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ABSTRACT

Drivers are prone to CognitiveTunneling while driving.This study aims to discuss which
Augmented Reality Head-Up Display (AR-HUD) warning information flashing mode
can effectively break this effect when drivers face a single-hazard scenarios.Twelve
drivers were recruited for a simulated driving experiment. The study used four warning
information flashing modes (non-flashing, 25%, 50%, and 75% flashing duty cycles) and
three secondarytaskimmersionlevels (low, medium, and high) asindependentvariables.
Reaction time, subjective perception scores, and objective perception accuracy were
quantitatively evaluated. The results showed that reaction times tended to increase as
secondary task immersion became deeper. The non-flashing mode caused the most
severe reaction delays under high immersion conditions. Comparisons revealed that
Flashing Mode 2 (50% duty cycle) had the optimal intervention effect. It shortened
reaction times by nearly half under high immersion and received the highest subjective
scores. Conversely, Flashing Mode 3 (75% duty cycle) had the lowest objective accuracy,
indicating that excessive flashing frequency causes visual interference. Therefore, the
AR-HUD warning signal in Flashing Mode 2 is the most effective at breaking cognitive
tunneling. It significantly shortens reaction times while maintaining high situation
awareness. Future AR-HUD interface designs should prioritize this parameter. Designs
should also avoid high-frequency flashing strategies that lead to misjudgment, in order
to enhance driving safety in complex environments.

Keywords: AR-HUD, Warning information, Single-hazard scenarios, Situation awareness, Cognitive
tunneling

INTRODUCTION

As autonomous driving technology advances, drivers increasingly engage in
Non-Driving-Related Tasks (NDRTs) (Luo et al., 2024), which can induce
cognitive tunneling—a dangerous reduction in environmental perception
caused by high focus on secondary tasks (Yamin et al., 2024). To mitigate
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this, Augmented Reality Head-Up Display (AR-HUD) are utilized to enhance
situation awareness, guiding drivers to refocus on sudden dangers and
improving reaction speeds (Jozef et al., 2023; Deng et al., 2021).

AR-HUD effectively assist driving decisions (Yu et al., 2024).
Consequently, current AR-HUD warning designs primarily focus on static
presentation and semantic understanding. For instance, using red colors
and familiar warning shapes instinctually captures attention (Ling et al.,
2019). Furthermore, spatial and semantic consistency between AR-HUD
signs and real-world scenes is crucial to prevent cognitive delays (Charissis
et al., 2021). To avoid excessive cognitive load, researchers have also
proposed optimizing layout and controlling information density (Yunuo
et al., 2023; Ma et al., 2024).

However, these static or weakly dynamic designs assume drivers maintain
normal attention. In Level 3 autonomous driving, drivers performing NDRTs
often experience high cognitive load and cognitive tunneling, significantly
reducing their environmental sensitivity (Wang et al., 2022; Hu et al.,
2024). Under these conditions, traditional static icons lack the visual impact
necessary to capture attention. Thus, the effectiveness of current AR-HUD
warnings for highly immersed drivers requires reevaluation.

To address this, dynamic coding (such as flashing and motion) is
essential to break cognitive tunneling, as it significantly shortens reaction
times compared to static icons (Wu et al., 2024; Winkler and Soleimani,
2025). Current dynamic designs often indicate approaching danger through
changing sizes or colors. However, detailed research on flashing frequency
and duration is lacking. While flashing is a strong stimulus, overly complex
or high-frequency effects can consume excessive cognitive resources and
cause visual distractions (Feierle et al., 2019). Identifying an optimal flashing
frequency that captures attention without causing discomfort remains an
unsolved challenge.

In summary, rather than focusing on single static or dynamic modes, this
study systematically investigates AR-HUD flashing modes under varying
levels of secondary task immersion. By examining the impact of these
modes on driver reaction time and situation awareness in single-hazard
scenarios, this research aims to identify the most effective flashing design
for breaking cognitive tunneling. Ultimately, this provides a theoretical
and practical foundation for optimizing autonomous driving AR-HUD
interfaces.

