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Eye Movements Reveal That Drivers Can Predict the Location of Hazards
in Dynamic Road Scenes but Gaze and Awareness Are Dissociable

Jiali Song, Ido Zivli, and Benjamin Wolfe
Department of Psychological and Brain Sciences, University of Toronto Mississauga

Parsing complex dynamic scenes is critical for navigating our visual world, and driving safely is a daily
task that requires responding quickly to hazardous events. Theories of driver awareness suggest that
drivers need to look at hazards to detect them, particularly in anticipation of hazard onset. Indeed, scene
context may guide eye movements to likely hazard locations. However, given the complexity of real
road scenes, drivers may rely instead on explicit cues of an impending collision before identifying the
correct location. In 2024, we recorded eye position while 30 licensed drivers localized hazards in anno-
tated dashcam footage. On correct trials, drivers started to look at where the hazard will be 2 s before
onset, highlighting the importance of anticipatory processes in dynamic scene perception and safe driv-
ing. However, hazard-directed looking is not indicative of awareness, as 40% of missed hazards were
foveated before response. Our results demonstrate early gaze guidance by scene context, which can help
drivers anticipate hazards, an idea consistent with theories of driver awareness and with theories of vis-
ual search. However, looking directly at the hazard alone is not necessary or sufficient for hazard aware-
ness and should not be used to index awareness in driver monitoring systems.

Public Significance Statement
Safe driving requires quickly extracting meaningful information from a complex world over time.
We might think drivers always need to look at hazards on the road, and that if they look, they are
aware of hazards. We found that drivers anticipate hazards, looking where it will be several seconds
before it unfolds, and that looking earlier is associated with responding faster. However, simply
looking at the hazard or where it will be is a poor indicator of hazard awareness because drivers can
look at the hazard and still miss it. Our results reveal the gap between assumptions we make about
where and when drivers look, what they see, and what they think is happening around them. Our
findings have implications beyond merely what drivers see and do not see, and point to the percep-
tual and attentional mechanisms that support gathering task-relevant information in complex,
dynamic natural scenes.

Keywords: eye movements, dynamic natural scenes, driving, scene perception

Supplemental materials: https://doi.org/10.1037/xhp0001437.supp

Our visual world is full of complex, dynamic scenes. How does
our visual system make sense of them? From a single, brief glance,
we can already access rich gist-level information from a scene,
such as global layout and structure, some semantic information,
and a few objects (Oliva, 2005; Sampanes et al., 2008). However,

not all objects can be processed to the same extent in a single
glance, so we must make eye movements to explore the scene
over time. Prior work on static scenes suggest that eye movements
are goal driven and reflect cognitive processes (Andrews & Cop-
pola, 1999; Castelhano et al., 2009; Yarbus, 1967). Moreover,
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although eye movements can be highly idiosyncratic between indi-
viduals during free-viewing, an explicit search task reduces variance
between participants (Andrews & Coppola, 1999; Eckstein et al.,
2006; Ehinger et al., 2009; Torralba et al., 2006), suggesting that our
eye movements tend to prioritize task-relevant regions of the scene.
Such prioritized regions are based on a combination of salience,
semantic meaning, and target features (Wolfe, 2021). Given that
eye movements are used to gather task-relevant information, does
where we look and when we look at it dictate what we perceive?
Although much has been learned from studying static scenes,

daily life requires parsing scenes that change over time due to self-
or object-motion. The temporal unfolding of events in these dynamic
scenes adds a layer of complexity to interpreting eye movements
because task-relevant information may be present at some times,
but not other times. Choosing to look in the wrong location at an
unfortunate time may lead an observer to miss critical information
as the information may not be present at a later point. For this rea-
son, not only where, but when we look is paramount for under-
standing how we parse dynamic scenes.
Driving and road scenes are a particularly informative space in

which to study questions about how we gather information to
understand dynamic scenes. A crucial part of navigating the road
safely is locating and responding to hazards quickly and accu-
rately. Given the high speeds at which motor vehicles travel, even
a fraction of a second of delay can be the difference between life
or death, yet drivers meet these temporal demands most of the
time. Understanding how drivers accomplish this task is required
for a comprehensive picture of how humans process dynamic
scenes under time pressure in highly consequential situations.

Situation Awareness and Driver Eye Movements

Situation awareness (SA) is a framework for characterizing and
evaluating how well human operators understand and is able to
response to their environment (Endsley, 1995a). This framework
was initially designed in an aviation context but have also been
used to characterize a driver’s awareness of road hazards as the
operator of the vehicle they drive (Endsley, 2020). SA is thought
to have three levels. Level 1 is perception of the elements in the
environment, such that the operator is aware of task-relevant stim-
uli in the environment such as a vehicle in the road. Level 2 is
comprehension of the current situation, such that an operator can
correctly interpret and evaluate the current state of the environ-
ment, such as recognizing a hazard that requires an evasive ma-
neuver. Level 3 is projection of the future, such that an operator
can predict what will happen next in their environment, such as
predicting that a hazard may require an evasive maneuver in the
future and hovering the foot over the brake pedal. It is thought that
each level of SA is predicated on the previous levels, however, the
relationship among the three levels are not linear, such that the
awareness of (Level 1) and judgments about (Level 2) stimuli in
the environment (Level 1) may be informed by prior predictions
made by the operator (Level 3; Endsley, 1995a). One common
index of SA is the Situation Awareness Global Assessment Tech-
nique (SAGAT), whereby drivers are asked to verbally describe
the scene while the simulated situation is paused and visual informa-
tion is occluded (Endsley, 1988, 1995b). However, this test is unfea-
sible to implement on the road because questions must be tailored to

the specific scenarios and tasks tested, and it requires pausing the
driving task, which would disrupt real on-road driving.

Gaze statistics have been proposed as an attractive alternative
tool to measure SA because they are less disruptive than verbal
report measures such as the SAGAT and can be measured continu-
ously (Arias-Portela et al., 2024; Zhang et al., 2023). Prior research
examining the relation between gaze and SA focused on aggregate
eye movement statistics, such as duration of looking at the front
window and saccade amplitude, and found them to differ between
high and low SA situations in simulated driver take-over situations
(Kim & Yoon, 2025; Liang et al., 2021; Tan & Zhang, 2022), sug-
gesting that eye movements contribute to developing SA.

