
urban lane-changing scenarios. Figures 10-12 show the results under different conditions.

Table 12 shows significant differences in driving behavior between novice and expe-
rienced drivers in urban lane-changing scenarios. Novice drivers generally exhibited a
higher lateral velocity and heading angle in several scenarios (p < 0.05). In Scenario II,
significant differences were observed in lateral velocity (M = 0.192 vs. 0.105 km/h, t = 3.821,
p <0.001) and heading angle (M = 0.052 vs. 0.028 rad, t = 5.114, p < 0.001). A significant
difference in longitudinal velocity was also found in this scenario (t = —2.214, p = 0.032).

Table 13 shows similar patterns in highway scenarios. Significant differences were
mainly observed in heading angle across all scenarios (p < 0.05). In Scenario II, novice
drivers showed a lower longitudinal velocity (M = 92.45 km/h) than experienced drivers
(M =104.32 km/h) (t = —4.621, p < 0.001), along with a higher lateral velocity (p = 0.003)
and heading angle (p < 0.001).
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Figure 10. Heading angle of drivers with different experience levels in various road scenarios in
(a) urban road scenarios and (b) highway scenarios (Note: * and *** indicate significant differences at

p <0.05, and p < 0.001).
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Figure 11. Lateral speed of drivers with different experience levels in various road scenarios in
(a) urban road scenarios and (b) highway scenarios (Note: *, **, and *** indicate significant differences

atp <0.05,p <0.01, and p < 0.001).
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Figure 12. Longitudinal speed of drivers with different experience levels in various road scenarios in

(a) urban road scenarios and (b) highway scenarios (Note: * and *** indicate significant differences at
p <0.05 and p < 0.001).
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Table 12. Comparison of driving behavior indicators of drivers with different experience levels on
urban roads (Note: * and *** indicate significant differences at p < 0.05 and p < 0.001).

Scenario Variable NOVIi\f[e(;)I;i)vers ExPerigzc(e;]i) ]))rivers Vatl-u . Pp-Value
Longitudinal velocity (km/h) 58.22 (3.75) 59.18 (4.42) —0.778 0.441
I Lateral velocity (km/h) 0.118 (0.045) 0.086 (0.024) 2.615 0.012 %
Heading angle (rad) 0.034 (0.009) 0.027 (0.007) 2.632 0.011 %
Longitudinal velocity (km/h) 45.47 (7.53) 50.32 (6.12) —2.214 0.032*
II Lateral velocity (km/h) 0.192 (0.084) 0.105 (0.038) 3.821 0.000 ***
Heading angle (rad) 0.052 (0.016) 0.028 (0.011) 5.114 0.000 ***
Longitudinal velocity (km/h) 50.53 (3.19) 51.64 (4.51) —0.952 0.346
11 Lateral velocity (km/h) 0.158 (0.072) 0.141 (0.065) 0.762 0.450
Heading angle (rad) 0.041 (0.013) 0.032 (0.010) 2.315 0.025 *

Table 13. Comparison of driving behavior indicators of drivers with different experience levels on

highways (Note: *, **, and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001).

Novice Drivers

Experienced Drivers

Scenario Variable M (SD) M (SD) t-Value p-Value
Longitudinal velocity (km/h) 107.11 (7.36) 109.46 (10.28) —0.798 0.429
I Lateral velocity (km/h) 0.145 (0.052) 0.118 (0.041) 1.765 0.084
Heading angle (rad) 0.028 (0.009) 0.015 (0.005) 5.114 0.011 *
Longitudinal velocity (km/h) 92.45 (9.12) 104.32 (6.54) —4.621 0.000 ***
1I Lateral velocity (km/h) 0.215 (0.084) 0.142 (0.051) 3.154 0.003 **
Heading angle (rad) 0.052 (0.016) 0.028 (0.011) 5.114 0.000 ***
Longitudinal velocity (km/h) 98.54 (5.42) 100.12 (6.34) —0.815 0.419
m Lateral velocity (km/h) 0.312 (0.124) 0.288 (0.105) 0.621 0.537
Heading angle (rad) 0.041 (0.013) 0.032 (0.010) 2.315 0.025 *

3.2. Within-Group Comparison of Novice Drivers

To formally demonstrate the direct effect of the observational learning intervention, a
within-subject comparison was conducted comparing the 30 novice drivers’ performance
before and after the intervention. Paired-samples t-tests and Wilcoxon signed-rank tests
were employed depending on data normality.