MATERIALS AND METHODS

This study investigates AR-HUD warning signal flashing modes to reduce
driver reaction time and mitigate cognitive tunneling. We compared drivers’
reaction times and situation awareness capabilities across different flashing
modes and secondary task immersion levels. Independent variables included
warning signal flashing mode and secondary task immersion degree, while
dependent variables were reaction time, scores on subjective situation
awareness questionnaires, and the accuracy rates of objective situation
awareness questionnaires.
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Participants

We recruited 12 university students (10 males, 2 females) in Beijing with
valid driver’s licenses, averaging 24 years of age and 4 years of driving
experience. All had normal visual acuity and no prior AR-HUD experience.
Students were selected for their strong perceptual and cognitive abilities,
ensuring accurate reflection of situation awareness changes under varying
experimental conditions.

Experimental Platform

This experiment utilized Unity 3D software to model the driving environment
and warning icons. A total of 12 driving scenarios containing different road
information were generated. The experiment aimed to enhance the realism of
the autonomous driving simulation. The hardware included an AOC monitor
and a Lenovo Legion desktop computer. The monitor size was 17 inches with
a resolution of 2560x1440 pixels. The experiment took place in a closed,
quiet, and well-lit room without external distractions. The experimental
environment is shown in Figure 2.

Figure 2: Experimental environment.

Experimental Variables

The experiment adopted a 4x3 two-factor mixed experimental design. The
independent variables were the flashing mode of the warning signal and the
level of secondary task immersion. Both were within-subject variables.

The display cycle of the warning signal was set to 2 s in the experiment. Its
flashing mode was defined as the ratio of the flashing time to the total display
cycle of the AR-HUD information. This variable was divided into four levels:
No flashing mode (the warning signal neither flashes nor remains constant),
Flashing Mode 1 (25% duty cycle), Flashing Mode 2 (50% duty cycle), and
Flashing Mode 3 (75% duty cycle). The level of secondary task immersion
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refers to the investment of visual and cognitive resources by the driver during
non-primary driving tasks. A higher level of immersion means the driver is
more focused. In this experiment, different immersion levels were set primarily
through auditory secondary tasks. This variable was divided into three levels:
low immersion (no questions + pure music), medium immersion (non-intent-
inducing questions + asking questions), and high immersion (intent-inducing
questions + asking questions).

Dependent variables included simulator-recorded reaction time (milliseconds
from hazard appearance to braking) and situation awareness questionnaire
scores. Situation awareness was quantitatively assessed using adapted Situation
Awareness Global Assessment Technique (SAGAT) subjective and objective
questionnaires completed after each scenario.

Experimental Procedure

Following informed consent and instructions, participants completed a pre-
experiment to familiarize themselves with the simulator controls. The formal
experiment consisted of 12 unique 90-second driving scenario videos, each
featuring different hazards, flashing modes, and immersion levels to prevent
learning effects. Participants performed corresponding non-driving tasks
during the videos. After each video, participants completed the situation
awareness questionnaires, followed by a 2-minute rest to alleviate fatigue.
The experiment concluded once all 12 independent trials were finished.

RESULTS
Descriptive Statistics

Table 1 presents the statistics for drivers’ reaction times, subjective perception
questionnaire scores, and objective perception questionnaire accuracy under
different warning signal flashing modes and secondary task immersion levels.

Regarding reaction time, durations extended as secondary task immersion
increased. The No flashing mode exhibited the longest reaction time overall
(M = 1633.38, SD = 1282.46), peaking under high immersion conditions
(M = 2777.80, SD = 1696.34). Conversely, flashing modes effectively
reduced reaction times. Flashing Mode 2 (50% duty cycle) yielded the best
intervention effect , recording the shortest overall reaction time (M = 1041.58,
SD = 380.87) and shortening the time to 1389.34 ms under high immersion.
Flashing Modes 1 and 3 also outperformed the No flashing mode.