One issue for these gaze metrics is that they are often computed
without considering the objects drivers looked at, why they looked
there, and what information they needed (Ahlström et al., 2021).
That is, regions of interest are often defined arbitrarily (Arutyu-
nova et al., 2025), or by parts of the ego-vehicle, such as front
windshield, and side or rear mirrors (Ding et al., 2024; Kim &
Yoon, 2025; Lai, 2025), rather than by scene content, such as
objects in the scene or other road users (but see Hofbauer et al.,
2020). For this method to be generalizable across studies and
across different on-road scenarios, drivers under similar task load
with similar SA should have similar eye movement statistics regard-
less of the specific contents of the scene at hand. That is, this method
implicitly assumes that drivers search for hazards based on a gen-
eral understanding of where hazards are likely to be on roads, rather
than the specific road ahead. Yet it is unlikely that this is an accu-
rate characterization of driver gaze behavior. Gaze measures that
account for objects in the scene are better correlated with SA than
scene unaware measures (Biswas et al., 2024; Jiang et al., 2024),
suggesting that driver gaze is driven at least partially by the content
of the scene. However, it is unclear whether this improvement is
due to successful localization of the hazard, in which case scene-
driven gaze should be observed only after hazard onset.

In contrast, according to Information Acquisition (Wolfe, Sawyer,
& Rosenholtz, 2022), a theory of how the visual system gathers and
interprets information in a driving context, drivers use eye move-
ments strategically to search a scene. Because gist-level information
can be accessed within a single glance in peripheral vision, some
awareness of the environment should be achieved early on. Further-
more, drivers may use prior knowledge of the structure of the road
scene and its semantic content to guide eye movements, an idea sup-
ported by eye movement work in static scene search (Henderson
et al., 1999; Neider & Zelinsky, 2006; Võ et al., 2019). This prior
knowledge is gained through daily lived experience and can include
the spatial-relationships between objects (scene grammar; Võ et al.,
2019), and the strength of the spatial-association between objects
and their location in a scene (object spatial certainty; Krzy�s et al.,
2025). If this is the case, then eye movements should be strategi-
cally deployed and driven by the specific scenario at hand well
before hazard onset. Examining when drivers exhibit gaze driven
by content of the specific scenario, rather than based solely on a
general idea of where road hazards are likely to be overall, will
reveal the extent to which these assumptions are true.

Hazard Anticipation

Given that road scenes are dynamic, and the visual system
takes time to process inputs, prediction is a fundamental aspect
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of navigating roads. Hazard perception (HP) is a theory of hazard
and collision avoidance that postulates that successfully avoiding
collisions requires anticipating and attending to hazards before
they require immediate evasive action (Cao et al., 2022; Horswill,
2016). Typically, HP is tested with a computerized task that asks
drivers to identify and describe objects in the scene that are likely
to become hazards requiring evasive maneuvers in the future (latent
hazards; Vlakveld et al., 2011) in real road videos. Considerable
attention has been given to HP, as performance in these prediction
tasks have been found to correlate with collision risk on the road
(Boufous et al., 2011; Fisher et al., 2006; Horswill et al., 2015;
Wells et al., 2008; Wetton et al., 2010). Under this framework, driv-
ers are theorized to draw on their prior knowledge and expectations
to direct attention to locations with a high likelihood of producing
hazards, even when no visible hazard is present in the scene.
This idea is consistent with the literature on visual search in

static natural scenes that find that participants tend to look where
the target is likely to appear (Torralba et al., 2006). For example,
fixations during search for a toilet are more likely to be con-
strained along the ground in bathrooms, whereas fixations are
more distributed during search for a cat that may appear anywhere
in a scene. Such attentional guidance by scene context can speed
search for objects with strong or reliable spatial associations
(Krzy�s et al., 2025). Together, these studies suggest that statistical
regularities of scenes should guide the eyes toward plausible loca-
tions of hazards and speed detection.
For drivers, it is thought that knowledge of these statistical regular-

ities (i.e., locations wherein hazards are likely to appear) is acquired
through experience, because eye movement patterns in novice (less
than 1 year of driving experience) and experienced drivers differ
when scanning road scenes for hazards (e.g., Konstantopoulos et al.,
2010; Mourant & Rockwell, 1972; Underwood et al., 2003). Experi-
enced drivers look at locations where there are potential hazards
more often than novice drivers (Fisher et al., 2006; Pollatsek et al.,
2006; Stahl et al., 2019), and hazards that are hidden by another
object are particularly challenging for novice drivers (Crundall et al.,
2012; Underwood et al., 2002; Ventsislavova et al., 2016; Vlakveld
et al., 2011). Even in novice drivers, fixating on a pedestrian who is
about to enter the road made drivers more likely to detect the them
when they later crossed the street (Ābele et al., 2018). These find-
ings suggest that looking at a task-relevant location at least facili-
tates hazard detection and anticipation, particularly when drivers
look early prior to the onset of an event that requires intervention,
an idea that is in line with HP. If anticipation of hazards is indeed
required for appropriate response, then drivers should look at the
location of the upcoming hazard prior to hazard onset when they
correctly localize a hazard, whereas this early looking should not
occur when they fail to localize the hazard. In other words, HP
would predict that drivers miss hazards due to failure to look at it
early enough.

Is Looking at a Hazard Required for Awareness?

Much of the eye-movement research on SA and HP focusses on
where drivers look (Ahlström et al., 2021). The goal of such focus
is to find eye-movement measures that can serve as a proxy for
hazard awareness, which would be extremely useful in driver-
monitoring applications. However, a common assumption of this
approach is that looking at hazards is required for detecting them

(Ābele et al., 2018; Hofbauer et al., 2020). A failure to look at a
hazard has even been suggested as an indication of lack of aware-
ness (Ābele et al., 2018; Hofbauer et al., 2020). However, other
empirical evidence suggests that peripheral vision plays an impor-
tant role in detecting hazards and guiding the eyes to them (Vater
et al., 2022; Wolfe et al., 2017). Even in the findings of Ābele
et al. (2018), fixating the pedestrian did not guarantee that the
driver would brake in response. Moreover, in some circumstances,
drivers responded without ever fixating the pedestrian, suggesting
that simple accounts of gaze and awareness do not capture the
reality of driver awareness.

