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A B S T R A C T

Driver visual attention is crucial for the safe transition of control from higher levels of automation 
to manual driving. Without efficient visual sampling of their surroundings during the transition 
process, drivers have an increased risk of collisions, due to reduced situation awareness, imposed 
by automated driving. The use of directional auditory warnings has been proposed as an effective 
way for guiding drivers’ attention to the right place at the right time, during transitions of control 
that require a lane change for obstacle avoidance. Here, directional auditory warnings either 
direct drivers’ attention towards a free lane (i.e., towards-free-lane warnings) or towards a hazard 
(i.e., towards-hazard warnings). Whilst studies have demonstrated that the towards-hazard 
warnings facilitate faster hazard detection, relative to non-directional warnings, little is known 
about the effects of towards-free-lane auditory warnings on gaze behaviours. Studies have also 
shown that temporal separation of auditory warnings and visual information can improve the 
effectiveness of warnings, by attenuating the visual dominance effect. However, the impact of this 
temporal separation on drivers’ gaze behaviour during transitions from automation remains 
unknown. Using a driving simulator study with forty-eight participants, we investigated how 
directional auditory warnings and asynchronous presentation of auditory warnings and visual 
information affect drivers’ gaze behaviour during transitions from a hands-on SAE L2 driving 
system. Results showed that, compared to non-directional warnings, directional auditory warn
ings reduced the probability of fixation to wing mirrors. Towards-hazard and towards-free-lane 
warnings effectively guided drivers’ visual attention to the hazard location and the free lane, 
respectively, and also led to faster fixations on these areas. However, under towards-hazard 
warnings, drivers still adhered to their habit of checking the free lane wing mirror during lane 
changes with these warnings. Finally, longer stimulus onset asynchronies (SOA) were associated 
with faster fixations to the wing mirrors and quicker hazard detection, suggesting that longer 
SOAs attenuated visual dominance effect, leading to an increase in the effectiveness of directional 
auditory warnings in guiding drivers’ visual attention. Findings from this study provide valuable 
insights for the design of in-vehicle warning systems in automated vehicles.
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1. Introduction

As the level of automation in road vehicles increases, operational control of the vehicle is the first element of driving that is 
removed (Mole et al., 2019). Although drivers are removed from the operational control loop during SAE Level 2 driving (see SAE, 
2021), they are technically still driving and thus must actively monitor the road environment, and driving assistance systems, being 
ready to resume control, if required. However, both on-road and simulator studies show that when drivers are not in active physical 
control of the vehicle, the pattern of their eye movements changes; gaze becomes more dispersed (Louw & Merat, 2017), visual 
attention towards the road centre is reduced (Carsten et al., 2012; Louw et al., 2015; Pipkorn et al., 2024), and fewer glances are made 
to safety critical areas (Gonçalves et al., 2019). Drivers also tend to direct their gaze further ahead in the road scene (Mackenzie & 
Harris, 2015). Horizontal gaze dispersion is also seen to be higher during automation, when compared to manual driving (Damböck 
et al., 2013; Louw & Merat, 2017). Such erratic gaze patterns and inattention to the road ahead may take drivers out-of-the-loop 
(OOTL) (Merat et al., 2019); a condition generally associated with reduced Situation Awareness (SA) (Endsley, 1995, 2017) and 
poorer performance during transitions of control (Louw et al., 2017). For example, Louw et al. (2017) found that, when resuming 
control from a hands-off L2 driving system, drivers with erratic eye scanning patterns were more likely to crash into a lead vehicle, 
while those with a smoother pattern, focusing on the forward roadway, were more likely to avoid a crash (see also Goodridge et al., 
2025). On-road studies with hands-on or -off L2 systems also show that drivers look away from the foreword roadway and towards the 
dash area (typically the location of information about automation status) during transition of control, which significantly impedes 
their ability to react in time or safely to an impending collision (Gaspar & Carney, 2019; Pipkorn et al., 2024). Therefore, appropriate 
visual attention, to the right place at the right time, is crucial for facilitating fast and safe transitions to manual driving.

To facilitate safe driving, many modern vehicles are equipped with a range of advanced driver assistance systems that help drivers 
by warning them about impeding collisions with hazards. Examples include blind spot detection (Bengler et al., 2014), lane departure 
(Narote et al., 2018), and forward collision warnings (Cicchino, 2017; Jamson et al., 2008). As the number of automated functionalities 
in vehicles increases, so may the number and type of warnings associated with these assistance systems. For hands-on SAE L2 systems, 
this may include driver alerts when hands are removed from the steering wheel for an unacceptable period of time (E.g. 15 s - see 
UNECE, 2017), or if a request to intervene (RTI) is provided when the vehicle reaches a limitation or the end of its Operational Design 
Domain (ODD) (SAE, 2021). However, as outlined above, such requests for resumption of manual control can lead to erratic eye 
movement behaviours, which can be associated with an expectation mismatch (Victor et al., 2018) and confusion by drivers, which 
may in turn increase the probability of collisions (Louw et al., 2017). Therefore, simply making drivers aware of hazards (without 
information about its location, or how to respond) is not sufficient, and may even be detrimental to safety. Rather, a warning system 
that guides drivers’ visual attention towards the right place at the right time in an attempt to facilitate safer transitions of control may 
be more effective.