For visual perception, the Wilcoxon signed-rank test revealed a statistically sig-
nificant increase in the percentage of fixation duration on the rearview mirrors (Pre-
intervention: Mean = 0.14%, SD = 0.57; Post-intervention: Mean = 0.03%, SD = 0.05,
Z = —3.42, p <0.01), alongside a significant decrease in fixation on the dashboard (Pre-
intervention: Mean = 4.72%, SD = 6.03; Post-intervention: Mean = 2.95%, SD = 3.50,
Z = —2.15, p < 0.05). The average fixation duration on the rearview mirror also shortened
from 0.177 s (SD = 0.134) to 0.081 s (SD = 0.025), indicating more efficient visual sampling.

For physiological responses, the paired t-test indicated a significant reduction in
HRGR across the scenarios. For example, in urban Scenario II, HRGR decreased from
24.04% (SD = 6.34) pre-intervention to 10.45% (SD = 4.20) post-intervention (t(29) = 6.85,
p < 0.001), confirming a substantial alleviation of mental workload. Similarly, heart rate in
the same scenario dropped from 86.83 BPM (SD =7.65) to 78.45 BPM (SD = 6.20), t(29) = 4.21,
p <0.01.
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Regarding driving behavior, the heading angle fluctuation was significantly stabilized
after the intervention. In urban Scenario II, the heading angle decreased from 0.052 rad
(SD = 0.016) to 0.033 rad (SD = 0.013), t(29) = 4.78, p < 0.001. Lateral velocity also showed a
notable reduction from 0.192 km /h (SD = 0.084) to 0.115 km /h (SD = 0.042), t(29) = 3.62,
p <0.01.

These paired statistical results serve as the primary evidence that the proposed inter-
vention actively and significantly improved the lane-changing capabilities of novice drivers.

3.3. Post-Intervention Experimental Results
3.3.1. Analysis of Eye Movement Indicators

To evaluate the intervention effect and remaining differences between novice and
experienced drivers, eye movement indicators were analyzed after intervention. The
Shapiro-Wilk test showed non-normal distributions, so the Mann-Whitney U test was used
to compare the two groups.

1. Average Fixation Duration

In the urban lane-changing scenario (Table 14), no significant differences in average fixation
duration were found between experienced drivers and post-intervention novice drivers across
all AOIs (p > 0.05), as illustrated in Figure 13. Values for key AOIs were comparable, including
the dashboard (M = 0.165 s vs. 0.174 s) and rearview mirror (M = 0.076 s vs. 0.081 s).

Table 14. Average fixation duration of experienced drivers and post-intervention novice drivers for
each AOI on urban roads.

Experienced Drivers (s) Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.275 (0.162) 0.282 (0.150) 209.0 0.8181
Dashboard 0.165 (0.045) 0.174 (0.052) 175.0 0.5075
Rearview mirror 0.076 (0.018) 0.081 (0.025) 149.0 0.1719
Right rearview mirror 0.140 (0.045) 0.145 (0.050) 168.0 0.3942
Left rearview mirror 0.188 (0.175) 0.185 (0.160) 254.0 0.1468
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Figure 13. Average fixation duration on each AOI in (a) urban road scenarios and (b) highway
scenarios.

In the highway scenario (Table 15), similar results were observed, with no significant
differences across all AOIs (p > 0.8). Fixation durations of novice and experienced drivers
were nearly identical on the forward road (0.278 s vs. 0.275 s) and left rearview mirror
(0.180 s vs. 0.181 s).
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Table 15. Average fixation duration of experienced drivers and post-intervention novice drivers for
each AOI on highways.

