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ABSTRACT

In SAE Level 3 autonomous driving, prolonged passive monitoring presents the severe 
challenge of drivers falling ‘out-of-the-loop’. To address this, we propose a ‘task-based 
AR-HUD’, an interface that transforms vehicle motion planning into actionable task 
opportunities requiring driver approval, thereby maintaining the driver’s cognitive 
flow within the driving loop. This research investigates the psychological and cognitive 
impacts of such task-based interactions to enhance driver takeover performance. 
Utilising a high-fidelity driving simulator, we compared three progressive AR-HUD visual 
feedback modalities: linear, dynamic, and task-based. Subjective metrics concerning 
compliance, perceived control, comfort, and emotional experience were analysed. 
Results indicate that the task-based AR-HUD significantly enhances driver agency and 
engagement, effectively redirects attention to the road, and sustains the driver’s ‘in-the-
loop’ state. This study offers theoretical foundations and empirical evidence for future 
high-level autonomous driving human-machine collaborative designs that balance 
psychological needs with functional safety.
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maintenance

INTRODUCTION

With the evolution of SAE Level 3 autonomous driving technology, motorways 
have emerged as its core application scenario (Tan & Zhang, 2022, n.d.). 
This is largely because drivers are more inclined to engage autonomous 
driving on roads with lower complexity; for instance, activating the system 
after navigating complex urban road networks to alleviate accumulated 
driving fatigue (Tomasevic et al., 2022; Vogelpohl et al., 2018). Due to this 
reduced road complexity, drivers often experience a ‘psychological release’ 
and subsequently exhibit pronounced compensatory behaviours, diverting 
their attention towards non-driving-related tasks (NDRTs) in pursuit of 
physical and mental relaxation (Cooper et al., 2023; Figalová et al., 2023). 
Within the human-machine co-driving paradigm, this engenders a core safety 
paradox: the driver transitions into a mere spectator of the driving task or 
detaches from it entirely. During prolonged periods of passive monitoring, 
a driver’s situational awareness deteriorates, manifesting in behaviours 
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such as gaze deviation from the road and attentional shifts (Schnebelen 
et al., 2021). Consequently, upon the system’s transition to manual mode, 
the lack of updated real-time environmental information causes the driver 
to experience varying degrees of cognitive delay, thereby compromising 
takeover quality and driving safety (Melnicuk et al., 2021). Therefore, the 
design of autonomous driving systems must maintain the driver ‘in-the-loop’ 
whilst imposing a low cognitive load, ensuring safe takeovers in the event 
of sudden failures. Ultimately, identifying how to sustain the driver within 
the driving loop via low-load methods, without disrupting their relaxation 
experience, constitutes a critical challenge for current autonomous driving 
human-machine interaction (HMI) design.

To address this challenge, Augmented Reality Head-Up Display (AR-HUD) 
technology is regarded as a highly promising solution. By superimposing 
virtual guidance information onto the real-world road scene within the 
centre of the driver’s field of view via world-registered spatial alignment, it 
enhances drivers’ situational awareness (Gabbard et al., 2019). Furthermore, 
it optimises the allocation of attention by reducing off-road glance durations, 
thereby assisting drivers in demonstrating superior takeover performance 
when confronted with sudden takeover requests (Jing et al., 2022). During 
the autonomous driving takeover process, AR-HUDs can reduce takeover 
times whilst elevating driver trust and safety (Winkler & Soleimani, 2025). 
Risk visualisation based on AR-HUDs can significantly bolster a driver’s 
capacity to perceive potential hazards, particularly non-collision risks (Wei 
et al., 2025). Additionally, when coupled with an ‘interruption mechanism’, 
AR-HUDs can effectively prompt drivers to dynamically shift their attention 
between entertainment tasks and driving monitoring (A. et al., 2024).