1.1. Directional auditory warnings and visual attention in driving

The use of directional auditory warnings in vehicles is one method for guiding drivers’ attention to the right place at the right time, 
especially during transitions of vehicle control from automation. Since driving is a primarily visual task, the use of auditory warnings 
reduces the overload imposed on drivers’ visual system (Ho & Spence, 2005; Liu, 2001; Meng & Spence, 2015; Noyes et al., 2006; 
Spence & Driver, 1997b). Processing of auditory information is also much faster than visual processing (Cooper, 1999; Ho & Spence, 
2005; Spence et al., 2012). Auditory warnings are also more effective than e.g. tactile warnings, since they are not dampened by the 
thickness of clothing or vibrations from the vehicle itself (Meng & Spence, 2015). Overall, due to their demonstrated advantages, 
auditory warnings are increasingly recommended and applied as directional warnings in driving (Borojeni et al., 2016, 2018; Chen 
et al., 2022; de Winter et al., 2022; Forster et al., 2017; Gruden et al., 2022; Ho & Spence, 2005; Kim et al., 2024; Lundqvist & Eriksson, 
2019; J. Ma et al., 2023; Straughn et al., 2009; Wang et al., 2003, Wang et al., 2007; Wright et al., 2017, 2018).

When it comes to assistance with safe lane changes, directional auditory warnings are generally divided into two broad categories: 
warnings that provide information about the location of a free lane (i.e., “towards-free-lane warnings”) and warnings that provide 
information about the location of a potential hazard that should be avoided (i.e., “towards-hazard warnings”). Towards-free-lane 
warnings have also been called “ipsilateral” warnings (Arabian et al., 2024, 2025; de Winter et al., 2022; Straughn et al., 2009; 
Wang et al., 2003; Wang et al., 2007); with the towards-hazard warnings also term “contralateral” warnings (Arabian et al., 2024, 
2025; de Winter et al., 2022; Straughn et al., 2009; Wang et al., 2003; Wang et al., 2007). Previous research has examined the impact of 
directional auditory warnings on manual driving (Ho & Spence, 2005; Serrano et al., 2011), and shown that directional auditory 
warnings can successfully capture drivers’ attention to the right location (Ho & Spence, 2005) and lead to faster detection of road 
hazards (Serrano et al., 2011). In the context of automated driving, the use of directional auditory warnings is also becoming more 
widespread. A few studies have investigated the effects of directional auditory Takeover Requests (TORs) on drivers’ gaze behaviour 
while transitioning from SAE L3 to manual driving (Ma et al., 2023; Wright et al., 2017). These studies have shown that towards- 
hazard directional auditory TORs result in a higher percentage of hazard detection (Wright et al., 2017), faster hazard detection 
(Ma et al., 2023), and higher fixation rates on hazards (Ma et al., 2023), when compared to non-directional auditory TORs. Therefore, 
towards-hazard TORs are better at guiding drivers’ visual attention towards hazards, relative to non-directional warnings. The 
implication of these results is that faster and higher visual attention towards hazards can accelerate the development of drivers’ SA, 
improving takeover performance.

However, these studies have only compared towards-hazard directional warnings with non-directional warnings. Relatively less 
work has been done on investigating the utility of directional auditory warnings that indicate the location of a free lane for drivers to 
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move in to, for collision avoidance. For example, de Winter et al. (2022) conducted a study to compare the impact of towards-free-lane, 
towards-hazard, and non-directional auditory warnings on drivers’ gaze behaviour. Participants were presented with an animated 
video depicting a three-lane highway, presented on a single PC screen, without a steering wheel or pedals. In response to different 
auditory warnings, participants were asked to indicate the direction in which they would theoretically steer, to avoid a collision with a 
stationary vehicle blocking the middle lane, while another vehicle was overtaking the ego vehicle on the left or right side. This 
response was recorded by pressing the left or right arrow on a keyboard. No significant differences were observed between the warning 
types in terms of gaze behaviour. First fixations typically landed on the most salient object (i.e., the stationary vehicles). Subsequent 
fixations were also goal-oriented, based on the lane change scenario, where fixations landed in the rear-view mirrors to evaluate the 
traffic situation behind the vehicle. The eye-tracking data indicated that visual attention was primarily influenced by the driving 
context (i.e., drivers relied on visual scanning of the driving environment to respond to the lane change scenario), rather than using the 
auditory cues. In other words, visual information was dominant and more prominent than the type of auditory warnings provided. 
Therefore, the hypothesis that drivers would follow auditory instructions to attend to the driving environment was not supported by 
this study. However, this study had a number of limitations. Firstly, a simple, computer-based task, using observation of videos is not 
comparable to real-world driving. Secondly, participants’ response was based on a button press, and not an actual steering manoeuvre 
within a driving context.

1.2. Integrating visual and auditory information: The Colavita visual dominance effect

Attention is crossmodally coordinated, with information from one modality influencing and directing attention to another modality 
(Driver & Spence, 1998a; Hillyard et al., 2016; McDonald et al., 2012). For example, several lines of research have shown that salient 
peripheral sounds can attract attention and subsequently orient visual attention to that location (Hillyard et al., 2016; McDonald et al., 
2012; Spence & Driver, 2004). Evidence that directional warnings are effective in guiding visual attention primarily comes from 
studies that present directional sounds before the appearance of a visual stimulus (Störmer, 2019). However, when auditory and visual 
cues are presented simultaneously, visual information tends to take precedence, a phenomenon known as the Colavita visual dominance 
effect (Colavita, 1974; Spence et al., 2012). This visual dominance effect is thought to occur due to the temporal binding of auditory 
and visual information, also known as the unity effect (Spence, 2007; Vatakis & Spence, 2007; Welch, 1999). When stimuli in different 
sensory modalities (i.e., auditory and visual stimuli) are presented at about the same time, there is a high likelihood that participants 
bind and thus perceive them as a single audiovisual event. Hence, when presented concurrently, auditory signals may fail to reach 
awareness because the visual information takes priority, creating a unitary audiovisual event (Baylis et al., 2002). Therefore, the 
degree of multisensory integration is determined by the temporal separation of auditory and visual stimuli; and the Colavita effect may 
be attenuated when observers are able to distinguish between the two stimuli. This hypothesis was supported by Koppen & Spence 
(2007a) who found that reaction times to auditory stimuli varied according to the temporal separation between auditory and visual 
stimuli. We investigated the Colavita effect for a lane change after transitions of control from SAE L2, and found that drivers’ time to 
first steer decreased significantly as the temporal separation between the auditory warning and the visual stimulus increased (Stimulus 
onset asynchrony = 0, 200, 400 or 600 ms), without compromising takeover quality (Arabian et al., 2025).

