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ABSTRACT

Proper allocation of attention while driving is imperative to safety. In-vehicle alerts
can effectively direct driver attention, but research on in-vehicle alerts has primarily
been limited to single-hazard scenarios. We examined the effects of in-vehicle alert
modality on driver awareness of two simultaneously occurring hazards across two
trials. It was predicted that auditory alerts would be more effective to recognize both
potential hazards, measured through reduced brake reaction times and increased
accuracy during a post-drive hazard awareness question. However, our results failed
to show any effect of modality. The salience of hazards in each scenario seemed to
make the largest impact on whether participants detected a hazard, illuminating an
additional nuance for conducting research into co-occurring hazards.
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INTRODUCTION

Driving requires humans to constantly disperse and switch their attention
between multiple tasks at any given time, known as sequential multitasking
(Salvucci & Taatgen, 2011). In-vehicle alerts can help drivers detect hazards,
react to them faster, and maintain greater overall situational awareness
(Gugerty, 2011). The advancement of vehicle technologies based on LIDAR
and radar signals have led to a suite of warning signals inside the vehicle.
These alerts (whether auditory, visual, or tactile) are all more effective in
warning drivers than no alert at all (Ho et al., 2005; Ho et al., 2007;
Scott & Gray, 2008). However, most of the research on in-vehicle alerts
has investigated singular hazards. There is a gap in knowledge, specifically
about the effects of alerting across multiple hazards, especially when alerts
are presented in a short time span or simultaneously (Wan & Sarter, 2022).

At an initial glance, scenarios in which two hazards occur simultaneously
may seem unlikely – yet at least a handful of real-world conditions create such
a scenario. An example may include making a right turn at an intersection
when another car is turning left into the same area (hazard 1) while a
pedestrian is crossing the crosswalk (hazard 2). Another example could be
changing lanes on a busy highway where one monitors the area in front of
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their car for braking (hazard 1) and their blind spot nearly simultaneously
(hazard 2). Lastly, while less consequential, driving in a busy parking lot
where any number of cars could be a hazard alongside pedestrians.

Any hazard co-occurring with another hazard will naturally challenge
the driver to select the best task to allocate attention to, which could
create problems leading to performance decrements due to limited attentional
resources. Although alerts can help direct limited driver attention, they
also require attentional resources. Alerts must be salient enough to capture
attention, without entirely distracting from other tasks and potential hazards.
Further, alert issues in the case of multiple alarms must be viewed through
the lens of their modality, which may or may not create interference with
other alerts due to overlapping signal (e.g., multiple auditory alarms), or
interference with the task itself (e.g., a visual alert interfering with a visual
hazard) according to Multiple Resource Theory (Wickens, 2002; 2008).
Furthermore, the tasks performed during driving are intensely visually
demanding (Sivak, 1996), leading to generally high resource overlap and few
visual attentional resources to use outside of the driving task. Alternatively,
if a modality not in high demand is required in a task, the driver may
still have resources available that allow for task completion and successful
avoidance of overload (Wickens, 2008). Auditory alerts have reaction time
(RT) benefits for auditory targets as well as targets in different modalities
(Driver & Spence, 2004; Spence, McDonald, & Driver, 2004; Wickens,
McCarley, & Gutzwiller, 2022). Drivers may have spare auditory attentional
resources that can be allocated towards unexpected tasks, such as observing
and reacting to a sudden hazard alert, without putting them at the same risk
for overload.

Therefore, while adding alarms and alerts seems like a common way
to aid drivers with hazard recognition, higher mental load during driving
can be brought on by resource conflicts; such load is known to increase
or lead to inattentional blindness, higher error rates, and reduced target
detection, which have dangerous implications in driving (Recarte & Nunes,
2003). Though drivers do not experience constant cognitive overload, the
unexpected nature of many hazards (or their alarms) means that the overload
is unexpected. Furthermore, while a driver may be able to react to a single
alert or hazard appropriately, attentional demands become even higher as the
number of stimuli they must observe in a short timespan increases (Wan &
Sarter, 2022). The multi-hazard / multi-alerting problem presents a relatively
unexamined, and unique case in which the limits of attention are particularly
strained: drivers must detect and mitigate multiple concurrent events, similar
to tests of single-channel theories of attention (Hibberd et al., 2013; Levy
et al., 2006; Wickens, McCarley, & Gutzwiller, 2022).