Regarding subjective perception questionnaire scores, the drivers’
subjective perception scores under the No flashing mode showed a trend
of first increasing and then decreasing with increased immersion. The score
under high immersion was the lowest (M = 36.42, SD = 3.825). This indicates
that the drivers’ situation awareness was poor when there was no flashing
mode and the cognitive load was high. In contrast, Flashing Mode 2 achieved
the highest subjective score under high immersion, reaching 50.17 (SD =
5.024). This was higher than its scores under low immersion (M = 46.33,
SD = 4.119) and medium immersion (M = 42.17, SD = 3.298). Furthermore,
Flashing Mode 3 showed the highest overall stability, with the smallest score
fluctuations across the three immersion levels.
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Regarding objective perception questionnaire accuracy, the influence
of secondary task immersion levels on accuracy showed a certain pattern.
Accuracy under medium immersion was generally higher than under low and
high immersion, demonstrating the best recognition performance. Among
the comparisons of different flashing modes, Flashing Mode 2 maintained a
high accuracy (M = 71.39, SD = 11.251) and reached the highest accuracy
of 74.17% (SD = 9.003) under medium immersion. Additionally, the overall
accuracy of the No flashing mode showed large fluctuations across different
secondary task immersion levels. In contrast, Flashing Mode 3 (75% duty
cycle) had the worst accuracy. Its overall mean was only 59.17% (SD =
14.015). Notably, under low immersion, the accuracy dropped to 50.83%.
This indicates that excessively frequent flashing might produce some visual

interference.

Table 1: Descriptive statistics results of various indicators under different AR-HUD
warning signal flashing modes and secondary task immersion levels.

Warning Signal Secondary Task  M=*SD
Flashing Mode Immersion Level Reaction Time Subjective Objective
(ms) Situation Situation
Awareness Awareness
Questionnaire  Questionnaire
Score Accuracy Rate
(%)
No flashing Low immersion  898.74+202.01  43.75+4.137  67.50+14.222
mode Medium 1223.60+337.72  51.17+3.433  72.50+13.568
immersion
High immersion 2777.80+1696.34 36.42+3.825  68.33+17.495
Overall 1633.38+1282.46 43.78+7.140  69.44+14.918
Flashing Mode 1  Low immersion  830.89+270.57  44.67+3.229  63.33+15.570
Medium 985.43+258.62  37.50+£2.611  60.83+13.790
immersion
High immersion 1985.91+1244.77 49.00+6.941  62.50+19.598
Overall 1267.41+£894.76 43.72+6.610  62.22+16.055
Flashing Mode 2 Low immersion 783.53+184.80  46.33+4.119  68.33+14.035
Medium 951.86+257.77  42.17+3.298  74.17+9.003
immersion
High immersion 1389.34+384.20 50.17+5.024  71.67+10.299
Overall 1041.58+380.87 46.22+5.260  71.39+11.251
Flashing Mode 3 Low immersion 793.36+189.60  48.58+3.704  50.83+13.790
Medium 1102.73+293.23 49.2542.701  70.00+9.535
immersion
High immersion 1505.36+424.87 47.58+5.600  56.67+11.547
Overall 1133.82+427.15 48.47+4.116  59.17+14.015
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ANOVA of Warning Information Flashing Modes

The reaction time, subjective perception questionnaire scores, and objective
perception questionnaire accuracy all met the assumptions of homogeneity
of variance (P > 0.05) and normal distribution (P > 0.05). Therefore, we
analyzed whether significant differences existed in the dependent variables
across different levels of the independent variables. The analysis results are
shown in Table 2.

Regarding reaction time, the ANOVA results showed that the warning
information flashing mode had a significant main effect on driver reaction
time (F = 5.218, P = 0.005, n2 = 0.322). There were obvious differences in
overall reaction times under different flashing modes. Among them, the
overall average reaction time of Flashing Mode 2 was the shortest, which was
significantly superior to the other three flashing modes. Meanwhile, the main
effect of the secondary task immersion level also reached a significant level
(F = 38.682, P<0.001, n2 = 0.886). This indicates that reaction time tended
to extend as the immersion increased. Specifically, under high immersion
conditions, the reaction time of the No flashing mode increased to 2777.80
ms (SD = 1696.34). Even under the optimal Flashing Mode 2, the reaction
time under high immersion (M = 1389.34 ms) was significantly higher
than that under low immersion (M = 783.53 ms). However, the interaction
effect between the flashing mode and the secondary task immersion level
did not reach a significant level (F = 2.699, P = 0.126). This suggests that
the influence trends of various flashing modes on reaction time remained
basically consistent across different immersion levels.