1.3. Current study

Previous research has demonstrated that directional auditory signals can guide the direction of visual attention (Frassinetti et al., 
2002; McDonald et al., 2000) and enhance visual processing at the cued location (Störmer et al., 2009). In the context of automated 
driving, studies have examined the effects of towards-hazard directional warnings on gaze behaviour, indicating that they can suc
cessfully direct drivers’ visual attention to the right location, leading to higher and faster hazard detection. However, apart from the 
study by de Winter et al. (2022), very few studies have investigated the effect of directional auditory warnings on response, and 
particularly how this affects behaviour when attention is directed towards a hazard located in the drivers’ adjacent lane, versus 
directing drivers to a free lane. As outlined above, the study conducted by de Winter et al. (2022) was computer-based, with response 
provided by a simple key press, rather than an actual driving and steering-based task, potentially limiting the generalisability of the 
findings. Hence, one overarching aim of the current study was to investigate the impact of different warning directionalities on drivers’ 
gaze behaviour following resumption of control from SAE L2, using a static driving simulator. An additional aim was to investigate the 
impact of different SOAs between the auditory warnings and visual information in the driving scene on drivers’ eye movement pat
terns, while resuming control from SAE L2 driving. The aim of the present study was to answer the following research questions: 

1- Can directional auditory warnings guide drivers’ visual attention to the right place (i.e., the free lane or the hazard’s location) at the 
right time (i.e., faster fixations) following transitions of vehicle control during a lane change scenario?

2- Does the presence of SOAs improve response to the auditory warnings by guiding drivers’ visual attention during these transitions 
of control?

2. Methods

2.1. Participants

Following approval from the University of Leeds Ethics Committee (Reference code: 2024–1012-1510), we recruited 48 
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participants (23 females, 25 males, aged 24–69 years, mean = 41.94 ± 13.04 years) via the University of Leeds Driving Simulator 
(UoLDS) database, supplemented by a range of social media advertisements. Two participants did not report their approximate annual 
mileage and the length of their driving experience. The remaining 46 participants were regular drivers (Mean annual mileage =
7673.91 ± 3306.92 miles, range = 5000 to 25,000 miles) and had a valid UK driving licence (Mean = 20.22 ± 14.48 years, range = 2 
to 50 years). Participants were compensated £15 for taking part in the study.

2.2. Apparatus

The experiment used the University of Leeds fixed-base driving simulator, consisting of an ultra-widescreen curved 49-in. 32:9 
(3840 × 1080 pixels) LED monitor, with a FANATEC force feedback steering wheel and pedal system. The accelerator and brake pedals 
were placed on a stable Next Level Racing® Wheel Stand Direct Drive (Fig. 1). Participants wore a set of Beyerdynamic DT-990 Pro 250 
Ohm headphones throughout the study, which were used to present the auditory warnings. Eye-tracking data was recorded on a 
SmartEye Pro 3-camera fixed-based eye tracking system at 60 Hz and analysed using SmartEye Pro software version 10.2.

2.3. Driving scenario

A 348-m section of a 3-lane UK motorway was used for this study. Each drive began with an SAE Level 2 hands-on driving section, 
which was activated when the driver pressed a button on the steering wheel. This allowed the ego vehicle to travel at a constant speed 
of 60mph in the centre of the middle lane. After 4 s of automated driving, all screens (the main driving scene and all mirrors) were 
occluded by a grey mask for 4 s + the SOA. This occlusion was implemented to control the presentation of the auditory warnings and 
visual elements in the driving scene. Before the occlusion ended, an auditory warning was delivered through a set of headphones, and 
after a short time gap (i.e., an SOA) the driving scene re-appeared. The onset of the auditory warning coincided with the onset of the 
SOA, although participants were not explicitly informed about the presence of an SOA. For example, in a trial with an SOA of 0 ms, the 
driving scene appeared simultaneously with the onset of the auditory warning; in a trial with an SOA of 600 ms, the driving scene 
appeared 600 ms after the onset of the auditory warning. As the occlusion ended, the L2 assistance system was also turned off, and a 
stationary vehicle appeared in the middle lane, blocking the ego vehicle’s path. Simultaneously, a truck, travelling at 70 mph, 
appeared in either the left or right adjacent lane, precluding drivers from moving into that lane. Participants were required to quickly 
steer into the available lane (i.e., free lane) to avoid colliding with the stationary lead vehicle and the truck, within a 3-s time-to- 
collision (TTC) window. The trials ended after the driver made a manoeuvre or collided with the stationary lead vehicle. Partici
pants were then prompted to press the same button on the steering wheel to initiate the next trial. A schematic overview of the driving 
scenarios and timing windows is provided in Fig. 2.

2.4. Design and procedure

This study used a 3 (warning direction: towards-free-lane, towards-hazard, and non-directional) x 4 (SOAs: 0, 200, 400, and 600 
ms) x 2 (audio type: speech and beep) within-participants experimental design. Each participant took part in four main drives, pre
sented in a counterbalanced order: one with speech towards-hazard warnings, one with beep towards-hazard warnings, one with 
speech towards-free-lane warnings, and one with beep towards-free-lane warnings. Non-directional speech and beep warnings were 
included as control conditions within their respective drives. The directional speech warnings included a human voice delivering the 
words “Left” and “Right,” presented via headphones to participants’ left or right ear, respectively. The word “Look” was presented in 

Fig. 1. Fixed-base driving simulator set up.
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both ears for the non-directional cues. Similarly, the beep warnings included a beep sound: played in the left or right headphone for 
directional warnings, or in both headphones simultaneously for a non-directional warning. Audibility of the words and beeps was 
confirmed with each participant at the beginning of the practice drives. However, because the results for beep and speech warnings 
were similar and showed no significant differences, we focus only on the speech warnings in this study to highlight the effects of 
directionality and audiovisual asynchrony. Each main drive consisted of 24 randomised trials incorporating hazard location (left vs. 
right), directional/non-directional warnings, and SOAs see Table 1.