Indeed, successful detection of highly dangerous hazards can
occur in the absence of foveating the hazard without statistically
significant costs to accuracy or speed (Huestegge & Böckler,
2016), indicating that peripheral vision is sufficient for hazard
detection. However, this study was done using static images of
hazards that were shown briefly to prevent eye movements, and
scene motion was absent. It may be the case that in dynamic
scenes where motion is present, drivers still prefer relying on
foveal vision when given the choice to resolve ambiguity. If so,
then drivers should always look at a hazard before correctly local-
izing it, in line with the assumptions of prior work on HP.

Another reason to look beyond simply whether the hazard is
foveated is the phenomenon of looked-but-failed-to-see (LBFTS)
errors. LBFTS errors occur when a participant fails to report the
presence of a target despite having previously fixated on it
(Ahlström et al., 2021; Herslund & Jørgensen, 2003; Hills, 1980;
Wolfe, Kosovicheva, & Wolfe, 2022). LBFTS errors were first
observed in police reports, as a self-reported phenomenon by at-fault
drivers absent other reasons for the collision such as distraction
(Hills, 1980). This idea is contrary to predictions of HP, as HP
would not predict that a driver would miss a hazard despite looking
right at it. One possible explanation is that self-reports are unreliable
because awareness of eye movement history is limited (Clarke et al.,
2017; Foulsham & Kingstone, 2013; Mahon et al., 2018; Marti
et al., 2015). This phenomenon has been observed previously in
hazard detection contexts, particularly in young-novice drivers
(Kahana-Levy et al., 2019). If LBFTS errors occur as reported by
drivers, we should observe cases where drivers did precisely as
they described—looking directly at a hazard, but failing to report
it, indicative of a failure of awareness. However, if LBFTS errors
were false reports due to poor awareness of eye movements, and
HP’s prediction that looking at the hazard location is sufficient for
awareness, then we should not observe these events.

When Do Drivers Look at the Hazard?

HP suggests that successful collision evasion requires anticipat-
ing the hazard, but provide no mechanistic explanation about how
anticipation occurs. Under the strongest interpretation of this idea,
drivers would need to look at a hazard-relevant location before the
first visible sign that it will become a hazard. In the driving litera-
ture, such locations are typically determined by experimenters or
expert drivers with knowledge of what will occur later in the
video, whereas drivers on the road cannot know exactly which
object in the scene will materialize into an immediate hazard. One
possibility is that a collision likelihood is assigned for all possible
locations in the scene. However, in an otherwise mundane road
scene, nearly anything could be a potential hazard in the future,
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such as a tree falling or a cyclist appearing from behind a tall bush.
Given the time pressure inherent to road situations, it is impossible
to process every single object in the scene in detail. How and why
does the visual system prioritize some locations over others?
Another possibility given by the information acquisition theory

is that search for road hazards operate under similar processes as
visual search in other contexts, and that the locations where drivers
search for a hazard are guided by the visual characteristics of the
scene and its constituent objects (Wolfe, Sawyer, & Rosenholtz,
2022). As such, drivers should attend to a particular location when
there is a visible sign that the situation deviates from a safe trajec-
tory. For example, a driver may ignore a tree in the scene until it tilts,
indicating that it will fall into the road. If this is true, then drivers
should only look at the tree when it tilts. However, if drivers can
anticipate this event to some extent using other contextual factors,
such as heavy winds or the presence of other fallen trees, then drivers
should make anticipatory glances at the tree before it starts to fall.
In addition, drivers should also respond earlier when they suc-

cessfully anticipate a hazard, and later when they could not. There-
fore, we expect a relation between when drivers look and their
response time. Furthermore, prior research using static images of
road scenes suggests that faster hazard responses may be due to
increased efficiency in guiding the eyes to the hazard from inter-
preting peripheral visual input (Huestegge et al., 2010), while
processes that occur after foveation, such as recognition and deci-
sion making stay relatively stable. This idea is unaccounted for by
SA or HP, as neither theories offer mechanistic explanations of
eye movement guidance. If guidance by peripheral input deter-
mines the speed of response, then hazards that are detected earlier
should also be looked at earlier, whereas the duration between look-
ing at the hazard and response should be relatively stable across
response times. However, scene context can also facilitate object
recognition (Peelen et al., 2024), which may speed hazard recogni-
tion after foveation. If this is true, then the when drivers look at the
hazard relative to response should also vary with RT.

The Current Study

This study investigates whether and when drivers look at the
hazard when they search for hazards in real dynamic road videos.
We recorded eye position while drivers reported the location of
hazards that required immediate evasive maneuver (left or right)
using a standard computer keyboard. We then analyzed gaze posi-
tion over time as a function of localization accuracy and response
time to determine when gaze strategy became nonrandom, whether
looking at the hazard is required for hazard detection, and how
looking is related to response time.

Method

Sample

As per our preregistration, we recruited a sample of 30 licensed
drivers in 2024 from the University of Toronto Mississauga under-
graduate research participant pool. They were aged 18–35 (M 5
18.83 years, SD 5 0.98 years, 25 female, 5 male, 19 G2 restricted
license or equivalent, 11 full G license or equivalent), had at least
1 year of driving experience (M 5 3.29 years, SD 5 1.63 years),
and had normal or corrected-to-normal vision with near acuities of

20/25 or better confirmed with near Early Treatment Diabetic Reti-
nopathy Study (ETDRS) test (B€uhren, 2014) at 40 cm viewing dis-
tance. One participant included in the data set is missing seven out
of 262 trials due to a software error. Based on a sensitivity analysis
with an alpha of .05 and power of .95, this sample size can detect
a minim t value of 2.0 and a Cohen’s d of 0.68 in a paired-sample
comparison. This sensitivity analysis was conducted based on a
paired-sample comparison between correct and incorrect trials, as
this difference is the main effect of interest.

