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ABSTRACT

In Level 3 (L3) automated driving, drivers may disengage from continuous control
but must resume control when a takeover request (TOR) occurs. Drivers’ takeover
readiness may be reduced by engagement in non-driving-related tasks (NDRTSs),
especially in more complex urban environments. However, limited evidence is available
on how driving context and NDRT demand jointly affect takeover performance in
L3 automation. To address this gap, we conducted a driving-simulator study with 18
licensed drivers using a 2 x 3 within-subject design that combined two driving contexts
(highway and urban) and three NDRTs (music listening, entertainment video viewing,
and news summarization). Takeover performance was evaluated using takeover
reaction time (TRT), eye-tracking measures, heart rate variability (HRV), and subjective
ratings of workload and situational awareness. Both driving context and NDRT
demand affected takeover performance. Urban scenarios were associated with longer
TRT, higher workload, and more dispersed visual attention than highway scenarios.
Increasing NDRT demand was associated with poorer takeover performance, and news
summarization produced the longest delays, greater off-road attention, slower gaze
return after TOR, and reduced situational awareness. HRV measures further indicated
higher physiological stress under high-demand NDRTSs, particularly in urban conditions.
These findings highlight the need for context-aware takeover support that accounts for
both environmental complexity and NDRT demand.

Keywords: Cognitive workload, Task switching, Situation awareness, Attention allocation,
Automated driving (Level 3)

INTRODUCTION & RELATED WORK

In Level 3 (L3) automated driving, drivers are allowed to disengage from
continuous vehicle control, but they remain responsible for resuming control
when a takeover request (TOR) is issued. During automation, drivers often
engage in non-driving-related tasks (NDRTs), which can reduce takeover
readiness by diverting attention away from the roadway. Once a TOR occurs,
drivers must rapidly reorient attention, rebuild situational awareness, and
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execute control actions within a limited time window. This makes takeover
performance a critical human-factors issue in conditional automation (Merat
et al.,2014; Eriksson and Stanton, 2017; McDonald et al., 2019; Weaver and
DelLucia, 2022).

A substantial body of research has shown that NDRTs can impair
takeover performance by competing for visual, cognitive, and manual
resources. Compared with low-demand tasks, more visually and cognitively
demanding NDRTs are more likely to prolong takeover reaction time,
disrupt gaze reallocation, and reduce takeover quality. Prior studies have
further suggested that task characteristics such as modality, immersion, and
cognitive demand influence not only how quickly drivers respond, but also
how effectively they re-engage with the driving environment after TOR onset
(Radlmayr et al., 2014; Naujoks et al., 2016; Gold et al. 2016; Jaussein et al.,
2021; Liu et al., 2024).

Takeover performance is also shaped by driving context. Compared
with relatively structured highway scenarios, urban roads typically involve
denser information, more potential conflict points, and greater perceptual
uncertainty. Accordingly, the same NDRT may impose different takeover costs
across driving environments. Existing studies have shown that traffic density,
scenario complexity, and takeover lead time can significantly affect drivers’
visual scanning, reaction timing, and post-takeover stability, indicating that
takeover should be understood as a context-sensitive process rather than a
fixed response pattern (Zeeb et al., 2015; Petermeijer et al., 2017; Pipkorn
et al., 2022; Zhang et al., 2019; Weaver and Delucia, 2022).

To better explain the mechanisms underlying takeover behavior, recent
studies have increasingly adopted multimodal measures, including behavioral,
visual, physiological, and subjective indicators. Eye-tracking measures can
reveal attentional disengagement from NDRTs and reallocation to roadway-
relevant information, whereas HRV-related indicators provide an additional
window into cognitive workload during automation and transition. However,
limited evidence is available on how driving context and NDRT demand
jointly shape takeover performance within one integrated framework.
Therefore, this study examines takeover performance in L3 automated driving
using a controlled driving-simulator experiment and multimodal measures.
Specifically, we investigate how environmental complexity and task demand
are associated with takeover timing, attention reorientation, workload, and
perceived situational awareness (Broadbent et al., 2023; Hochgeschurz et al.,
2021; Wu et al., 2021; Meteier et al., 2022; Lee et al., 2024).

METHOD

Study Design and Participants. We conducted a controlled driving-simulator
experiment using a within-subject 2 x 3 factorial design. The independent
variables were driving context (highway vs. urban roads) and NDRT type
(listening to music, watching entertainment videos, and verbally summarizing
news). A total of 18 licensed drivers were recruited, covering different genders,
ages, and driving experience levels. All participants had basic experience
with Level 2 automated driving. Each participant completed six takeover
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trials (3 NDRTs x 2 contexts). To reduce order effects, the trial sequence
was counterbalanced using a Latin-square scheme, and the experiment was
conducted in two rounds.