Upon arrival, participants were asked to read the information sheet, sign an informed written consent form, and complete a pre- 
experiment questionnaire to report their demographic information (gender, age, and driving experience). The experimenter also gave a 
verbal explanation of the experimental procedure, the objectives of the study, and an explanation of the choice of auditory warnings 
used for each drive. To help drivers become familiar with the equipment, driving scenario, auditory warnings, and the driving 
simulator dynamics, they were asked to take part in a practice drive before each main drive. The practice drives resembled the main 
drives and included 12 trials; however, they did not include an audiovisual asynchrony (i.e. SOA = 0). After each practice drive, 
participants took part in the corresponding main drive, which lasted about 7 min. There was a break of 5 min after each main drive. The 
entire experiment took approximately 60 mins, and participants were compensated £15.

2.5. Measurements

The time window between points 4 and 5 (i.e., TTC = 3 s) in Fig. 2 was utilised for analysing the eye-tracking data. We defined nine 
areas of interest (AOIs) in the 3-D world model to examine how drivers allocate their visual attention during a lane-change transition 
scenario in response to different warning directionalities. These AOIs included the forward roadway (FR), dashboard (D), right lane 

Fig. 2. Schematic representation of the Time Windows taken from Arabian et al. (2025). (A) represents the “before occlusion” and “occlusion” 
phase of the scenario, as follows: (1) The ego vehicle begins travelling at 60 mph in the central lane; (2) The occlusion starts, masking all visual 
information from all screens. The occlusion lasts for 4 s + the SOA; (3) The onset of the auditory warning. (B) represents the “after occlusion” phase 
(manual driving), as follows: (4) Following the auditory warning and the time elapsed during the SOA, the occlusion ends; (5) The moment of the 
crash with the stationary vehicle if the driver did not intervene; (6) If the driver overtook the stationary vehicle, they would continue travelling for a 
further 2 s before the end of the trial.

Table 1 
The experimental design.

Experimental 
drives

Towards-free-lane drive 
(24 trials)

Towards-hazard drive 
(24 trials)

Audio 
message

“Left” from 
left 
headphones

“Right” from 
right 
headphones

“Look” from 
both 
headphones 
(Truck in right 
lane)

“Look” from 
both 
headphones 
(Truck in left 
lane)

“Left” from 
left 
headphones

“Right” from 
right 
headphones

“Look” from 
both 
headphones 
(Truck in right 
lane)

“Look” from 
both 
headphones 
(Truck in left 
lane)

Correct driver 
response

Steer left 
(8 trials)

Steer right 
(8 trials)

Steer left 
(4 trials)

Steer right 
(4 trials)

Steer right 
(8 trials)

Steer left 
(8 trials)

Steer left 
(4 trials)

Steer right 
(4 trials)

SOAs 2 2 1 1 2 2 1 1
200 (6 trials) 

0 (6 trials)
2 2 1 1 2 2 1 1

400 (6 trials) 2 2 1 1 2 2 1 1
600 (6 trials) 2 2 1 1 2 2 1 1
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(RL), left lane (LL), rear-view mirror (RVM), right-wing mirror (RWM), left-wing mirror (LWM), Sky, and Unknown (i.e., outside the 
defined AOIs), as shown in Fig. 3.

Four dependent variables were analysed to determine how directional auditory warnings and the presence of SOAs affect drivers’ 
gaze behaviour during transitions of control in a lane-change scenario. Gaze behaviour towards the wing mirrors is the most important 
predictor of drivers’ lane-change decisions in both manual (Doshi & Trivedi, 2009; Salvucci et al., 2001) and automated (Goncalves 
et al., 2020; Goncalves et al., 2022) driving scenarios. To assess whether directional auditory warnings guide drivers’ visual attention 
to the right place (i.e., the free lane or the hazard lane) in a lane-change scenario, we calculated the probability of fixations to the 
hazard lane wing mirror (HLWM) and the free lane wing mirror (FLWM). To calculate these metrics, we redefined some of the AOIs. In 
trials where the truck was located in the left lane, the left-wing mirror was defined as the (HLWM); the right-wing mirror was defined as 
the (FLWM). Conversely, when the truck was in the right lane, the right-wing mirror was defined as the HLWM; the left-wing mirror as 
the FLWM. We then created a binary variable indicating whether participants fixated to the HLWM and the FLWM or failed to do so, 
within each trial. Finally, we calculated the probability of fixation to the HLWM and FLWM during lane-change manoeuvres. The 
probability of fixation to the HLWM was defined as the percentage of trials in which drivers fixated on the HLWM. Similarly, the 
probability of fixation to the FLWM was defined as the percentage of trials in which drivers fixated on the FLWM. To identify fixations, 
we used the velocity-threshold fixation identification method, which detects fixations based on the gaze velocity (Salvucci & Goldberg, 
2000). According to this method, when gaze velocity falls below a predefined threshold (i.e., < 100 deg./s), a fixation is detected. In 
this study, we set the velocity threshold at 75 (deg/s), thus any gaze velocity below this value was defined as a fixation.