Alert Modality

As covered above, modality of alert can interact with interference to attention
to the driving task, as well as with other alerts (if present). Modality
of alerts is already an area of great research in the driving domain. For
example, research studying the salience of auditory and visual alerts has
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shown auditory alerts to be more salient, and therefore more effective in
directing both auditory and visual attention. Auditory alerts are also audible
from greater distances and do not require operators to scan instruments
(Doll & Folds, 1986). Although auditory alerts may be better than visual
in the visually demanding driving environment, there is extensive evidence
on auditory stimuli’s ability to involuntarily interrupt selective attention
(Parmentier, 2008), are known to be more disruptive and have the potential
to capture attention and pull it away from a higher priority task (“auditory
preemption”; see Proctor & Proctor, 2006; Wickens, Dixon & Seppelt,
2005). The cueing benefits of auditory alerts also last longer when the
cues are predictive of a target. Once cued by an alert, people may find
it difficult to divide their attention between different locations due to the
spatial links between auditory and visual attention (Spence & Driver, 1997;
Spence et al., 2000; Wickens, McCarley, & Gutzwiller, 2022). However,
auditory alerts may be less effective in indicating the direction of a hazard,
and have a greater potential for driver annoyance (Marshall et al., 2007).
Of particular relevance, auditory alerts have also been shown to be more
effective than visual alerts in directing attention towards hazards as well as
shortening reaction times while driving (Scott&Gray, 2008; Lee et al., 2002).
However, these studies examined singular hazard events in time rather than
co-occurring or overlapping hazards.

Visual alerts, on the other hand, can be impacted by inattentional
blindness, causing drivers to miss the onset of an alert - even when it is
presented in their central vision (Herslund & Jorgensen, 2003). Visual alerts
also pose the risk of masking other important visual information in an
environment (Maltz & Shinar, 2003), and have resulted in longer reaction
times compared to auditory or tactile alerts (Maltz & Shinar, 2004; Scott
& Gray, 2008, Sarter et al., 2013). Visual attentional interference has been
shown in other research where the overlay of visual information on the
environment can lead to longer reaction times than traditional displays when
detecting hazards on a runway (Fischer, 1980), sometimes resulting in missing
them altogether. Finally, there is additional risk of missing visual alerts when
they occur amongst lights and clutter in the visual periphery (Nikolic et al.,
2004).

Another attention component is also at play in the case of multiple hazards;
attentional blink, wherein, when two stimuli are presented 200–500ms apart,
there is difficulty detecting the second stimuli due to a temporal delay of
attention after processing the first (Raymond et al., 1992). In support of
attentional blink occurring in hazard detection in driving, there is evidence
that when presented with multiple hazards simultaneously, drivers’ hazard
detection accuracy decreases (Sall & Feng, 2019).

A final, measurable component to driving and hazard recognition
is situation awareness (SA), as “an understanding of the state of the
environment” and “the primary basis for subsequent decision making and
performance in the operation of complex, dynamic systems” (Endsley,
1995). Gugerty (2011) defined the role of SA in driving as “the updated,
meaningful knowledge of an unpredictably changing, multifaceted situation
that operators use to guide choice and action when engaged in real-time
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multitasking”. SA is critical for understanding hazard observance. In the
current study, SA for hazard observance was measured through online,
objective elements (RTs) and offline post-drive hazard observance questions.
While questionnaires are useful, performance-based measures of hazard
avoidance may avoid occasional memory failures which affect recalled
knowledge (Gugerty, 1997; 2011; Gugerty & Falzetta, 2005).