Apparatus, Tasks, and Procedure. The experiment was conducted in a
driving-simulator laboratory. Eye movements were recorded using wearable
eye tracking, and ECG was collected for HRV analysis. After instructions
and sensor calibration, participants completed six counterbalanced takeover
trials, followed by post-trial questionnaires and a semi-structured interview.

Measures and Data Analysis. For reporting convenience, the six within-
subject conditions are referred to as Highway-1 (music listening), Highway-2
(entertainment video viewing), Highway-3 (news/text reading with verbal
summarization), Urban-1 (music listening), Urban-2 (entertainment video
viewing), and Urban-3 (news/text reading with verbal summarization).

Takeover Reaction Time (TRT). TRT was defined as the interval from
TOR onset to the first effective takeover response and was annotated from
video recordings.

Eye Tracking. Eye-tracking measures included time to first fixation
(TTFF) on roadway-related areas of interest (AOIs) after TOR onset, as well
as fixation-based attention allocation within a predefined pre/post-TOR
window. Trials with missing or invalid TTFF values were excluded.

HRV. ECG data were processed to obtain RR intervals and standard HRV
indices (RMSSD, HF, LF/HF) for short-term workload assessment.

Subjective Measures and Interviews. Subjective workload, situational
awareness, perceived safety, and interview feedback were collected after the
trials.

Statistical Analysis. Primary outcomes, including TRT, eye-tracking
metrics, HRV indices, and questionnaire scores, were analyzed using repeated-
measures ANOVA in a 3 x 2 within-subject design.

RESULTS
Takeover Reaction Time and Driving Experience

Overall Trends in TRT. After excluding invalid data, descriptive analyses
showed different TRT patterns across the two driving contexts (see Figure 1).
In the highway condition, TRT increased progressively from Highway-1 to
Highway-3. In the urban condition, TRT increased from Urban-1 to Urban-2
and then decreased slightly in Urban-3. Overall, highway scenarios showed
a steady increase across task stages, whereas urban scenarios showed a peak
at Stage 2.

Effect-size comparisons further suggested a clearer context effect on TRT
than some pairwise differences among NDRTs (see Table 1). Urban conditions
were associated with higher temporal cost than highway conditions, while
text-based and video-based tasks generally produced longer TRT than music
listening.

Effects of Driving Experience on TRT. Mean comparisons suggested
a general advantage for more experienced drivers (see Figure 2). Except
for Urban-1, the experienced group showed shorter TRT in five of the six
conditions, with the difference appearing more pronounced under urban and



344 Liu et al.

higher-demand task conditions. However, multiple outliers were excluded in
Urban-1 and Highway-1, and the corresponding means should therefore be
interpreted cautiously.

Means of Total React Time of Different Experienced Driver
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Figure 1: Overall trend of TRT across Highway 1-3 and Urban Roads 1-3. Conditions
1-3 denote music listening, entertainment video viewing, and news/text reading with
verbal summarization, respectively.

Table 1: Effect size comparison for takeover reaction time (Cohen’s dz; Driving
context x NDRT).

Comparison Cohen’s dz Valid Sample Size (n)
Driving Context Effect (Urban — Highway) 0.683 12
NDRT Effect(Listening to Music — Watching Video) -0.329 12
NDRT Effect(Listening to Music — Reading Text) -0.501 12
NDRT Effect(Watching Video — Reading Text) -0.088 13

Subjective Ratings and Eye-Tracking Evidence

Stage-wise Changes in Subjective Ratings (NASA-TLX/SA). Mean ratings on
the NASA-TLX and situational awareness (SA) items suggested stage-wise
differences across both highway and urban scenarios (see Figure 3). As task
demand increased from music listening to entertainment video viewing and
news browsing with verbal summarization, perceived driving and cognitive
workload generally increased. A minor exception was observed for the “not
irritated” item, where the ordering of the music and video stages differed
between highway and urban scenarios.

Attention Allocation Across Conditions. Attention allocation appeared to
vary across contexts and NDRT types (see Figure 4). Higher-demand tasks
were associated with a greater proportion of attention devoted to the NDRT
interface and reduced roadway-oriented attention, especially in urban scenarios.

Illustrative Heatmap Comparison. Heatmaps from three representative
participants provided qualitative support for the quantitative eye-tracking
results (see Figure 5). Compared with music listening, video viewing and
especially news summarization were associated with denser fixations on the
NDRT interface, fewer roadway fixations, and slower visual return to the
road after TOR onset.
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Figure 3: Line chart of post-test questionnaire mean scores for highway and urban

roads scenarios.
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Figure 4: Attention allocation proportions shown as a percentage stacked bar chart.
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Figure 5: Comparison of gaze heat maps for three participants, organized by task and
scenario.