To examine whether using different directional warnings and the presence of SOAs resulted in faster fixations to the right place (the 
free lane or the hazard), we calculated the time to first fixation (TTFF) on the FLWM and the hazard. The TTFF on the FLWM was 
defined as the elapsed time between the end of the occlusion and the first fixation towards the FLWM. The TTFF on the hazard was 
defined as the elapsed time between the end of the occlusion and the first fixation towards the HLWM within the first second following 
the end of the occlusion period. During this period, the hazard (a truck) was visible in the HLWM before appearing on the main screen. 
These changes in visibility were driven by the truck’s motion as it overtook the ego vehicle at a speed of 70 mph. This one-second 
period was critical for early hazard detection, indicating whether directional warnings and the presence of SOA effectively result in 
faster hazard detection. Trials with a TTFF of 0 s, indicating that drivers were already fixating on the HLWM or the FLWM before the 
end of occlusion, were excluded from the TTFF analyses. Prior to exclusion these trials, we examined whether these early fixations 
were systematically related to warning directionality or the presence of SOAs; however, no significant effects were found. These in
stances were therefore considered to result from random variation.

Finally, to understand the impact of directional auditory warnings and the presence of SOA on drivers’ gaze distribution across the 
AOIs, we plotted the distribution of gaze for each AOI as a stacked histogram (inspired by the work of Goncalves et al. (2022) & Pipkorn 
et al. (2024)).

2.6. Data analysis

Each of the two drives consisted of 24 randomised trials incorporating hazard location (left vs. right), directional versus non- 
directional warnings, and SOAs. Of the 2304 trials completed (48 participants × 2 drives × 24 trials), eye-tracking data were avail
able for 2296 trials, with eight omitted due to technical issues. Given the repeated measures design and hierarchical data structure, 
where multiple observations were collected from each participant within each condition, we utilised a multilevel modelling approach. 
Due to the non-normal distribution of the eye-tracking data, Generalized Linear Mixed Models (GLMMs) were employed for the 
analysis.

The log-odds (probability of fixation to the HLWM, and the FLWM)) and the population mean (TTFF on the FLWM, and the hazard) 
were modelled via a linear combination of an intercept (β0), the auditory warning type (W,βW), the SOA (SOA,βSOA), and an interaction 
between these variables (WSOA,βW:SOA). The auditory warning type was parametrised as W ∈ {ND,TFL,TH} whereby non-directional 

Fig. 3. AOIs overlaid onto the simulator set up.
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warnings (ND) were the reference and were contrasted against towards-free-lane (TFL) and towards-hazard (TH) warnings. SOA was 
treated as a continuous variable and standardised in order to maintain model convergence.

A binomial distribution with a logit link function was used to model the probability of fixation to the HLWM, and the FLWM data. 
The model equation was as follows: 

Yij ∼ Bernoulli
(
Pij

)

ln
(

P
1 − P

)

=
(

β0 + β0j

)
+
(
βWTFL

WTFLi

)
+
(
βWTH

WTHi

)
+(βSOASOAi)+

(
βWTFL :SOAWTFLSOAi

)
+
(
βWTH :SOAWTHSOAi

)

β0j
= N

(
0,σβ0j

)

Where Y denotes the outcome metric, i specified the condition of each variable, j specified the participant.
TTFF on the FLWM, and the hazard (i.e., truck) was positively skewed and thus modelled using a Gamma distribution with a log link 

function. The model equation for the TTFF on the hazard metric was as follows: 

Yij ∼ Gamma
(

μij, σij

)

log
(

μij

)
= ηij 

ηij =
(

β0 + β0j

)
+
(
βWTFL

WTFLi

)
+
(
βWTH

WTHi

)
+(βSOASOAi)+

(
βWTFL :SOAWTFLSOAi

)
+
(
βWTH :SOAWTHSOAi

)

β0j
= N

(
0,σβ0j

)

Where Y denotes the outcome metric, i specified the condition of each variable, j specified the participant.
All models were fitted using the lme4 R package (Bates et al., 2015). To check multicollinearity of the fixed effects (i.e., the auditory 

warning type, the SOA, and the interaction between these variables), we calculated variance inflation factors (VIFs) using the R 
package Performance (Lüdecke et al., 2021). All fixed effects included in the GLMMs had a VIF < 5, indicating that there was no 
significant collinearity among them in the models (Akinwande et al., 2015). To assess which random effects should be included in the 
models, we started with a maximal model and compared against nested models. To maintain adequate model convergence, only 
random intercepts were kept for the final models. Data and analysis code are available in the following link (https://github.com/ali- 
arabian/warning_directionality_soa_gaze.git).

3. Results

3.1. Probability of fixation to the HLWM

Data from Table 2 shows a main effect of warning type on the probability of fixation to the HLWM. Post-hoc analyses revealed that 
non-directional warnings (M = 0.245, SE = 0.054) resulted in a significantly higher likelihood of fixations to the HLWM (p < 0.001), 
when compared to the towards-free-lane (M = 0.044, SE = 0.013) and the towards-hazard (M = 0.113, SE = 0.030) warnings. The 
pairwise comparison between the two directional warnings also showed that the towards-hazard warnings were associated with a 
significantly higher probability of fixation to the HLWM, than the towards-free-lane warnings (p = 0.002). However, the main effect of 
SOA and the interaction between SOA and warning types were not statistically significant (Fig. 4). Overall, drivers were more likely to 
fixate the HLWM following non-directional auditory cues. Additionally, among the two directional warnings, the towards-hazard 
warnings led to a significantly higher probability of fixation on the HLWM.

3.2. Probability of fixation to the FLWM

Data from Table 3 shows a main effect of warning type on the probability of fixation to the FLWM. Post-hoc analyses revealed that 

Table 2 
ANOVA table and model diagnostics for the probability of fixation to the HLWM GLMM.