Current Aim

This research aims to understand the impact of in-vehicle alerts and their
modality on driver attention towards simultaneously occurring road hazards,
measured using brake RT, and SA. The driver’s self-reported trust in the
alert system, and experience with driving and vehicle alert systems, were
also evaluated to identify any confounding effects. It was hypothesized that
consistent withMultiple Resource Theory (Wickens, 2008), the auditory alert
condition would result in earlier brake times and more accurate awareness
of both hazards.

METHODS

Participants

Participants consisted of 29 undergraduate students from the Arizona State
University HSE 101 subject pool. The study was approved by the ASU
IRB and participants were compensated with research credit. Participants
provided informed consent and to take part in the study, they were required
to have a valid driver’s license, speak English, have normal or corrected vision,
and pass a motion sickness prescreening (history of motion sickness meant
ineligibility). Participants completed a practice drive to further ensure motion
sickness was not an issue and for familiarity with the simulator before the
experimental trials.

Materials

The study used a DriveSafety driving simulator. During the study, participants
sat in the front half of a Ford sedan. Drive Safety’s Hyperdrive software was
used to design and program the simulator drives. Brake time, brake pressure,
steering direction, and time to collision data were collected during each trial.
The lights in the simulator room were kept off during all drives.

A between-subjects design was used to study the effects of alert modality
on awareness and reactions to simultaneously occurring hazards. There were
two conditions for alert modality, either auditory or visual. The auditory
alert consisted of three short 1846 Hz tones through the simulator speaker
system, on the higher end of the range recommended by NHTSA (Jeon et al.,
2022). This alert was selected to signify urgency. The visual alert consisted of
an image of a red circle flashing 3 times on the simulator screen. The circle
was 300 × 300 pixels, and it was confirmed in pilot testing that it did not
block any of the hazards as they occurred. The semantic meanings of the
two alerts were balanced and were meant to alert participants without giving
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them specific directions. Each alert occurred at the same time as the hazard
was presented.

Procedure

Upon arrival, participants were briefed with the experiment instructions
and asked to complete a survey about their driving and in-vehicle alert
experience [How many years of driving experience do you have?; Do you
have experience with any driving alert systems? If so, what kind? – options
included sound, visual, vibration, and “other” alert options], as well as a
12-item trust survey in the alert system (a version of the Jian et al., 2000
scale modified only to use “alert system” instead of “system”. The Jian scale
was also administered for a second time after the final drive.

Participants were randomly assigned to one of two alert conditions,
auditory or visual. After informed consent, participants completed a driving
experience and trust questionnaire, followed by a practice drive free from
hazards and alerts to ensure they did not experience motion sickness and felt
comfortable operating the simulator. They then completed two test drives
in their assigned alert condition. The drive order was randomly assigned
and counterbalanced to control for any learning effects that occurred across
multiple trials. Each test drive contained a hazard scenario in which two
simultaneously occurring hazards were presented to the driver. In scenario
one, a pedestrian runs out from behind a truck on the driver’s left side, while
a car unexpectedly pulls out from a driveway on the right (Fig. 1).

Figure 1: Scenario one hazards: pedestrian hazard on left; black car hazard, center.

Figure 2: Scenario two hazards: blue car hazard to driver’s left; yellow car hazard on
right.

In scenario two, a car begins to back out of a parking space on the driver’s
left, while a car on the driver’s right quickly pulls out in front of the driver
(Fig. 2). During the drives, verbal navigational directions were provided by
the study facilitator (instructions on turns, for example).
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After each drive, the simulator’s screen was blanked and participants were
asked to describe the drive they just experienced, reporting any important
details, safety hazards, and problems experienced. The first time the question
was asked, participants were also given an example answer. Participants’
responses were recorded by the facilitator while the participant remained in
the simulator cab. Participants’ brake reaction time (time between hazard
onset to participant applying the brakes), brake pressure, and steering
direction were collected. Upon completion of the final drive, participants
were asked to complete the trust survey again.