Only participants who maintained overall localization accuracy
of 80% or above were included in the study. All participants met
this criterion. Participants with fewer than 20% of missing samples in
the eye tracking data were included in the final sample (M5 4.09%,
SD 5 4.57%, range 5 [2.06%, 18.44%]), and one participant in
the sample was replaced for failing to meet this criterion such that
31 participants were recruited for a final sample size of 30.

Stimuli and Equipment

Video stimuli were forward-facing dashcam footage of real road
scenes from the Road Hazard Stimuli data set (Song et al., 2024;
Wolfe et al., 2020). Each video was between 1.3–8 s long (mean
duration 5 3.18 s) with a framerate of 30 Hz at 720p. All videos
contained a hazard located to the left or right half of the video
(138 left and 123 right). We defined hazards as events on the road
that require immediate intervention (e.g., braking or swerving) to
avoid a collision or near-collision. For each hazard, the timing and
location were annotated by two independent annotators and checked
by a third for agreement (Song et al., 2024).

Hazard onset timing was defined as the first instance that the
road situation deviates from a safe trajectory. This definition was
used as a ground truth baseline to evaluate the timing and accuracy
of hazard anticipation, as not all latent hazards materialize into
hazards. However, there were also hazards whose onset is the
moment of the object’s appearance due to the hazard already
unfolding while it was out of view (e.g., not visible in frame).

Hazard location was previously annotated with a rectangle fully
surrounding the hazardous object on each frame when the hazard-
ous situation was unfolding (i.e., between hazard onset time and
when the driver in the video visibly responds to the hazard). These
annotations were only used in stimulus selection and data analyses
and were not shown to the participants in the study. We included
only videos in which the annotated hazard location did not cross
the midline of the video to facilitate our definition of localization
accuracy (left/right judgment). We chose a highly variable set of
261 hazards to mimic the uncertainty of searching for hazards on
the road and to avoid setting up artificial expectations about when
and where the hazard will appear. Hazards were carefully balanced
for their left versus right location, and the rest of the features of
the videos were allowed to vary. Videos included day and night
scenes, urban and high-way driving, left and right hand traffic, and
a variety of hazards, including but not limited to vehicles, pedes-
trians, animals, and objects on the road. These labels are available
in the Road Hazard Stimuli data set.

All stimuli were presented using PsychToolbox-3 (Brainard,
1997; Kleiner et al., 2007; Pelli, 1997) in MATLAB Version 2019
b using a Mac Pro computer running MacOS Mojave. The size of
the maximum display area was 59.6 cm by 33.6 cm, corresponding
to 55.2 degrees visual angle (DVA) wide and 32.8 DVA tall at a
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viewing distance of 57 cm, which was maintained with a chinrest.
The refresh rate of the monitor was 60 Hz. Movements of the right
eye were captured using a tower-mounted Eyelink 1000 at 1000 Hz
and recorded using the Eyelink Toolbox in MATLAB (Cornelissen
et al., 2002).

Procedure

Written informed consent was obtained from all participants
before any data was collected. The experimental procedure was
approved by the University of Toronto Social Sciences, Human-
ities and Education Research Ethics Board. At the beginning of
the experiment, the eye-tracker was calibrated to each participant
using a 9-point calibration procedure. The maximum validation
error accepted was 1.5 DVA.
Figure 1 shows a schematic of the trial procedure. At the begin-

ning of each trial, participants were asked to fixate on a green square
fixation point shown at the center of the screen. After a randomly
generated white-noise luminance mask for 250 ms, participants

viewed a short road video. Although the video was on screen, a
visible white vertical line bisected the video into a left and right
half. At the end of the video, a second noise mask was shown for
250 ms. Both masks and video stimuli subtended 40 DVA hori-
zontally and 22 DVA vertically.

Given that every video contained a materialized hazard (i.e., an
on-road situation that requires immediate driver response to avoid
a collision), participants were asked to localize the hazard to the
left or right of the white vertical line using the left and right arrow
keys of a standard computer keyboard. The hazard occurred at an
unpredictable time point within each video. Hazard onset occurred
at least 1 s after the beginning of the video, and at least 300 ms
before the end of the video. Participants were instructed to respond
as soon as they saw a hazard. The video ended when the driver in
the video responded to the hazard in the video regardless of whether
the participant has responded. If participants responded while the
video was playing, auditory feedback in the form of a beep at
approximately 1.65 kHz for 300 ms duration signaled the registra-
tion of their response. If the video ended before participants
responded, on-screen text prompted them to report the location of
the hazard. The trial continued once a response had been made.

Following this localization response, participants were given a
chance to correct their response, prompted by on-screen text.
Once satisfied with their response, participants pressed the space
bar to continue to the next trial. The response correction prompt
was provided at the end of every trial to allow participants to cor-
rect motor errors.

All participants viewed all 262 videos in a randomized order.
The first 10 trials were presented as practice trials so that partici-
pants could become familiar with the task, although nothing about
them differs from the rest of the trials. Furthermore, participants
were given a chance to ask questions at the end of the practice tri-
als. Participants were given an opportunity to take a break halfway
through the experiment. After completing the computerized task,
participants were asked to complete a driving experience survey,
the question and responses can be found in the Open Science
Framework repository for this study (https://osf.io/fv6e4/). The
entire experimental procedure took 1 hr, and participants were
compensated $15 CAD for their time.

Data Analysis

We used the recorded gaze positions to determine whether par-
ticipants looked directly at the hazard. We defined direct looking
as gaze points that landed within the annotated region of the hazard.
Then, for each time point, we calculated the proportion of trials on
which participants looked directly at the hazard out of all possible
trials in the relevant condition. For times before hazard onset, the
annotated hazard location at the time of hazard onset was used to
look for evidence of anticipatory looking. Hazard localization accu-
racy and response time were used to categorize trials to compare
gaze behavior measures, which will be described later in the text.
Where applicable, effect sizes for paired t tests are adjusted by
within-subject variance using the rm method in effectsize package
(Ben-Shachar et al., 2020) for R, and are notated as drm.

When Does Gaze Position Differ From Chance?