Experienced Drivers (s) Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.275 (0.122) 0.278 (0.118) 110.0 0.9240
Dashboard 0.161 (0.051) 0.164 (0.048) 108.0 0.8560
Rearview mirror 0.074 (0.032) 0.076 (0.028) 105.0 0.8125
Right rearview mirror 0.145 (0.068) 0.148 (0.062) 112.0 0.9510
Left rearview mirror 0.181 (0.094) 0.180 (0.088) 111.0 0.9380

2. Percentage of Fixation Duration

In the urban lane-changing scenario (Table 16), no significant differences in fixation
proportion were found between novice and experienced drivers across all AOlIs (p > 0.5),
see Figure 14. The forward road accounted for 18.45% (SD = 16.20%) of the fixation for
novice drivers and 18.85% for experienced drivers (p = 0.754). The dashboard was also
similar between groups (2.95% vs. 2.82%, p = 0.621), as were the remaining AOlIs.

Table 16. Percentage of fixation duration of experienced drivers and post-intervention novice drivers
for each AOI on urban roads.

Experienced Drivers (s) Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 18.85 (17.40) 18.45 (16.20) 482.0 0.7540
Dashboard 2.82 (3.15) 2.95 (3.50) 465.0 0.6210
Rearview mirror 0.026 (0.045) 0.03 (0.05) 440.0 0.8125
Right rearview mirror 0.105 (0.165) 0.10 (0.15) 4955 0.5840
Left rearview mirror 0.225 (0.380) 0.23 (0.30) 488.0 0.6420
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& 2 & - @

Percentage of Fixation Duration (%)
3
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Percentage of Fixation Duration (%)

Forward Road Dashboard

(a) Urban road scenarios

Rearview Mirror
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Right Mirror Left Mirror

Forward Road Dashboard Rearview Mirror

Aol

Right Mirror Left Mirror

(b) Highway scenarios

Figure 14. Percentage of fixation duration for each AOI in (a) urban road scenarios and (b) highway
scenarios.

In the highway scenario (Table 17), no significant differences were observed across
all AOIs (p > 0.4). The forward road (17.50% vs. 17.95%) and dashboard (2.15% vs. 2.20%)
showed close consistency between novice and experienced drivers. For the left rearview
mirror, values were 0.31% for novice drivers and 0.39% for experienced drivers, with no
significant difference (p = 0.082).
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Table 17. Percentage of fixation duration of experienced drivers and post-intervention novice drivers

for each AOI on highways.

Experienced Drivers (s)

Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 17.95 (18.60) 17.50 (18.20) 482.0 0.6240
Dashboard 2.20 (2.65) 2.15 (3.10) 430.0 0.4125
Rearview mirror 0.016 (0.035) 0.02 (0.05) 450.0 0.5892
Right rearview mirror 0.025 (0.055) 0.03 (0.06) 465.0 0.7697
Left rearview mirror 0.39 (0.48) 0.31 (0.45) 488.0 0.0815

3. First Fixation Duration

In the urban lane-changing scenario (Table 18), no significant differences in first fixation

duration were found between experienced and post-intervention novice drivers across all

AOIs (p > 0.78), see Figure 15. Values were highly comparable, including the forward road
(0.518 s vs. 0.510 s), dashboard (0.259 s vs. 0.262 s), and all rearview mirror areas.

Table 18. First fixation duration of experienced drivers and post-intervention novice drivers for each

AOQOI on urban roads.

Experienced Drivers (s)

Novice Drivers (s)

Area of Interest (AOI) M (SD) M (SD) U-Value p-Value
Forward road 0.518 (0.580) 0.510 (0.650) 215.0 0.8245
Dashboard 0.259 (0.195) 0.262 (0.180) 220.0 0.9120
Rearview mirror 0.089 (0.035) 0.091 (0.028) 223.0 0.9540
Right rearview mirror 0.158 (0.048) 0.160 (0.045) 224.0 0.7820
Left rearview mirror 0.150 (0.091) 0.152 (0.085) 222.0 0.8954

First Fixation Duration (s)

Dashboard

Rearview Mirror

Right Mirror Left Mirror
Aol

(a) Urban road scenarios

First Fixation Duration (s)

Forward Road

Dashboard Rearview Mirror

Aol

Right Mirror

(b) Highway scenarios

Figure 15. Duration of first fixation on each AOI in (a) urban road scenarios and (b) highway

scenarios.