RESULTS

Data for two participants was excluded from all analyses due to a
participant experiencingmotion sickness during the test drive, and a technical
malfunction in the driving simulator where the hazard was not displayed.
RT data was excluded for two other participants, one of which applied
their brakes before the hazard onset and continued to brake throughout the
remainder of the scenario; the other did not brake at all during the hazard
scenario. Data for these participants was still included for other analyses as
they experienced and verbally responded to the hazards normally. Due to
technical difficulties with the driving simulator, hazard onset data necessary
for calculating RTs for the scenario two drives failed to be collected. Trust
results are not our focus and are not reported here in detail.

Awareness

A 2x2 mixed analysis of variance (ANOVA) was used to evaluate whether
there was a significant effect of the alert modality (audio, visual) and driving
scenario (S1, S2) on driver hazard observance. Inclusion of drive order as
a fixed factor showed no significant effects, F(1, 26) = .925, p = .346,
ηp

2
= .037. There was also no significant effect of condition on hazard

observance, F(1, 26) = .099, p = .755, ηp
2
= .004, or interaction effect

between condition and drive order, F(1, 26) = .695, p = .413, ηp
2
= .028.

Although SA measures did not reveal differences based on condition or order,
a breakdown by type of hazard and whether it was observed does reveal an
interesting pattern (Fig. 3).

Figure 3: Hazard observation by hazard type across scenarios.
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In scenario one, the car pulling out of the driveway on the right was
recognized by nearly all participants, whereas the pedestrian on the left was
observed by only 13 participants. In scenario two, almost all participants also
observed the vehicle pulling in front of them on the right, but only 8 noticed
the second car hazard pulling out on their left. One potential explanation is
that these hazards are particularly salient; but in either case, the data reveal
that experiencing more than a single hazard simultaneously means one of
them is likely to be missed. This echoes results from single-channel driving
experiments (Hibberd et al., 2013; Levy et al., 2006).

Reaction Time

While scenario two’s data was unavailable, an examination of scenario one
was still performed. A two-way ANOVA for modality condition and drive
order on brake RTs for scenario one was analyzed. Drive order, included
as a fixed factor, was statistically significant, F(1, 24) = 8.390, p = .008,
ηp

2
= .276. Participants who completed scenario one first (order: 1, 2)

displayed greater mean RTs for scenario one, than those who completed
scenario two first (order: 2, 1). However, condition was not statistically
significant (F(1, 24) = .213, p = .649, ηp

2
= .01), nor was the interaction

effect between drive order and condition (F(1, 24) = .233, p = .634,
ηp

2
= .01.)

Driving Experience

The average driving experience for participants was 4.41 years (Min = 2,
Max = 15, SD = 2.72). One participant reported additional experience
because they began driving with their parent at the age of 11. Experience
with alert systems found most with auditory alert systems (12), followed
by visual (9), and tactile (6). Two participants reported experience
with steering assist technology. A set of exploratory ANCOVAs using
driving experience as a covariate factor for SA and RT revealed that
controlling for driving experience, there was no significant impact of
condition on RT (F(1, 24) = .103, p = .751, ηp

2
= .004). Additionally,

inclusion of driving experience as a covariate was not significant for RT,
F(1, 24) = 3.099, p = .092, ηp

2
= .119. There was also no impact of

condition on SA, F(1, 26) = .012, p = .915, ηp2 = .000. However, inclusion
of driving experience as a covariate for SA showed a significant effect,
(F(1, 26) = 4.632, p = .041, ηp2 = .156.) Though there was not a significant
impact of alert condition on SA, the significance of driving experience as
a covariate indicates that there is a significant relationship between driving
experience and SA.

DISCUSSION

Overall, there was no difference between the use of auditory and visual
alerts to hazards in the two scenarios despite our hypothesis. However, the
meaningful safety issue - the need to detect simultaneously occurring hazards
- was emphasized by finding that some hazard types were less frequently
noticed, and that only very rarely were both hazards noticed. In part, this
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was a function of our scenarios: designing drives to implement simultaneous
hazard scenarios is challenging and limited us to hazard combinations that
were fully avoidable with braking. Nonetheless, inattention still poses a risk
of collision, and drives in which braking does not mitigate both hazards could
pose an even larger risk, especially if the less salient hazard must be avoided
in another way.