We investigated whether gaze location differed from chance at
each time point by testing the observed data against the null

Figure 1
Schematic of a Single Trial

Note. On each trial, participants fixated a green square fixation point at
the center of frame (not shown in the figure). Then a mask appeared for
250 ms, followed by a video lasting between 1,300 and 7,800 ms. In each
video, a hazard that required immediate response to avoid a collision
occurred at least 1 s after the beginning of the video and at least 300 ms
before the end of the video. In the example stimulus illustrated in the fig-
ure, the hazard (silver sedan) was stationary during the prehazard video
and was not on a collision course with the dashcam-equipped vehicle. At
the moment of hazard onset, the silver sedan started moving into the road,
creating a situation that requires braking or swerving to avoid a collision.
Participants were asked to indicate the location of the hazard relative to
the white vertical line that is always visible during the video (width
increased for illustration purposes, the actual line was three pixels wide).
Participants were asked to respond as soon as they saw a hazard, using
the left and right arrow keys. If they did not respond after 2 s after the
end of the video, a text prompt was displayed on screen until response. At
the end of each trial, they were given an opportunity to correct their
response. See the online article for the color version of this figure.
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hypothesis that all videos are interchangeable, such that partici-
pants fail to use video specific scene context to guide where they
look. To estimate chance performance under such a null hypothe-
sis, we conducted permutation tests (Chihara & Hesterberg, 2018;
Collingridge, 2013; Hesterberg et al., 2003) at each time point by
shuffling the annotated hazard location among trials within each
participant. Then, we calculated a permutated null distribution for
the proportion of direct gaze points at each available millisecond.
To estimate the null distribution, we did this 1,000 times for each
participant, which allows estimation of the p value to .001 preci-
sion. An observed proportion was considered significantly above
chance if it fell beyond the central 95% of the permuted null distri-
bution for that participant, which corresponds to a two-tailed test
using a critical a of .05. Family-wise error rate was controlled
using a false discovery rate (FDR) of 5% for each participant. This
method accounts for individual differences in gaze behavior observed
across videos, and was preregistered.
Then, to further examine when participant’s gaze behavior

became different from chance, we extracted the time threshold of
scene-guided looking for each participant and condition. Time
threshold is defined as the earliest time that the observed data dif-
fered from the null distribution and that was continuous with the
annotated hazard onset time. This time threshold is a measure of
the earliest time when participant’s gaze position starts to differ
from chance. This measure assumes that once participants start
searching for a road hazard based on the scene at hand rather than
simply orienting to the experimental situation on each trial, eye
movements should remain strategic for the rest of the trial.
We repeated the same procedure relative to response time. Given

that looking behavior may have differed between correct and incorrect
trials, we extracted the time threshold for correct and incorrect trials
separately for each participant following the procedure described
earlier. To quantitatively examine the difference between correct
and incorrect trials, we conducted a two-tailed t test to determine
whether the time-thresholds on correct and incorrect trials dif-
fered from each other. This analysis was not preregistered.

Comparing Gaze Behavior for Correct and Incorrect Trials

To further examine how eye movements varied over time for
correct and incorrect trials, we calculated the mean proportion of
trials with direct gaze at each time point for correct and incorrect
trials separately. We calculated an average proportion per time
point, participant, and condition, aligning the trials by hazard onset
and by participant response separately. To quantify whether the
likelihood of looking at the hazard differed for between correct
and incorrect trials, we submitted them to Welch’s two-sample
t tests (two-tailed) to account for the fact that not all participants
had available data at every single time point we tested for incorrect
trials, because there were few incorrect trials overall.
We examined gaze distance from hazard center using the same

analyses methods described earlier. However, the results were less
consistent and more difficult to interpret (see online supplemental
materials for more details). For brevity, we focus our current
reporting on direct looking as the main dependent variable.
To account for the possibility of looking at the hazard early and

then looking away, we examined the proportion of trials on which
participants looked at the hazard at any time within 1 s before
responding. This analysis was done to examine the incidence of

LBFTS errors, where participants missed the hazard despite hav-
ing looked directly at the hazard, as well as incidence of successful
hazard localization using peripheral vision only, without directly
looking at the hazard. We submitted the proportions to a two-
tailed paired t test to determine whether correct and incorrect trials
differed. This analysis was not preregistered.

Hazard Localization RT and Gaze Behavior

To examine the relation between gaze behavior and RT, we
categorized each correct trial according to localization response
time relative to the annotated hazard onset. On trials on which par-
ticipants corrected their response, the initial response was used for
RT categorization. On average, trials corrected per participant is
12 trials (SD 5 6.83), and corrected trials represent 4.5% of all tri-
als. For the rest of the article, we will refer to this categorization
as RT Category. Trials were labeled early when the localization
response occurred before the annotated hazard onset, on-time
when the localization response occurred after the annotated hazard
onset but before the end of the video (i.e., the annotated driver
response in the original video), and late when localization response
occurred after the end of the video. A late response means that the
participant would have failed to avoid a collision if they were the
driver in the video. Both accuracy and response time category
were then used to examine whether and how gaze measures vary
among these categories. Two participants with missing data in any
RT Category were excluded from statistical tests involving RT
Category.

Due to the variability in RT, participants had a variable number
of trials in each RT Category. To account for such variability, pro-
portion of direct-looking were calculated according to each partici-
pant’s total number of possible trials within each RT category.
Then, we conducted pairwise permutation tests on the proportion
of direct-looking to determine whether each category significantly
differed from each other. For each pairwise comparison, and each
participant, we took the relevant gaze position time series for each
relevant trial, and randomly shuffled the RT category labels of those
trials. Then, we calculated the proportion of direct-looking for that
participant at each time point, keeping the total number of trials in
each RT category equal as the observed, unshuffled data. After
applying this process for all participants, we averaged each partici-
pant’s average time series together in each condition and calculated
a difference score between the two conditions being compared.