In the highway scenario (Table 19), similar results were observed, with no significant

differences across all AOIs (p > 0.76). First fixation durations were nearly identical between

the two groups, including the forward road (1.205 s vs. 1.185 s) and left rearview mirror

(0.308 s vs. 0.305 s).
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Table 19. First fixation duration of experienced drivers and post-intervention novice drivers for each
AOI on highways.

Area of Interest (AOI) Experie:;\f[eég)r ivers (s) Noviﬁ]()srli;)ers (s) U-Value p-Value
Forward road 1.205 (1.450) 1.185 (1.850) 218.0 0.8540
Dashboard 0.172 (0.125) 0.175 (0.135) 210.0 0.7620
Rearview mirror 0.087 (0.030) 0.089 (0.032) 224.0 0.9850
Right rearview mirror 0.160 (0.115) 0.158 (0.110) 220.0 0.9125
Left rearview mirror 0.308 (0.210) 0.305 (0.195) 222.0 0.9410

3.3.2. Analysis of Physiological Indicators

An independent-samples t-test was used to compare the mean heart rate and RR
interval between novice and experienced drivers after intervention in three urban lane-
changing scenarios.

In urban scenarios (Table 20), no significant differences were found in heart rate or RR
interval between novice and experienced drivers across all three lane-changing scenarios
(p > 0.05). HRGR differences were also not significant, with only a marginal effect in
Scenario I (p = 0.078). See Figures 16-18.
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Figure 16. Heart rate of drivers with different experience levels in various road scenarios in (a) urban
road scenarios and (b) highway scenarios.
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Figure 17. HRGR of drivers with different experience levels in various road scenarios in (a) urban
road scenarios and (b) highway scenarios.
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Figure 18. RR interval of drivers with different experience levels in various road scenarios in (a) urban
road scenarios and (b) highway scenarios.

Table 20. Comparison of physiological indicators of experienced drivers and post-intervention novice
drivers on urban roads.

Scenario Variable Novice Drivers Experienced Drivers t- p-
M (SD) M (SD) Value Value
Heart rate (BPM) 77.20 (5.80) 74.85 (5.10) 1.156 0.258
I RR interval (s) 0.78 (0.06) 0.81 (0.05) —1.245 0.224
HRGR (%) 8.12 (3.50) 6.15 (2.55) 1.854 0.078
Heart rate (BPM) 78.45 (6.20) 75.95 (5.45) 1.212 0.235
I RR interval (s) 0.76 (0.07) 0.79 (0.06) -1.118 0.275
HRGR (%) 10.45 (4.20) 8.40 (3.25) 1.632 0.115
Heart rate (BPM) 79.80 (6.85) 76.90 (5.90) 1.248 0.221
I RR interval (s) 0.75 (0.08) 0.78 (0.07) —0.985 0.332
HRGR (%) 12.30 (5.10) 9.95 (4.15) 1.556 0.132
In highway scenarios (Table 21), physiological indicators were also comparable be-
tween the two groups. No significant differences were observed in heart rate, RR interval,
or HRGR across all scenarios (all p > 0.05).
Table 21. Comparison of physiological indicators of experienced drivers and post-intervention novice
drivers on highways.
Scenario Variable Novli/cle(;;i)vers Experi;zc(gcll) ]))rivers Vatl-u . Va’;:le
Heart rate (BPM) 84.15 (6.55) 82.45 (5.80) 1.025 0.312
I RR interval (s) 0.71 (0.05) 0.73 (0.04) —1.142 0.265
HRGR (%) 7.10 (2.55) 5.35 (1.95) 1.884 0.072
Heart rate (BPM) 86.80 (8.12) 84.75 (6.80) 1.115 0.284
I RR interval (s) 0.69 (0.07) 0.71 (0.06) —1.025 0.321
HRGR (%) 10.55 (3.85) 8.25 (2.50) 1.742 0.095
Heart rate (BPM) 83.45 (7.80) 81.25 (6.20) 1.205 0.242
I RR interval (s) 0.71 (0.08) 0.74 (0.07) —1.312 0.205
HRGR (%) 6.45 (2.95) 4.95 (2.20) 1.456 0.165
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3.3.3. Analysis of Driving Behavior Indicators

An independent-samples t-test was used to examine differences in mean longitudinal
velocity, lateral velocity, and heading angle across three post-intervention lane-changing
maneuvers between novice and experienced drivers in urban scenarios.