Regarding subjective perception questionnaire scores, the main effect of
the warning information flashing mode was significant (F = 20.436, P<0.001,
n2 = 0.872). The main effect of the secondary task immersion level was also
significant (F = 12.702, P<0.001, n2 = 0.536). More critically, there was a
significant interaction effect between the two on subjective scores (F =
39.856, P<0.001, n2 = 0.784). This indicates that the trends of subjective
scores for different flashing modes varied with changes in the secondary task
immersion level. Specific data showed that the score under the No flashing
mode decreased as immersion increased. It dropped from 43.75 (SD = 4.137)
under low immersion to 36.42 (SD = 3.825) under high immersion, which
was the lowest value under all conditions. In contrast, the score of Flashing
Mode 2 reached a peak of 50.17 (SD = 5.024) under high immersion. This was
significantly higher than its performance under low immersion (M = 46.33)
and medium immersion (M = 42.17). Flashing Mode 3 showed high stability.
Its scores fluctuated very little across low, medium, and high immersion
levels. The data characteristics of this interaction indicate that high-intensity
secondary task loads widen the differences in subjective perception caused
by different flashing modes.

Regarding objective perception questionnaire accuracy, the main effect of
the warning information flashing mode was significant (F = 6.039, P = 0.002,
n2 = 0.354). In terms of specific values, the overall accuracy of Flashing Mode
2 was the highest, reaching 71.39% (SD = 11.251). Meanwhile, the overall
accuracy of Flashing Mode 3 was the lowest, at only 59.17% (SD = 14.015).
Additionally, the secondary task immersion level also showed a significant
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main effect (F = 4.503, P = 0.023, n2 = 0.290). It can be observed that the
accuracy under medium immersion was generally higher. For example, in
the No flashing mode, the accuracy under medium immersion was 72.50%.
This was higher than that under low immersion (M = 67.50%) and high
immersion (M = 68.33%). Similarly, Flashing Mode 2 also achieved the
highest accuracy for that group under medium immersion (M = 74.17%, SD
= 9.003). However, the interaction effect between the flashing mode and the
secondary task immersion level on objective accuracy was not significant (F
=1.761, P = 0.121). This indicates that the accuracy advantage of Flashing
Mode 2 over Flashing Mode 3 objectively exists regardless of the immersion
level.

Table 2: ANOVA results for reaction time, subjective situation awareness
questionnaire scores, and objective situation awareness questionnaire.

Source Dependent Variable df F P n?
Flashing mode  Reaction time 3 5.218 0.005**  0.322
Subjective situation awareness 3 20.436  *** 0.872

questionnaire score

Objective situation awareness 3 6.039 0.002**  0.354
questionnaire accuracy rate

Secondary task  Reaction time 2 38.682  #*¥ 0.886

immersion level Subjective situation awareness 2 12,702  ##* 0.536

questionnaire score

Objective situation awareness 2 4.503 0.023* 0.290
questionnaire accuracy rate

Flashing mode * Reaction time 6 2.699 0.126 0.730

Secondgry task Subjective situation awareness 6 39.856  #** 0.784
immersion level questionnaire score
Objective situation awareness 6 1.761 0.121 0.138

questionnaire accuracy rate

Note: * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.001.

DISCUSSION

By analyzing the influence of different AR-HUD warning information flashing
modes and secondary task immersion levels on driver cognitive tunneling, we
found that Flashing Mode 2 demonstrated the most significant advantage in
breaking the cognitive tunneling effect. This indicates that the design with
an AR-HUD warning signal of 50% duty cycle can effectively alleviate the
problem of slow driver reaction speed when facing hazards.

Specifically, regarding reaction time, as the secondary task immersion
level increased, the driver’s reaction time extended significantly. This
indicates that the increase in cognitive load strengthened the cognitive
tunneling effect. When there was No flashing mode, the reaction time under
high immersion conditions reached a peak of 2777.80 ms. At this time,
traditional static warning icons often fail to provide enough visual impact
to attract the driver’s attention when they are highly focused on non-driving
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tasks (Ma et al., 2021). This also confirmed that drivers are more likely to
fall into cognitive tunneling under high cognitive load conditions and differ
in reacting quickly. This is consistent with the conclusion of the study by
Fadden et al. (Fadden et al., 2001). However, Flashing Mode 2 (50% duty
cycle) significantly reduced reaction time. Under high immersion conditions,
the driver’s reaction time decreased to 1389.34 ms, which was reduced
by nearly half. In addition, the analysis results of the main effect of the
secondary task immersion level showed high explanatory power in both
the F-value and effect size. This proves that cognitive load is an important
factor restricting driving safety in complex driving environments (Feierle
et al., 2021). Furthermore, the decrease in the F-value for the interaction
between the flashing mode and the immersion level further indicates the
necessity of introducing external visual interventions on the AR-HUD.
Additionally, the 50% duty cycle of the warning information in this study
may constitute the optimal change frequency. It most effectively improved
the driver’s reaction speed.