To generate the null distribution against which to test the
observed data, we repeated this process 1,000 times, which allows
estimating p values to .001 precision, and the significance thresh-
old is based on the limits of the center 95% of the null distribution.
For each time point, an observed difference between two condi-
tions is deemed statistically significant if it was more extreme than
the central 95% of data in the permuted null distribution (corre-
sponding to two-tailed critical alpha of .05). We then used an FDR
of 5% to account for family-wise error rate. This permutation test
method controls for individual differences, varying number of tri-
als in each RT category, and the effects of videos in the statistical
testing, when determining at which time points each condition dif-
fered from another. This procedure was conducted twice, once
based on time relative to hazard onset, and another based on time
relative to participant response. The analyses involving RT were
exploratory and not preregistered.
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Transparency and Openness

We report how sample size is determined, all data exclusions,
study manipulations, and dependent measures. Stimulus presenta-
tion code, data, and analysis materials are publicly available on
OSF repository at https://osf.io/fv6e4/, and the stimuli are publicly
available on OSF at https://osf.io/tgzb7/. Data were analyzed using
R, Version 4.1.3 (R Core Team, 2017) and the packages tidyverse
(Wickham et al., 2019) and eyelinkReader (Pastukhov, 2024), and
in MATLAB, Version 2023 b (The MathWorks Inc, 2023). The
study’s design and some analyses were preregistered, available at
https://osf.io/hv9ye/. However, whereas the preregistration stated
that the main variable of interested was gaze distance from hazard
and the proportion of gaze landing in hazard was complementary,
the reported data focuses on the proportion measures as they are
more interpretable. Distance from hazard results can be found in
the online supplemental materials. Furthermore, although we reg-
istered the permutation tests on whether the observed data differed
from chance, we did not preregister the time-threshold analysis.
We indicate other nonpreregistered analyses in text where applica-
ble, including testing time-threshold between correct and incorrect
trials, RT category analyses, and proportion of trials with direct
looking within 1 s to response.

Results

Localization Performance

All participants in the final sample performed above 80% in the
localization task (M 5 97.1%, SD 5 1.8%). One video was
excluded from all subsequent analyses because no participants

correctly localized the hazard, resulting in a total of 261 hazards.
After exclusion, the average accuracy was 97.9% (SD 5 3.8%),
98.7% (SD 5 1.2%), and 93.7% (SD 5 4.6%) for early, on-time,
and late trials, respectively, resulting in, on average, 66.8 (SD 5
38.1) early, 102 (SD 5 26.8) on-time, and 82.6 (SD 5 51.2) late
correct trials per participant.

When Does Gaze-Behavior Become Different From
Chance?

The permutation analysis revealed that direct looking differed
from chance well before hazard onset. Figure 2 shows the distri-
bution of time thresholds of nonrandom looking for correct and
incorrect trials, relative to hazard onset (Figure 2A), and to
response (Figure 2B). Using our procedure, we found a valid
time threshold for correct trials for all participants. However,
due to the low number of incorrect trials, no time threshold for
incorrect trials could be found for seven participants relative to
hazard onset, and for 10 participants relative to response time.
We subsequently excluded the participants with missing data
from all subsequent statistical tests involving time thresholds. In
the rest of the sample, time-thresholds for different-from-chance
looking were significantly earlier for correct than incorrect trials
both relative to hazard onset, t(22) 5 14.54, p < .001, drm 5
�3.78, mean difference 5 �1,655.78, 95% confidence interval
[CI; �1,892.01, �1,419.56], and relative to response, t(19) 5
�11.53, p < .001, drm 5 �3.25, mean difference 5 �1,924.45,
95% CI [�2,273.882, �1,575.018]. These results indicate that
gaze behavior depended on the specific scene at hand well before
hazard onset and continued until response, particularly for cor-
rect trials.

Figure 2
Time When Participant Gaze Position Differs From Permuted Null Distribution

Note. This figure shows an example of observed data and the permuted null distribution in a single participant, for all correct trials. The permuted null
distribution represents the null hypothesis that all videos were interchangeable and no video-specific information was used by participants. Time thresh-
old was defined as the earliest time at which the participant’s looking differed from the null distribution, which was also continuous with time point 0.
In the example in panel A, time zero denotes hazard onset. We also conducted an analysis yoked to response onset, such that time 0 ms represents the
onset of the participant’s response. Panel B shows the estimated time thresholds of correct and incorrect trials yoked to hazard onset at time 0 (top) and
yoked to response onset at time 0 (bottom). Time thresholds were much earlier for correct trials compared with incorrect trials relative to hazard onset
and participant response, suggesting that nonrandom gaze behavior is related to gathering information about the hazard. See the online article for the
color version of this figure.
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Comparing Direct Looking Behavior on Correct and
Incorrect Trials

Next, we examined the hypothesis that direct looking would vary
with localization accuracy, by comparing gaze behavior on correct
and incorrect trials. Figure 3A shows the proportion of trials with
direct gaze at the hazard at each time point relative to hazard onset.
Visual inspection of Figure 3A shows that the proportion of direct
gaze increase over time, but the increase is much steeper for correct
trials (blue), than for incorrect trials (orange), particularly within 1 s
before annotated hazard onset. Furthermore, there was more direct
looking at the hazard for correct trials (peaking at .63 at 852 ms)
than incorrect trials (peaking at .36 at 1,013 ms) surrounding hazard
onset. This observation is corroborated by the fact that correct and
incorrect trials significantly differ from each other between �688 ms
to 749 ms (t > 2.36, p < .24 after correction for family-wise error
rate according to an FDR of 5%), as indicated by pairwise t tests
conducted at each time point. Furthermore, there was an earlier clus-
ter of timepoints between approximately �2,308 ms to �1,748 ms,
when participants looked directly at the hazard more often during
correct trials than incorrect trials (t > 2.34, p < .025).
A similar pattern of results can be observed in Figure 3B, show-

ing the proportion of direct looking as a function of time from
response. The proportion of direct looking is higher for correct
(peaking at .68 at �80 ms) than incorrect trials (peaking at .35 at
1,564 ms) surrounding the time of response from�888 ms to 749 ms
(jtj > 2.21, p < .03).
These same analyses were repeated on the subset of videos for

which there were both correct and incorrect responses. The pattern
of results was very similar albeit with smaller effects due to the
reduced number of trials (see online supplemental materials for
details). These results indicate that the increased looking on cor-
rect trials was not due to stimulus effects.
Figure 4 shows the incidence of trials on which participant