In urban scenarios (Table 22), no significant differences were found between novice
and experienced drivers in longitudinal velocity, lateral velocity, or heading angle across
all lane-changing maneuvers (p > 0.05). All indicators remained at similar levels between
the two groups. See Figures 19-21.

In highway scenarios (Table 23), the two groups also showed no significant differences
in all driving behavior indicators across the three scenarios (p > 0.05), including longitudinal
velocity, lateral velocity, and heading angle.

Table 22. Comparison of driving behavior indicators of experienced drivers and post-intervention
novice drivers on urban roads.

Novice Drivers Experienced Drivers

Scenario Variable M (SD) M (SD) t-Value p-Value
Longitudinal velocity (km/h) 58.95 (4.10) 59.12 (4.25) —0.178 0.854
I Lateral velocity (km/h) 0.091 (0.032) 0.087 (0.028) 0.584 0.562
Heading angle (rad) 0.029 (0.008) 0.027 (0.006) 0.812 0.420
Longitudinal velocity (km/h) 49.75 (5.60) 50.22 (5.85) —0.312 0.756
I Lateral velocity (km/h) 0.115 (0.042) 0.106 (0.035) 0.742 0.461
Heading angle (rad) 0.033 (0.013) 0.028 (0.010) 1.156 0.254
Longitudinal velocity (km/h) 51.35 (4.20) 51.54 (4.30) —0.215 0.830
1 Lateral velocity (km/h) 0.146 (0.062) 0.143 (0.058) 0.245 0.808
Heading angle (rad) 0.036 (0.012) 0.032 (0.009) 1.025 0.311
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Figure 20. Lateral speed of drivers with different experience levels in various road scenarios in
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Figure 21. Longitudinal speed of drivers with different experience levels in various road scenarios in
(a) urban road scenarios and (b) highway scenarios.

Table 23. Comparison of driving behavior indicators of experienced drivers and post-intervention
novice drivers on highways.

Novice Drivers Experienced Drivers

Scenario Variable M (SD) M (SD) t-Value p-Value
Longitudinal velocity (km/h) 108.55 (8.12) 109.20 (9.45) —0.325 0.746
I Lateral velocity (km/h) 0.125 (0.045) 0.119 (0.038) 0.542 0.588
Heading angle (rad) 0.018 (0.006) 0.015 (0.004) 1.762 0.088
Longitudinal velocity (km/h) 102.80 (7.15) 104.05 (6.40) —0.714 0.480
1I Lateral velocity (km/h) 0.155 (0.062) 0.145 (0.048) 0.765 0.450
Heading angle (rad) 0.032 (0.012) 0.028 (0.009) 1.154 0.256
Longitudinal velocity (km/h) 99.45 (5.80) 100.05 (6.20) —0.365 0.717
m Lateral velocity (km/h) 0.295 (0.110) 0.291 (0.095) 0.215 0.830
Heading angle (rad) 0.035 (0.011) 0.032 (0.008) 0.952 0.345
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4. Discussion

Based on Bandura’s observational learning theory, this study constructed a four-stage
intervention scheme for improving the lane-changing ability of novice drivers. Through
within-subject pre—post design experiments using a driving simulator, the effectiveness of
the intervention scheme was verified from three dimensions: eye movement, physiological
response, and driving behavior. In addition, all three research hypotheses proposed in this
study were fully verified by the analytical results.