Although the potential of AR-HUDs in providing functional assistance has 
been preliminarily validated, the majority of current research primarily focuses 
on the ‘takeover moment’, treating the AR-HUD merely as a supplementary 
information display tool during takeover requests (Feierle et al., 2021; Li et 
al., 2021; Wu et al., 2023). Consequently, scant attention is paid to the human 
driver’s inherent need for continuous feedback and participation (Hancock, 
2018). A more profound issue is that modern autonomous driving systems 
often relegate the human to a redundant safety mechanism, completely 
neglecting the human brain’s requisite for a continuous ‘sense of purpose’ 
and ‘control feedback’ to remain active (Hancock, 2018). This severe lack 
of psychological participation results in drivers being unable to perceive 
the connection between their own decisions and the vehicle’s operational 
trajectory, thereby severely compromising their response efficacy during 
takeovers (Wen et al., 2017, 2019).

This study designs and validates an innovative task-based AR-HUD 
interaction modality: maintaining the driver’s system engagement via a low-
load approach without disrupting their relaxation experience. By utilising 
effective world-registered visual elements, the vehicle’s planned trajectory 
is transformed into real-time tasks available for driver approval and active 
execution. Through empirical experimentation, this research explores the 
psychological and cognitive impacts of task-based interaction, verifying its 
efficacy in enabling drivers to regain a sense of engagement with vehicle 
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behaviours. Concurrently, it systematically analyses the long-term quantitative 
outcomes of varying levels of driver engagement on attention maintenance. 
Ultimately, this study provides theoretical and empirical foundations for 
high-level autonomous driving human-machine collaborative designs that 
balance psychological needs with functional safety.

Interaction Strategies for Maintaining the Driver ‘In-the-Loop’

Currently, academia has conducted extensive exploration into interaction 
strategies for maintaining drivers ‘in-the-loop’. The most traditional and widely 
applied amongst these is the alert mechanism based on takeover requests. This 
mechanism primarily relies upon visual cues (e.g., dashboard flashing), auditory 
warnings, or multimodal fused interventions to forcibly recall the driver’s 
attention (Hong & Yang, 2022). However, this is fundamentally a delayed ‘passive 
awakening’ strategy. These warnings are triggered exclusively at the moment 
of takeover, providing no continuous input to maintain situational awareness 
during prolonged, stable autonomous driving phases. Such instantaneous 
passive intervention compels drivers to complete cognitive reconstruction under 
extreme time pressure, which is highly prone to inducing startle responses and 
deteriorating takeover efficacy (Pakdamanian et al., 2020).

In light of this, recent research directions have rapidly pivoted towards active 
intervention strategies of ‘continuous monitoring and attention guidance’. Such 
strategies predominantly rely on advanced driver monitoring systems (DMS), 
such as eye-tracking (Deniel & Navarro, 2022) and physiological feature 
recognition (Sikander & Anwar, 2018), to evaluate the driver’s visual focus 
and fatigue levels in real-time. Upon detecting prolonged gaze deviation, the 
system proactively issues targeted interventions. Nevertheless, frequent visual 
or auditory corrections possess strong ‘intrusiveness’ (Wintersberger & Riener, 
2016), severely disrupting the driver’s original intention of seeking relaxation 
during the autonomous driving phase and leading to a remarkably poor user 
experience. ‘Passive monitoring’ at the system level is by no means equivalent 
to the ‘active participation’ required psychologically by the driver. While DMS 
can physically force the driver’s gaze back to the road ahead, it fails to assist the 
brain in reconstructing a sense of purpose and the crucial feedback of driver 
agency and participation regarding vehicle dynamics (Seppelt & Victor, 2016).

To overcome the limitations of ‘passive monitoring’, academia has 
proposed the construction of active interaction mechanisms that enable 
the driver to ‘participate in the system’. Against this backdrop, Augmented 
Reality Head-Up Displays (AR-HUDs) demonstrate formidable advantages.