Predictors χ2 DF p-value

Intercept 14.598 1 < 0.001
Warning type 141.108 2 < 0.001
SOA 0.001 1 0.977
Warning type * SOA 4.063 2 0.131
AIC 1794.1
BIC 1834.3
Log-likelihood − 890.0
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non-directional warnings (M = 0.227, SE = 0.072) were associated with a significantly higher likelihood of fixations to the FLWM 
compared to the towards-free-lane (M = 0.147, SE = 0.052, p = 0.018) and the towards-hazard (M = 0.085, SE = 0.032, p = 0.003) 
warnings. The pairwise comparison between the two directional warnings showed that the towards-free-lane warnings led to a 
significantly higher probability of fixations to the FLWM, compared to the towards-hazard warnings (p = 0.029). However, the main 
effect of SOA and the interaction between SOA and warning types were not statistically significant (Fig. 5). Once again, drivers were 
more likely to fixate the FLWM following non-directional auditory cues. In addition, towards-free-lane warnings resulted in a higher 
likelihood of fixation to the FLWM compared to towards-hazard warnings.

3.3. TTFF on the FLWM

Data from Table 4 shows a main effect of warning type. Post-hoc analyses revealed that the towards-free-lane warnings (M = 0.604, 

Fig. 4. The mean and 95 % CI of the probability of fixation to the HLWM, i.e., comparing SOAs within a warning direction.

Table 3 
ANOVA table and model diagnostics for the probability of fixation to the FLWM GLMM.

Predictors χ2 DF p-value

Intercept 8.969 1 0.003
Warning type 58.445 2 < 0.001
SOA 0.017 1 0.896
Warning type * SOA 1.770 2 0.413
AIC 1856.6
BIC 1896.8
Log-likelihood − 921.3

Fig. 5. The mean and 95 % CI of the probability of fixation to the FLWM, i.e., comparing SOAs within a warning direction.
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SE = 0.045) resulted in a significantly faster time to first fixation on the FLWM compared to the towards-hazard (M = 0.763, SE =
0.058, p < 0.001) and non-directional (M = 0.733, SE = 0.052, p < 0.001) warnings. The pairwise comparison between the towards- 
hazard and non-directional warnings was not significant (P = 0.636). The results showed a significant negative effect of SOA on the 
TTFF on the FLWM. Additionally, the GLMM showed a significant interaction effect between warning type and SOA (p = 0.022), which 
implies that the effect of SOA on reaction time was dependent on warning type. For every 1 unit increase in standardised SOA, towards- 
free-lane, non-directional, and towards-hazard warnings led to a 18.21 % (p < 0.001), 10.19 % (p < 0.001), and 10.10 % (p = 0.001) 
reduction in time to first fixation on the FLWM, respectively (Fig. 6). The slope for the towards-free-lane warnings was significantly 
steeper than that for the non-directional warnings (p = 0.032). Overall, drivers were faster to fixate the FLWM for the towards-free-lane 
auditory cues. Furthermore, as the SOA increased, the time to first fixation on the FLWM decreased, especially for the towards-free-lane 
warnings.

3.4. TTFF on the hazard

The GLMM showed a significant effect of warning type on drivers’ first fixation on the hazard (Table 5). Post-hoc analysis showed 
that the towards-hazard warnings (M = 0.530, SE = 0.035) resulted in a significantly faster first fixation on the hazard, compared to 
the towards-free-lane (M = 0.624, SE = 0.047, p = 0.02) and non-directional (M = 0.583, SE = 0.035, p = 0.05) warnings. The model 
further revealed a significant negative association between SOA and the time to first fixation on the hazard (p < 0.001). For every 1 
unit increase in standardised SOA, non-directional, towards-hazard, and towards-free-lane warnings led to a 13.76 % (p < 0.001), 
15.23 % (p < 0.001), and 17.46 % (p < 0.001) reduction in time to first fixation on the hazard, respectively (Fig. 7). However, the 
model showed no significant interaction effect between SOA and warning types. Overall, these results suggest two key behaviours. 
Firstly, that drivers were faster to fixate the hazard for the towards-hazard auditory cues; secondly, that as the SOA increased, the time 
to first fixation on the hazard decreased.

Table 4 
ANOVA table and model diagnostics for TTFF on the FLWM GLMM.

Predictors χ2 DF p-value

Intercept 19.260 1 < 0.001
Warning type 35.100 2 < 0.001
SOA 18.985 1 < 0.001
Warning type * SOA 7.603 2 0.022
AIC 333.9
BIC 370.0
Log-likelihood − 158.9

Fig. 6. Time to first fixation on the FLWM plotted against SOAs for the three warning directions. The black line represents the predicted mean from 
the model, and the grey ribbon represents 95 % confidence interval bounds for the model estimate. The sample means of TTFF on the FLWM for each 
level of SOA is plotted to aid the interpretation of the model fit (red solid circles). The model estimate and 95 % confidence interval bounds capture 
the mean response well. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Gaze distribution across AOIs

Fig. 8 shows the percentage of drivers’ raw gaze distribution to the different AOIs from the onset of auditory warnings until the TTC 
of 3 s – for each warning type and SOA condition. The dashed vertical lines represent the onset of auditory warnings, and the solid lines 
represent the presentation of the visual information. Regarding the effect of warning directionality on drivers’ gaze distribution across 
the AOIs, compared to directional warnings, non-directional warnings resulted in a higher percentage of gaze towards both the HLWM 
and the FLWM, when the occlusion was lifted. This is clearly shown by the peak of gaze distribution directed towards the HLWM and 
the FLWM after the solid line (i.e., end of occlusion). Furthermore, in response to the towards-hazard warnings, drivers checked both 
the HLWM and the FLWM, while in response to the towards-free-lane warnings, drivers mostly just checked the FLWM.