The findings confirm that the observational learning intervention based on experienced
drivers can effectively optimize the visual search strategy of novice drivers during lane
changing. Before the intervention, novice drivers relied heavily on the dashboard to acquire
driving-related information. From a psychological perspective, this is because novice
drivers have not yet established inherent sensory mapping between vehicle speed and
vehicle dynamics [37,38], and thus must frequently rely on the confirmation of external
quantitative information. After the intervention, the visual search patterns of novice
drivers became more consistent with those of experienced drivers. This indicates that the
intervention helped novice drivers establish an association between vision and dynamics,
which further facilitates their perception of traffic information [39]. Furthermore, according
to the indicator of first fixation duration, the visual search behavior of novice drivers was
no longer passively affected by the complexity of the traffic environment following the
intervention. Their search mode transformed from a passive random response into an
active search driven by the primary driving task [24,40]. This transformation in visual
search mode essentially reflects an enhancement in novice drivers’ top-down attention
control. Through observational learning, they acquired the cognitive flexibility to filter
irrelevant stimuli and allocate limited cognitive resources efficiently to core risk areas. The
observation frequency and information acquisition quality of novice drivers regarding
the use of the left and right rearview mirrors improved significantly after intervention. It
demonstrates that the proposed intervention can effectively compensate for the inherent
visual allocation blind areas of novice drivers and further enhance driving safety [10].

The observational learning-based intervention can reduce the mental workload and
tension level of novice drivers during lane changing. Before the intervention, novice drivers
exhibited extreme physiological stress in highway Scenario I, represented by a shortened
RR interval of 0.61 s and a sharp increase in HRGR. Physiologically, this can be explained
as a visual tunneling effect caused by spatial cognitive overload. Specifically, fear and
tension narrow the driver’s effective field of view, thereby leading to a sharp rise in heart
rate [41,42]. Physiological data after the intervention indicate that observational learning
effectively mitigates the psychological impact induced by lane-changing tasks. From the
perspective of cognitive mechanisms and Social Cognitive Theory, this stress reduction
is not accidental. During the retention process of the intervention, multi-source traffic
information was repeatedly encoded in the drivers’ working memory and transformed into
automated “driving schemas”, thereby significantly reducing their cognitive load during
practical operations. Meanwhile, the positive feedback in the motivation process effectively
enhanced the drivers’ self-efficacy, while observing safe maneuvers helped them establish
positive outcome expectations. The synergistic effect of these cognitive mechanisms is
the underlying psychological reason for the significant reduction in mental workload.
Moreover, the HRGR of novice drivers remained within a relatively low and stable range
after intervention, suggesting that their physiological arousal level entered the optimal
arousal zone defined by the Yerkes—Dodson Law [43]. Such a stable physiological state
serves as a prerequisite for efficient information processing and can significantly reduce
fatigue risk caused by mental exhaustion during continuous long-distance driving [44].

https:/ /doi.org/10.3390/systems14080910


https://doi.org/10.3390/systems14080910

Systems 2026, 14, 910

28 of 31

The observational learning intervention can optimize the lane-changing operational
behavior of novice drivers and improve their vehicle control stability and rationality in
lane-changing decision-making. The drastic fluctuation of heading angle among novice
drivers before intervention essentially reflects compensatory operation induced by visual
perception hysteresis, namely abrupt steering correction occurring only after the vehicle
deviates from the expected trajectory [45]. After the intervention, the significant reduction
in the heading angle and its standard deviation indicates that novice drivers learned the
feed-forward control strategy adopted by experienced drivers. This transition from passive
compensatory steering to active feed-forward control signifies a remarkable improvement
in the drivers’ executive functions, particularly in impulse inhibition and motor planning.
By observing potential risks in advance and maintaining a stable psychological state, novice
drivers can achieve smooth trajectory transition through slight steering adjustments. The
improvement and stabilization of the longitudinal vehicle speed effectively resolve the
common problem of deceleration-dependent lane changing among novice drivers. In
highway scenarios, the constant-speed lane-changing behavior of novice drivers after
intervention greatly reduces the risk of time-to-collision (TTC) with following vehicles in
the target lane [45,46]. The optimization of decision-making logic enables novice drivers to
behave more compatibly with the continuity of traffic flow, improving individual driving
safety as well as the overall stability of traffic operation.