As a highly promising low-load intervention method, Augmented Reality 
Head-Up Displays (AR-HUDs) demonstrate significant advantages in 
enhancing drivers’ situational awareness (Wu et al., 2023). The AR-HUD 
serves a critical role as a core visual augmentation tool. However, the 
current research paradigm regarding AR-HUDs excessively focuses on the 
‘takeover moment’ during instantaneous system failures (Lindemann et al., 
2018). Narrowly defining AR-HUDs as instantaneous alarm tools severely 
overlooks their potential to maintain the driver’s ‘continuous participation’ 
throughout the prolonged, stable phases of autonomous driving (Lee et 
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al., 2026). Existing AR-HUD designs fundamentally remain at the level of 
one-way ‘information display’, where the driver continues to be a passive 
information receiver. They fail to establish an ‘interaction mechanism’ that 
sustains human agency and resolve the core pain point of the driver’s ‘lack 
of participation’. Therefore, the key to breaking the dilemma of the driver 
falling out-of-the-loop in autonomous driving lies in driving a paradigm shift 
in AR-HUD interface design, evolving from one-way ‘prompt information’ 
to in-depth ‘task-based interaction’ (Carsten & Martens, 2018). This is 
precisely the theoretical and design gap that this study endeavours to fill.

Task-Based Collaborative Interaction Design

Classical information processing theory categorises interaction behaviour 
into four stages: information acquisition, information analysis, decision 
selection, and action implementation. Building upon this, the design of 
task-based interfaces frequently references the ‘analysis support’ and 
‘decision support’ frameworks within human-machine collaboration, 
executing an interaction logic of ‘pre-judgement – task proposal – driver 
approval – feedback execution’. To balance driver agency, participation, 
and cognitive load, the HMI does not require the driver to intervene in 
every subsequent vehicle behavioural trajectory. Instead, it solely triggers 
the approval process for tasks involving control transfer or significant 
trajectory alterations (e.g., overtaking, exiting slip roads), thereby averting 
fatigue induced by excessive interaction. By enabling drivers to perform 
simple approval operations at critical nodes (such as lane changing or 
overtaking), the task-based interface distinguishes itself from traditional 
information interfaces by serving as a decision feedback medium. The 
established ‘prompt–selection–action’ causal chain assists the driver in 
remaining ‘in-the-loop’ during automation.

Concept of Task-Based AR-HUD Interaction

This study proposes a ‘task-based AR-HUD’ applied to stable driving 
segments within autonomous driving scenarios. Distinct from traditional 
AR-HUDs that merely present visual road information, the task-based 
AR-HUD emphasises the system proposing ‘proactive opportunities’. The 
autonomous driving system continuously monitors the road environment 
and vehicle status; upon determining that the current segment is safe and 
conditions are met, it presents the driver with collaborative driving task 
opportunities (such as ‘acceleration’ or ‘lane changing’). Upon receiving 
the task opportunity proposed by the system, the driver is free to choose to 
‘accept’ it—thereby actively driving to complete the task themselves—or to 
‘decline’ it. Once the driver opts to accept, the system immediately coordinates 
to smoothly transfer the execution authority of the corresponding task to 
the driver, and subsequently calculates a return to a safe trajectory after 
the driver relinquishes control. By interacting with the driver through these 
tasks, the task-based AR-HUD aims to stimulate the driver’s willingness for 
active manipulation, thereby enhancing the driver’s agency and participation, 
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effectively guiding their attention to remain on the road, and indirectly 
optimising their takeover readiness state.

Experimental Design

This study established a testing environment comprising a high-fidelity driving 
simulator (equipped with a steering wheel and pedals), a display terminal, 
and a control system. The experimental scenario was set within mixed road 
conditions, encompassing both urban roads and motorways, under cloudy 
weather. Serving as the core variable of the experiment, we designed three 
visual feedback modalities featuring a progressive task relationship: 1) linear 
feedback (baseline), providing merely simple line guidance; 2) dynamic 
feedback, incorporating dynamically changing elements to enhance visual 
salience; and 3) task-based feedback, which increases information complexity 
to stimulate the driver’s active interactive cognitive processing.