In terms of the impact of SOA on drivers’ gaze distribution across AOIs, Fig. 8 shows a distinct peak in the proportion of gaze 
directed to the forward roadway (FR) for the no SOA condition, after the occlusion is lifted. This suggests that, in the absence of an 
SOA, drivers tend to first reorient their attention to the FR before checking the wing mirrors. However, as SOA increases, this post- 
occlusion peak in FR glances diminishes, with drivers directing their attention to the wing mirrors immediately after the occlusion 
is lifted.

4. Discussion

Using data collected from a driving simulator experiment, the present study aimed to answer two research questions: (1) whether 
directional auditory warnings can guide drivers’ visual attention to the right place (i.e., the free lane or the hazard’s location) at the 
right time (i.e., faster fixations) following transitions of vehicle control from hands-on SAE L2 driving during a lane change scenario, 
and (2) whether the presence of audiovisual asynchrony (using a range of SOAs) enfances this effect. Visual attention to different areas 
of the driving scene and the mirrors was assessed by investigating fixation patterns to the free lane and hazard lane wing mirrors, 
before the lane change, which was instigated by the warnings, in order to avoid colliding with a lead vehicle and a truck travelling in 
the adjacent lane (hazard). The results confirmed both research questions: directional auditory warnings successfully oriented gaze to 

Table 5 
ANOVA table and model diagnostics for time to first fixation on the hazard GLMM.

Predictors χ2 DF p-value

Intercept 80.936 1 < 0.001
Warning type 9.888 2 0.007
SOA 36.792 1 < 0.001
Warning type * SOA 0.770 2 0.681
AIC − 111.4
BIC − 79.5
Log-likelihood 63.7

Fig. 7. Time to first fixation on the hazard plotted against SOAs for the three warning directions. The black line represents the predicted mean from 
the model, and the grey ribbon represents 95 % confidence interval bounds for the model estimate. The sample means of time to first fixation on the 
hazard for each level of SOA is plotted to aid the interpretation of the model fit (red solid circles). The model estimate and 95 % confidence interval 
bounds capture the mean response well. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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Fig. 8. Drivers’ gaze distribution across the nine AOIs. The X-axis shows time in seconds from the onset of auditory warnings to the TTC of 3 s. The dashed line represents the onset of auditory warnings, 
and the solid line indicates the end of occlusion. The time between dashed and solid lines represents SOAs. The Y-axis shows the percentage of drivers gazing towards each AOIs for each time step in the 
interval from the onset of auditory warnings to the TTC of 3 s.
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the relevant mirror, and increasing SOA facilitated faster gaze redirection. The results associated with each research question will now 
be discussed in detail in the following paragraphs.

4.1. Impact of directional auditory warnings on driver visual attention

Results showed a significant difference in mirror-checking behaviour, in response to the different types of warning. When 
responding to the non-directional warnings, drivers were more likely to fixate the two wing mirrors, while these were rarely checked 
after presentation of the directional warnings. One possible explanation for this difference stems from the informative content of the 
warnings. Non-directional warnings, which lacked information about the free lane or the hazard, compelled drivers to rely on envi
ronmental information by checking the wing mirrors to inform their decision-making. In contrast, directional warnings were infor
mative and covertly directed drivers’ attention without consequential shifts in the overt receptors (i.e., the eyes). Previous research 
supports the link between audiovisual signals and covert spatial orientation showing that directional auditory cues can attract covert 
attention towards the location of stimuli in other modalities (Driver & Spence, 1998a, 1998b; Spence et al., 1998; Spence & Driver, 
1997a). The observed gaze behaviour may also be explained by the relationship between the transparency of warning systems and user 
trust. Previous studies have repeatedly shown that increased transparency in HMIs enhances individuals’ trust to these interfaces 
(Colley et al., 2021; Du et al., 2019; Häuslschmid et al., 2017; Koo et al., 2015; Ma et al., 2021). Due to the informative nature of 
directional warnings, drivers may have trusted them more, resulting in lane-changes without additional shifts in eye movements. From 
a safety perspective, these gaze patterns highlight how the type of auditory cue influences drivers’ information-seeking behaviour. 
Under non-directional warnings, drivers appear to engage in compensatory scanning, checking both mirrors to gather environmental 
information, which leads to more erratic gaze patterns; a condition generally associated with poorer performance during transitions of 
control (Goodridge et al., 2026; Louw et al., 2017), especially in short time-to-collision situations. This gaze finding aligns with drivers’ 
response data, where faster steering reactions were observed for directional warnings compared with non-directional ones (Arabian 
et al., 2025). Such improvements for directional warnings likely occurred because drivers could initiate steering without additional eye 
movements or mirror checks, enabling quicker, and smoother responses. In contrast, higher probability of fixations towards mirrors 
after non-directional warnings may have delayed steering reactions.

Towards-hazard warnings led to a higher likelihood of fixations to the hazard, while the towards-free-lane warnings resulted in a 
higher probability of fixations to the FLWM. Therefore, drivers used the auditory instructions to guide their gaze towards the right 
location in the driving environment, supporting the notion that directional warnings can successfully guide drivers’ visual attention to 
the right place. However, these findings are in contrast with the results reported by de Winter et al. (2022), who found that drivers’ 
visual attention was primarily influenced by the traffic situation (e.g., other road users) rather than by the auditory warnings. One 
possible explanation for this discrepancy stems from methodological differences between the two studies. de Winter et al. (2022)
utilised computer-based videos presented on a 24-in. monitor for their lane change scenarios, which reduces the generalisability of 
these metrics to more realistic driving conditions.