HRYV and Interview Evidence

Baseline HRV Results. HRV measures showed stage-dependent differences
in RMSSD and LF/HE, consistent with task-related changes in physiological
workload (see Figure 6). RMSSD was relatively higher during the music and
video stages and decreased during the news summarization stage. In contrast,
LF/HF peaked during news summarization, indicating higher physiological
stress under this high-demand task.

Interview Findings. Interviews with 17 participants provided further
qualitative support for the quantitative results. Participants generally
perceived urban roads as more complex despite their lower speed, whereas
highways were associated with higher speeds and potentially more severe
consequences. Among the NDRTSs, news retelling with verbal reporting was
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consistently regarded as the most distracting task, while music listening was
perceived as minimally disruptive. Trust in the automated system also varied
with task demand: participants reported greater trust under low-distraction
conditions and heightened vigilance when engaging in more demanding tasks.
In addition, expectations for Level 3 automation focused more on comfort
enhancement than on full replacement of driver control, with primary
concerns centering on system reliability, distraction management, and more
user-friendly interaction design.

Baseline HRV Metrics (RMSSD and LF/HF)
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Figure 6: Phase-wise comparison of baseline RMSSD and LF/HFE

DISCUSSION
Joint Effects of Driving Context and NDRT on Takeover Cost

The findings indicate that both driving context and NDRT type were
associated with differences in takeover performance. Compared with
highway scenarios, urban roads were generally linked to longer takeover
reaction time (TRT), higher perceived workload, and more dispersed visual
attention. Across task stages, higher-demand NDRTs were associated with
poorer takeover outcomes, with news summarization tending to be linked
to the longest delay and the highest cognitive burden. Eye-tracking results
further suggested that visually and cognitively demanding tasks reduced
roadway-oriented attention and delayed gaze return after the takeover
request (TOR), especially when participants were reading and verbally
reporting news content.

These patterns can be interpreted in terms of attentional resource
competition and task-switching cost. Urban roads require more frequent
monitoring of traffic participants, signals, and potential conflict points,
thereby increasing baseline perceptual and decision demands. When this
environmental complexity is combined with a demanding NDRT, drivers
must disengage from ongoing task processing, reallocate attention to the
roadway, and rebuild situational awareness within a limited time window.
This transition appears to be particularly difficult for news summarization,
which combines visual intake, semantic processing, and verbal output. As a
result, takeover becomes slower and more effortful than under low-demand
tasks such as music listening.
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HRV and interview findings provided converging support for this
interpretation. Baseline HRV results showed a pattern consistent with higher
physiological stress under high-demand NDRTs, particularly in the later
task stage. Interview responses also indicated that participants regarded
verbal reporting and news retelling as the most distracting task, whereas
music listening was viewed as minimally disruptive. In addition, drivers with
more experience tended to show faster takeover behavior under demanding
conditions, suggesting that driving experience may partly buffer the negative
effects of high cognitive load.

Design Implications

These findings suggest three practical implications for L3 automated driving
interface design. First, NDRT access should be managed in a context-sensitive
manner, with more conservative task availability in complex urban scenarios.
Second, takeover alerts should not only signal urgency but also facilitate
rapid attentional redirection, especially when drivers are engaged in visually
intensive tasks. Third, drivers with limited experience may require stronger
takeover support under high-load conditions, such as clearer warnings or
simplified task interruption guidance.

CONCLUSION, LIMITATIONS & FUTURE WORK

This study showed that both driving context and NDRT type were associated
with differences in takeover performance in L3 automated driving. Urban
scenarios were generally associated with higher takeover cost than highway
scenarios, while higher-demand NDRTs, especially news summarization, were
linked to longer takeover reaction time, higher workload, greater attention
reorientation difficulty, and poorer overall takeover outcomes. Converging
evidence from effect-size comparisons, HRV trends, and interview feedback
further supported the view that visually and cognitively demanding tasks
increase takeover burden, particularly under more complex road environments.

Several limitations should be acknowledged. Effective sample sizes were
reduced in some analyses after invalid-data exclusion, which may affect
robustness. TRT was identified through manual video annotation, which
may introduce measurement uncertainty. In addition, some eye-tracking
interpretations were based on illustrative heatmaps from a small subset
of participants and should therefore be treated as supportive rather than
definitive evidence.

Future work should enlarge the sample, reduce invalid-data loss, and
strengthen fully quantitative gaze analysis. It should also incorporate
additional indicators of takeover quality beyond TRT. These improvements
would support a more rigorous evaluation of context-sensitive and NDRT-
aware takeover assistance strategies.
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