directly looked at the hazard immediately before responding for
incorrect and correct trials. In 40% of missed trials, participant gaze
position landed on the hazard, indicating LBFTS errors. For correct
trials, this percentage was much higher at 83%. However, there
remained 17% of trials in which participants failed to look directly
at the hazard and still correctly reported hazard location. The paired
t test indicates that the proportion of trials with hazard-directed
looking is significantly higher for correct trials than incorrect trials,
t(29)5 9.3227, p < .001, drm 5 1.84, mean difference5 0.42.
Together, these results indicate that looking directly at the hazard

is associated with correct hazard localization. However, direct
looking is not perfectly associated with correct localization. More-
over, in the time series analyses, given that the proportion of direct
looking never reaches near ceiling in any condition, there is no
single timepoint that is diagnostic of hazard awareness. In sum,
although looking at the hazard is helpful for correct localization, it
is not always necessary in a substantial number of cases.

Does Looking Behavior VaryWith Speed of Hazard
Localization?

To examine whether direct gaze is correlated with hazard local-
ization speed, we examined the correct trials divided into three RT
categories, early, on-time, and late. Comparing how the proportion
of direct looking over time varies with RT category can reveal the

temporal aspects of gaze behavior most likely to determine subse-
quent RT. Visual inspection of Figure 5A suggests that participants
look earlier when they respond earlier. The overall proportion of
direct looking increases over time and plateaus at a maximum
around the time of hazard onset, and the timing of the maximum
is earlier for earlier responses (��200 ms for early, �100 ms for
on time, and �200ms for late trials). The increase in the propor-
tions also begin in the order of increasing RT. The maximum pro-
portion is 0.68 for early trials, 0.70 for on-time trials, and 0.51 for
late trials at 714 ms, 653 ms, and 653 ms, respectively. These
results are in line with the idea that earlier responses are associ-
ated with earlier looking.

Pairwise comparisons at each time point revealed when gaze
behavior differentiated between response speeds. Early, on-time,
and late trials all differed significantly from each other for 796 ms
just before hazard onset at �884 ms to 89 ms. However, early tri-
als significantly differed from late and on-time trials much earlier
than late and on-time trials differed from each other, suggesting
that there was anticipatory looking when there was anticipatory
responding. Early trials differed significantly from late trials as
early as �2,837 ms to �2,342 ms, although the largest segment of
significant times runs from �2,255 ms to 1,011 ms. Early trials
differed significantly from on-time trials from �2,005 ms to 89 ms.
These results indicate that on trials where participants anticipated
the annotated hazard, they were more likely to show anticipatory
looking before hazard onset. Whereas on-time and late trials only
differed from each other starting from �884 ms to 1,005 ms, sug-
gesting that there is more anticipatory looking for on-time trials
than late trials, but it occurred later than early trials. Altogether,
these results suggest that anticipatory looking occurred before haz-
ard onset, and that earlier localization responses are associated with
earlier foveation of the hazard.

The results of direct gaze proportion as a function of time from
response show different results with regards to RT Category. Vis-
ual inspection of Figure 5B indicates that proportion of gaze rises
over time and plateaus just before participant response at time
zero. The maximum values before the time of response are 0.61 at
�117 ms for early trials, 0.73 at �78 ms for on-time trials, and
0.73 at �78 ms for late trials. Notably, all peaks occur just before
the response, indicating that the relationship between looking and
response cannot distinguish between RT categories. These qualitative
observations are corroborated by quantitative tests, as only late trials
differ significantly from other conditions (vs. early trials: �2,340 ms
to �463 ms, and vs. on-time trials: �300 ms to �713 ms). Early
and on-time trials did not significantly differ from each other at any
time point. These data suggest that processing time after foveation
did not systematically differ among RT Categories.

Discussion

In this study, we investigated how the visual system supports the
detection and appropriate response to road hazards. We evaluated sev-
eral hypotheses motivated by prevailing theories of driver perception.

SA is a framework with which driver awareness is described
but provides no mechanistic explanation for how it is achieved.
Prior work investigating gaze correlates of driver SA without con-
sidering the content of the scene assumes that gaze behavior
among different scenes are essentially interchangeable until hazard
onset. However, we found that gaze was consistent guided by the
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Figure 3
Proportion of Hazard-Directed Looking Over Time Grouped by Hazard Localization Accuracy

Note. This figure shows the proportion of trials with the proportion of direct looking at each time point. Panel A shows the proportion as a function
of time from hazard onset such that time 0 represents the moment of hazard onset, and panel B shows the proportion as a function of time from
response such that time 0 represents the onset of the localization response. The blue and orange lines represent correct and incorrect trials, respec-
tively. Solid lines and shaded regions around them indicate mean and standard error of the mean, respectively. Regions highlighted in light purple
indicate the time points at which incorrect and correct trials differ significantly according to two-tailed t tests. See the online article for the color ver-
sion of this figure.
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scene context at hand as early as 3,000 ms before hazard onset.
Furthermore, such scene guidance was observed earlier for correct
trials compared with incorrect trials, suggesting that participants
used the structure of specific road scenes on each trial to guide
their gaze strategy and aligns with findings using static natural
scenes (Henderson et al., 1999; Neider & Zelinsky, 2006; Torralba
et al., 2006; Võ et al., 2019). These results also speak to the non-
linear nature of achieving SA, as perceptual and predictive proc-
esses iterate over time (Endsley, 1995a), and are incompatible
with the idea that gaze is essentially similarly distributed across
different scenes. These results suggest that gaze measures should
be analyzed and interpreted in the context of the contents of the
scene, because such scene context affects where people look.
These results are consistent with an Information Acquisition

(IA) account of hazard detection, such that scene context is cap-
tured quickly using peripheral vision, which is used to strategically
guide search for specific hazards (Wolfe et al., 2020). According
to IA, information about scene structure is captured quickly by pe-
ripheral vision, which is then be used to guide where drivers look.
Our finding that gaze differs from the null distribution several sec-
onds before hazard onset is consistent with this idea. Moreover,
when examining hazard-directed looking behavior over time, we
found that participants started to look reliably at the future location
of the hazard before the hazard unfolded, indicating predictive
processing within approximately 1,000 ms ahead of hazard onset.
These results are consistent with the idea that eye movements are
predictive (Henderson, 2017) and fit well within the 500–1,000 ms
duration range at which the eyes lead action in other naturalistic

tasks (Hayhoe et al., 2003, 2012; Land et al., 1999). This result sug-
gests that anticipation and predictive processes contribute to hazard
detection, and that diagnostic information about where the hazard
will be may often be present in the scene prior to hazard onset.