In addition to guiding drivers’ visual attention to the right place, the directional warnings presented in this also prompted a faster 
redirection of drivers’ visual attention. This is supported by results which showed that drivers’ time to first fixation (TTFF) to the free 
lane wing mirror was faster after the towards-free-lane warnings, and faster towards the hazard after the towards-hazard warnings, 
supporting results from previous studies (Huang et al., 2024; Ma et al., 2023). When comparing the towards-hazard versus towards- 
free-lane warnings, a nuanced difference was observed in gaze patterns. When responding to the towards-hazard warnings, drivers 
checked both wing mirrors, whereas the towards-free-lane warning mostly resulted in checks of the FLWM. In other words, despite the 
benefit of the towards-hazard over the towards-free-lane warnings, in terms of aiding faster hazard detection, drivers still checked the 
free lane wing mirror, prior to a lane change (Fig. 8), which is a common driving habit. This behavioural gaze pattern may explain why 
the interaction effect between warning type and SOA was significant for the TTFF on the FLWM but not for the hazard. In response to 
towards-hazard warnings, some drivers appeared to check the FLWM before fixating on the HLWM, while for towards-free-lane 
warnings, drivers primarily fixated on the FLWM. Therefore, as SOA increased, TTFF decreased for both mirrors, but the effect was 
stronger for towards-free-lane warnings. These results may also explain faster steering responses with the towards-free-lane warnings, 
compared to the towards-hazard warnings observed in drivers’ operation data (Arabian et al., 2025). In response to towards-free-lane 
warnings drivers could initiate steering without first detecting the hazard, leading to faster steering response compared to the towards- 
hazard warnings. In this sense, the two directional warnings serve slightly different safety goals: towards-hazard warnings enhance 
situation awareness of the hazard, whereas towards-free-lane warnings facilitate faster avoidance manoeuvres. Our findings therefore 
suggest that towards-free-lane warnings may be more beneficial when time-critical steering actions are required.

4.2. Impact of SOAs on guiding driver attention

Finally, the results showed that the presence and duration of an SOA influenced gaze behaviour. Overall, as the SOA increased, 
there was a reduction in time to first fixation to the hazards and the wing mirrors, which corresponded well with the instructions given 
by the auditory message. In the absence of an SOA (i.e., SOA = 0), drivers initially fixated on the forward roadway, immediately after 
the end of an occlusion, followed by a shift of attention towards the wing mirrors, which delayed fixations to the mirrors. However, as 
the SOA increased, the proportion of gaze distributions directed towards the forward roadway decrease, in favour of checks towards 
the wing mirrors, resulting in faster fixations towards the mirrors. These findings are supported by the attenuation of visual dominance 
effect, which suggest that when auditory signals and visual information are presented simultaneously, individuals prioritise the visual 
component, at the detriment of the auditory signals (Arabian et al., 2025; Colavita, 1974; Colavita et al., 1976; Koppen & Spence, 
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2007; Sinnett et al., 2007).

5. Limitations and future research

Our study investigated the impact of directional auditory warnings on drivers’ gaze behaviour, while also highlighting the effect of 
audiovisual asynchrony during transitions from L2 driving in a lane change scenario. The occlusion of visual information between the 
visual and auditory stimulus could be considered a simulation of non-driving related task (NDRT) engagement, or at the very least, an 
off-road glance at a critical moment before a transition of control. However, off-road glances (towards NDRTs or otherwise) often do 
not solely rely upon visual faculties (Strayer et al., 2011). Rather, cognitive resources may also be used and thus the impact of elevated 
mental workload may want to be investigated within the context of asynchronous auditory warnings. Several studies have shown that 
engaging in NDRTs, that take drivers’ mind off the road and loads their working memory resources can significantly increase drivers’ 
workload levels, compared to just monitoring the drive during L2, or manual driving (Goodridge et al., 2024, 2026; Radhakrishnan 
et al., 2022; Wu et al., 2019). When drivers have high workload due to engaging with an NDRT (e.g., n-back task, see Goodridge et al., 
2026) their gaze can also continue to be concentrated on the road centre during the manual driving period after a TOR (Goodridge 
et al., 2026; Li et al., 2020), a phenomenon known as visual tunnelling (Reimer, 2009). This effect may reduce gaze dispersion across 
the horizontal axis, resulting in less gaze concentration towards the rear-view and wing mirrors under high mental workload con
ditions (Goodridge et al., 2026). Therefore, future studies should investigate how directional auditory warnings, presented at different 
SOAs, might affect drivers’ gaze patterns during lane-change takeover scenarios, when they experienced high mental workload due to 
engagement in an NDRT during automated driving.

Another limitation is related to the delivery of auditory warnings through headphones. Although the use of headphones ensured 
precise control over spatial presentation (i.e., delivering auditory warnings from left, right, or both channels), this method may not 
fully represent how drivers would perceive warnings in a real vehicle environment. In practice, drivers are unlikely to wear head
phones for safety reasons; instead, in-vehicle warning systems typically use integrated loudspeakers. Future studies should therefore 
examine how the directionality and timing of auditory warnings perform when delivered via in-vehicle loudspeakers (left, right, or 
both), rather than headphone channels.

6. Conclusions

This research provides valuable insights about the impact of warning directionality and asynchronous presentation of auditory and 
visual components of audiovisual directional warnings on drivers’ gaze behaviour during transitions in a lane-change scenario. Due to 
the informative nature of directional warnings, drivers’ behaviours implied a higher level of trust and they made lane changes without 
additional shifts in their eye movements, compared to non-directional warnings. Additionally, both directional warnings were found to 
be effective in guiding drivers’ attention to the right place (i.e., the free lane or the hazard’s location) at the right time (i.e., faster 
fixations). Despite the benefit of the towards-hazard over the towards-free-lane warnings in faster hazard detection, drivers still 
checked the free lane wing mirror during lane changes. The findings also highlighted the potential benefits of temporally separating 
auditory and visual components of audiovisual directional warnings in automated vehicles, where longer SOAs were associated with 
faster fixations at the wing mirrors and quicker hazard detection.
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