Figure 1: Layout of the experimental setup.

Adults aged between 18 and 45 were recruited for this experiment, which 
was conducted in Changsha, China. The inclusion criteria were defined as 
follows:

1.	 Absence of cognitive impairments, possessing basic social cognition and 
judgement capabilities;

2.	 Absence of auditory or tactile impairments;
3.	 A foundational understanding of autonomous driving, alongside an 

absence of poor driving habits.

From a substantial pool of applicants, 20 healthy adults with prior 
experience utilising autonomous driving assistance systems were selected to 
participate in the study.

The independent variable in this study is the progressive degree of task 
proactivity within the autonomous driving scenario, manifested through 
distinct visual feedback design modalities. Based on the level of proactivity in 
task information presentation and the corresponding demands on the driver’s 
cognitive load, we categorised the experimental video interfaces into three 
modalities: linear, dynamic, and task-based. The fundamental distinction 
amongst these three modalities lies in the perceived ‘task interactivity’ when 
the system initiates an ‘opportunity’.
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Linear: Employing static or low-dynamic lines (straight or curved) to provide 
subtle guidance, this design draws upon the concept of the ‘environment-
integrated interface’. Namely, it conveys information through non-intrusive 
visual cues (such as simple line flows). Its defining design characteristics are 
minimal visual interference, providing only the most fundamental navigation 
and lane-keeping information.

Figure 2: Linear AR-HUD interface information.

Dynamic: Building upon the linear baseline, this modality incorporates 
dynamically changing elements. Dynamic visual stimuli are more adept at 
capturing peripheral visual attention than static graphics. Consequently, 
graphic elements (e.g., triangular arrows) generate corresponding motion 
effects contingent upon the vehicle’s state, such as acceleration, deceleration, 
or lane changing.

Figure 3: Sport-style AR-HUD interface information.

Task-oriented: In addition to foundational guidance, this modality 
incorporates specific task directives or elements that necessitate information 
capture and cognitive processing by the driver, such as destinations, textual 
prompts, or gamified components. Drawing upon Situation Awareness (SA) 
theory, this design aims to transition the driver from the role of a passive 
observer into an active decision-making participant.
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Figure 4: Task-oriented AR-HUD interface information.

Figure 5: Task-oriented AR-HUD interface information.

During the formal experiment, participants were seated within the driving 
simulator cabin, where a display monitor positioned in front of them 
played first-person perspective driving videos encompassing urban roads, 
motorways, and mixed road segments. The video environment was set to 
cloudy weather to simulate authentic driving visibility. Whilst viewing the 
videos, participants were required to simulate collaborating with the system 
under an autonomous driving assistance mode, in accordance with the 
AR-HUD prompts.

To ensure experimental consistency, the switching of visual feedback 
interfaces and the playback of videos were managed by off-site experimenters 
utilising a remote control terminal, ensuring that participants did not interfere 
with one another.

The experiment comprised three trials, corresponding to the three 
distinct visual feedback modalities: linear, dynamic, and task-based. 
Following the completion of each trial (i.e., each visual feedback modality), 
participants were required to immediately complete a User Evaluation 
Scale. The scale encompassed dimensions such as perceived control, 
willingness to use, driver agency and participation, safety, comfort, and 
emotional experience. After all trials were concluded, the experimenters 
conducted a semi-structured interview with the participants, lasting 
approximately 10 to 15 minutes.
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ANALYSIS AND DISCUSSION

This research provides an in-depth exploration of the psychological and 
cognitive impacts of task-based AR-HUDs within Level 3 (L3) autonomous 
driving scenarios, yielding significant results. By comparing various 
AR-HUD visual feedback modalities, it was found that the task-based 
AR-HUD demonstrates distinct advantages in enhancing driver engagement, 
maintaining road-focused attention, and moderately increasing driving 
enjoyment.