Regarding the driver’s situation awareness capabilities, the results
of the subjective perception questionnaire scores showed a significant
interaction effect between the warning information flashing mode and the
secondary task immersion level. Specifically, in the No flashing mode, as the
secondary task immersion level increased, the driver’s confidence in their
ability to perceive the environment decreased (it was only 36.42 under
high immersion). This reflects that the driver may have experienced anxiety
and a sense of loss of control (Hwang et al., 2016). However, in Flashing
Mode 2, even under high immersion, the driver’s subjective score remained
as high as 50.17. This was not only far higher than that in the No flashing
mode under high immersion, but even higher than that in the same mode
under low immersion. This result indicates that during extremely tense
and complex driving moments, a clear and highly conspicuous warning
signal not only brought visual stimulation but might have also provided
a comforting effect to the driver on a psychological level. It effectively
compensated for the decline in the driver’s ability to perceive driving
environment information caused by highly focused attention. This finding
confirms the research conclusion of Yunuo et al. (Yunuo et al., 2023).
Therefore, the driver’s preference for Flashing Mode 2 indicates that when
facing a single hazard, users may tend to sacrifice some visual comfort (for
example, slight discomfort caused by high-frequency flashing) to exchange
for certainty in confirming the danger.

It is worth noting that another finding of this study is based on the
conclusion of existing research that flashing icons provide stronger
stimulation than static icons (Hou et al., 20235). It further confirmed that
different warning information flashing frequencies have different effects on
alleviating cognitive tunneling. It also excluded the hypothesis that a faster
warning information flashing frequency is necessarily better. For example,
although Flashing Mode 3 (75% duty cycle) was designed to simulate
the highest urgency level, its overall performance was inferior to Flashing
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Mode 2. Its objective perception questionnaire accuracy even dropped to
the lowest level (59.17%). Especially under low immersion, the accuracy
was only 50.83%. This analysis result suggests that although the 75% high-
frequency flashing increased the stimulus intensity on a physical level, an
excessively high flashing time ratio meant that the icon switched between
on and off states too frequently. This might have interfered with the driver’s
semantic analysis and judgment of the icon content. Meanwhile, although
Flashing Mode 2 had the best overall effect, regarding the accuracy of the
driver identifying hazards, this advantage was not obvious in all situations.
Under medium immersion, the accuracy of Flashing Mode 2 was particularly
high (74.17%), which was significantly better than other modes. However,
under low immersion and high immersion secondary tasks, the difference
between it and other modes was not obvious, and they were all relatively
stable. The above two points indicate that when designing AR-HUD warning
information signs, we cannot only look at the driver’s reaction speed. We
must also consider whether the driver can accurately perceive and judge
hazards under different cognitive load conditions to ensure driving safety
is maximized.

CONCLUSION

This study provides a new theoretical basis and insights for the design of
AR-HUD systems. A single warning information display mode can no longer
adapt to all driving scenarios. Therefore, future AR-HUD systems should
possess the capability to monitor the driver’s cognitive state. For example, the
system can monitor the driver’s cognitive load in real-time through driving
operation behaviors. When the system detects that the driver is in a low load
state (such as smooth cruising or listening to music), the AR-HUD can adopt
a milder warning information flashing mode (such as a 25% duty cycle) or a
static highlighting mode. This helps to avoid unnecessary visual interference.
However, once the system detects that the driver falls into a high cognitive load
(such as processing complex navigation, answering phones, or facing complex
road conditions) or shows signs of distraction, the system can immediately
and automatically switch to a stronger intervention mode (Flashing Mode
2 verified in this study). This can re-arouse the driver’s attention allocation.
Given the low accuracy shown by Flashing Mode 3, designers should use
high-frequency and long-cycle flashing strategies with caution. This prevents
visual identification obstacles regarding hazards caused by excessive warnings.
Future research can further explore the design optimization of flashing modes
under multiple-hazard scenarios. This aims to more comprehensively solve the
problem of the driver cognitive tunneling effect.
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