The current findings did not support previous findings related to auditory
and visual hazard alerts (Ho et al., 2005; Liu, 2001; Scott & Gray, 2008;
Wan& Sarter, 2022). However, a control group was needed to assess whether
the alerts themselves were effective (versus no alert). We discuss two related
challenges for co-occurring hazard research in driving: (1) hazard salience,
and (2) the potential for attentional blink.

Hazard Salience

In exploratory analyses, we discovered that each hazard was recognized at
very different rates. One explanation may have been hazard salience. Some
road hazards are easier to detect than others due to precursor cues that
may alert the driver (Crundall et al., 2012), or because of greater visual
salience, such as abrupt onset or strong contrast between the hazard and
its environment (Wickens, McCarley, & Gutzwiller, 2022). On the other
hand, hazards obscured by the environment, such as a pedestrian behind a
truck, or hazards immersed in more cluttered displays (especially those that
contain homogenous stimuli, such a car parked amongst many other parked
cars) are more difficult to detect, especially for drivers with less experience
(Crundall et al., 2012; Ho et al., 2001; Wickens, McCarley, & Gutzwiller,
2022). To research multiple co-occurring hazards may require some salience
equivalencing, which is not typically performed in driving hazard research.
For example, in scenario one (Fig. 1), the car pulling out of the driveway
on the right was identified as the higher salience hazard, resulting in more
observations from participants versus the pedestrian on the left. In the second
scenario, most participants observed the vehicle pulling in front of them from
their right side but far less observed the second car hazard in the parking spot
to the left of them (Fig. 2).

Attentional Blink

Consistent with Raymond et al.’s (1992) explanation of attentional blink, the
two hazards, presented in close temporal proximity, resulted in an inability
to detect a second hazard in close to half of the drives in both scenarios
(Fig. 3). An attentional blink phenomenon was found comparing high versus
low hazard salience conditions in driving scenarios by Sall and Feng (2019),
with more high-salience hazards detected. Salience was not our focus but its
role in co-occurring hazard recognition is likely.

Limitations & Future Directions

The results may have been impacted by the small sample size, low number of
trials, a lack of RT data for scenario two, and variation of driving experience.
A larger sample is needed to explore these factors together. Completion



298 McAlphin et al.

of additional drives could help balance learning effects with additional
experience. Experience is related to development of effective visual search
strategies and mental models used to identify and mitigate road hazards
(Crundall & Underwood, 1998; Crundall et al., 2012; Konstantopoulos
et al., 2010; Upahita et al., 2018). Additionally, a control group would
provide further information about whether the two alert conditions were
more effective in increasing hazard observance than a no-alert condition.

Though the alerts in the study were matched across auditory and visual
conditions for their semantic meaning, cross-modal matching was not
performed, but is recommended by Pitts et al. (2015). Using cross-modal
matching would mitigate confounds due to differences in the salience of alerts
across modalities. Nevertheless, this still would not level the saliency across
different hazards.

In addition to the inclusion of more trial drives and cross-modal matching,
future studies would benefit from the use of multiple online hazard
observancemeasures provided by evolving driving simulator technology, such
as gas-off reaction times, visual gaze (measured through eye tracking), or
physiological measures such as heart rate (Stojan et al., 2024; Lachance-
Tremblay et al., 2025; Ju et al., 2022).

Contribution

Most driving research is limited to single hazard conditions. Recent work has
demonstrated the importance of multi-hazard study (Sall & Feng, 2019; Wan
& Sarter, 2022). Our study adds to this limited area and suggests additional
research should be conducted to further understand the impacts of alert
modality of drivers’ hazard observance, particularly how attention is directed
for simultaneously occurring hazards.
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