Table 1: Summary of user evaluation form data collected during the experiment.

Indicators ANOVA Results Significance Relationship

Engagement F(2, 57) = 9.84 p = 0.0002 T3 > T2 > T1

Agency F(2, 57) = 0.91 p = 0.41 T1 ≈ T2 ≈ T3

Willingness to Use F(2, 57) = 11.27 p < 0.0001 T3 > T2 > T1

Playfulness F(2, 57) = 3.92 p = 0.025 T3 > T1 ≈ T2

Emotional Experience F(2, 57) = 4.36 p = 0.017 T3 > T1 ≈ T2

Visual Comfort F(2, 57) = 14.62 p < 0.00001 T2 > T1 > T3

Conclusion 1: The Enhancing Effect of Task-Based AR-HUD on Driver 
Participation. The task-based AR-HUD proposed in this study effectively 
maintains the driver’s cognitive flow within the driving loop by transforming 
vehicle motion planning into actionable task opportunities requiring driver 
approval. Analytical results from subjective evaluation metrics further 
confirm that, supported by the task-based AR-HUD, drivers engage more 
proactively in driving decisions, thereby enhancing their perception as a 
driving agent and increasing their psychological involvement. This proactive 
interaction modality effectively addresses the challenges stemming from 
driver passivity in traditional Level 3 (L3) autonomous driving, ensuring 
they sustain a pivotal role within the automated system.

Conclusion 2: Task-Based AR-HUD Effectively Sustains Driver Road-
Focused Attention. The task-based AR-HUD is capable of effectively 
redirecting and sustaining driver attention on the roadway. Within highly 
automated driving environments, the risk of driver distraction is a tangible 
concern. By consistently proposing tasks relevant to the current driving 
context—such as suggestions for acceleration, lane changes, or overtaking—
the system necessitates driver evaluation and approval, thereby prompting 
continuous monitoring of forward road information and traffic conditions. 
This continuous and purposeful process of information processing and 
decision-making ensures that the driver remains ‘in-the-loop’, bolstering 
their real-time situational awareness of the road environment.

Conclusion 3: Task-Based AR-HUD Appropriately Facilitates Driving 
Enjoyment within Stable Road Environments. The proposed task-based 
AR-HUD facilitates a degree of driving enjoyment within specific, stable 
road environments, such as motorways. Subjective analysis of emotional 
experiences suggests that by providing meaningful interactive tasks, 
accompanied by timely feedback following driver decisions, the boredom 
and monotony typically associated with traditional autonomous driving can 
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be mitigated. This enhanced sense of autonomy, perceived control over the 
vehicle, and positive emotional experience collectively ensure that the driver 
is no longer merely a passenger; rather, they experience a sense of ‘driving 
satisfaction’ through moderate, purposeful participation.

CONCLUSION

The contributions of this study are primarily manifested across three core 
dimensions. Firstly, this research innovatively proposes the concept of a 
‘task-based AR-HUD’, offering a novel theoretical perspective for the 
design of human-machine authority distribution within autonomous driving 
scenarios. Secondly, the study empirically validates the potential value of 
the task-based AR-HUD in Level 3 (L3) autonomous driving, confirming its 
efficacy in significantly enhancing driver agency and participation. Finally, 
this research further analyses whether the task interaction mechanism 
can substantively maintain the driver’s road-focused attention, whilst 
meticulously evaluating whether the visual design features of the task-based 
AR-HUD might induce an excessive cognitive load. Notwithstanding these 
achievements, certain limitations remain. Specifically, objective discrepancies 
exist between the driving simulator environment and real-world driving 
conditions. Furthermore, the evolution of drivers’ behavioural adaptability 
and psychological acceptance following long-term system usage warrants 
further investigation. These limitations concomitantly delineate essential 
directions for future in-depth research.
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