Furthermore, it is critical to recognize that the improvements across the three evalu-
ated dimensions do not occur in isolation; rather, they form a tightly coupled “Perception—
Cognition—Action” loop. Prior to the intervention, the novice drivers’ inefficient visual
search patterns (e.g., over-reliance on the dashboard) created an information deficit regard-
ing the surrounding traffic environment. This perceptual uncertainty directly triggered
psychological apprehension, manifesting as severe physiological hyperarousal (i.e., sig-
nificantly elevated HRGR). Operating under high cognitive stress and visual hysteresis,
drivers were forced to execute delayed, compensatory vehicle control, leading to erratic
heading angle fluctuations. The observational learning intervention essentially repaired
this dysfunctional loop. By establishing a standardized visual search strategy (Perception),
novice drivers acquired sufficient situational awareness, which in turn suppressed their
uncertainty and maintained their physiological state within an optimal arousal zone (Cog-
nition). Consequently, this stable psychological foundation and broadened visual field
enabled drivers to transition from reactive steering to proactive, feed-forward trajectory
control (Action), ultimately realizing a smooth and safe lane-changing maneuver.

The theoretical contributions of this study are mainly reflected in the following three
aspects.

First, this study systematically applied Bandura’s observational learning theory to
the field of lane-changing ability improvement for novice drivers for the first time and
constructed a systematic four-stage intervention framework. It fills the research gap in
existing lane-changing intervention studies lacking systematic psychological theoretical
support, and provides a novel theoretical perspective and standardized research paradigm
for novice driver training and driving license assessment. By systematically elucidating how
observational learning modulates underlying cognitive mechanisms—such as attention
control, working memory, and executive functions—this study elevates the empirical
behavioral data to a profound cognitive theoretical level.

Second, based on driving simulator experiments, this study systematically quantified
the overall capability differences between novice and experienced drivers in typical urban
and highway lane-changing scenarios from eye movement, physiological, and driving
behavior dimensions. It identifies the core deficiencies of novice drivers in lane-changing
performance, provides comprehensive data support and theoretical basis for targeted
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intervention, and enriches research findings on the lane-changing behavioral characteristics
of drivers.

Third, the logic of observational learning based on experienced drivers proposed in
this study can be further applied to takeover training in autonomous driving, serving as a
cognitive bridge for human drivers adapting to the intelligent driving environment.

5. Conclusions

Aiming at the core issues of insufficient hazard perception ability and poor operational
stability among novice drivers during lane changing, this study applies Bandura’s obser-
vational learning theory. By guiding novice drivers to systematically observe and imitate
the visual search patterns and operational behaviors of experienced drivers, their visual
information acquisition strategies were optimized, thereby improving hazard perception
capability. The results indicate that, compared with the pre-intervention level, novice
drivers showed notable improvements after the intervention. Specifically, the proportion of
potential hazard recognition increased, driving behavior became more cautious and stable,
and attention allocation shifted more effectively toward key risk areas. These findings
demonstrate that observational learning intervention can effectively enhance novice drivers’
visual search efficiency and risk awareness in lane-changing tasks.

Several limitations should be noted. First, no real-road driving experiments or long-
term follow-up were conducted, limiting assessment of the intervention’s sustained effects.
Second, there were significant demographic differences in age and occupation between the
novice and experienced driver groups. All 30 novice drivers recruited in this study were
postgraduate students. While the within-subject design (novice pre- vs. post-intervention)
effectively controls for these variables when evaluating the intervention’s efficacy, the
baseline comparison between novice and experienced drivers may still contain potential
biases introduced by age-related cognitive differences or professional habits. Future stud-
ies should employ stricter demographic matching (e.g., comparing young novices with
young, experienced drivers) to isolate the pure effect of driving experience. Third, real
driving environments were simplified into discrete scenarios, which may not fully capture
real-world complexity. Future work should include on-road experiments and longitudinal
studies to evaluate long-term effectiveness, and expand participant diversity and scenario
complexity to further validate the robustness and generalizability of the proposed inter-
vention. Finally, while the within-subject design combined with sufficient pre-adaptation
effectively mitigated practice effects, the lack of an independent control group of untrained
novices remains a limitation. Future studies will incorporate strict randomized controlled
trials to further isolate the intervention’s net efficacy.
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