This interpretation of anticipatory looking is congruent with the
idea of latent hazards, that is, hazards that are predictable and grad-
ual in their onset and that elicit responses based on anticipated colli-
sions rather than an ongoing collision (Crundall et al., 2012;
Horswill, 2016; Vlakveld et al., 2011). The idea of latent hazards is
championed by HP, a theory of collision avoidance that suggests
that anticipation of hazards is crucial for effectively responding to
hazards. However, not all hazards tested here involved anticipatory
looking, likely because some hazards are more surprising and less
predictable than other hazards. Our results do not support the idea
that there is a critical time point at which looking at the hazard is
required for its detection, as no single time point reached 100%
directly looking for correct trials. However, the difference in gaze
over time between correct and incorrect trials suggest that such an-
ticipatory looking is helpful for hazard localization. Whether drivers
looked at a location may be a data-driven way to characterize parts
of the scene that drivers believe to be latent hazards, but it is not a
perfect index as other candidate hazard locations are likely also
identified in peripheral vision at each moment. Therefore, examin-
ing agreement among drivers about objects judged to be latent
hazards may shed light on the processes involved in identifying
such candidate hazard locations.

We also found an association between when participants looked
at the hazard and RT for correct hazard localization. When partici-
pants correctly localized hazards faster, they also looked at them
earlier, suggesting that anticipatory looking plays an important
role in the driver’s ability to respond early enough to avoid colli-
sions. However, gaze behavior relative to response did not show
such temporal separation among RT categories, suggesting that
guiding gaze to the hazard using peripheral vision is a more crucial
factor in determining response time, rather than hazard recognition
or decisional processes after foveation. These results are consistent
with the idea that peripheral vision is used to guide gaze and
understanding of the situation overall.

Interestingly, we also found a relation between looking and haz-
ardousness (as rated by an independent sample; see online
supplemental materials for more details). Participants were more
likely to look at high-rated hazards compared with low-rated haz-
ards, but only after responding to the hazard. Before response,
there was less hazard-directed looking for high-rated hazards com-
pared with low-rated hazards, but the pattern is reversed after haz-
ard onset. This suggests high-rated scenarios had less scene context
cues to guide anticipatory gaze, but hazard onsets were better able
to capture gaze than low-rated hazards. These results are consistent
with a previous study that found that participants make longer sac-
cades toward highly hazardous situations than less hazardous situa-
tions (Huestegge & Böckler, 2016). These results suggest that
highly rated hazard onsets draw attention more easily than low haz-
ardousness situations and are congruent with the idea that threats
capture attention (Schmidt et al., 2017).

Dissociation Between Gaze and Awareness

Although foveating the hazard is associated with correct
detection, it is neither necessary nor sufficient for correct hazard

Figure 4
Proportion of Trials With Direct Looking Within 1 s to Response

Note. Mean proportion of trials with gaze points landing on the hazard
any time within 1 s before response. Orange and blue solid dots represent
incorrect and correct hazard localization trials, respectively, and transpar-
ent dots represent individual participants. Error bars indicate standard
error of the mean. The dark gray horizontal solid line indicates the mean
proportion of the permuted null distribution (1,000 iterations), and the
surrounding lighter gray region indicates the upper and lower limits of the
permuted 95% confidence interval. The black dotted line indicates the av-
erage proportion of display area taken up by the annotated hazard region
for the frames included in this analysis. The incorrect trials with gaze
landing within the hazard region represent looked-but-failed-to-see errors.
See the online article for the color version of this figure.
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detection. Our results suggest that gaze position alone cannot
indicate hazard awareness and should not be used as such in
driver-monitoring applications. When hazard localization is cor-
rect, we found that the hazard was foveated 83% of the time

within 1 s of response. Furthermore, there was no time point at
which foveation of the hazard is diagnostic of awareness. Even
at the time point with the highest probability of looking, we
found that gaze position landed in the hazard region less than

Figure 5
Proportion of Trials With Hazard-Directed Looking Over Time Grouped by Hazard Localization Speed

Note. Panels A and B show the proportion of trials with gaze position inside the hazard region for each RT category, such that orange, green, and blue
represent early, on-time, and late trials, respectively. Solid lines indicate the mean, and the highlighted regions around the solid lines indicate the stand-
ard error of the mean. Panel A shows proportion as a function of time from hazard onset, and panel B shows proportion as a function of time from
response. Only trials with correct hazard localization were included. For panels A and D, the horizontal bars just above the x-axis indicate times at
which a pair-wise permutation test yielded a statistically significant difference. See the online article for the color version of this figure.
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70% of the time. In other words, at any single moment, there was
at least 30% chance that a participant is not looking at the hazard
even though they will subsequently locate it accurately. These
results suggest that peripheral vision can be sufficient for localiz-
ing hazards in road videos and are consistent with prior findings
with static images of road hazards (Huestegge & Böckler, 2016).
Hence, gaze is dissociable from and should not be used as a
proxy for any level of SA.
A consideration that tempers this conclusion is that, given that a

lateralization response was required on every trial, a correct
response may not necessarily indicate awareness of the exact loca-
tion of the hazard. Participants may have been aware of the general
hazardousness of the situation without knowing the exact location
of the hazard, or no signal of a hazard was noticed at all, and partic-
ipants simply guessed after the video ended. In these cases, partici-
pants would have a 50% chance of guessing the trial incorrectly.
We observed 3% incorrect trials, and from that we can infer that
approximately 3% of all trials were guessed correctly, which equals
approximately 3% of all correct trials. Assuming that participants
never look at the hazard when guessing even by chance, of the 17%
of correctly localized hazards without foveation, 14% of the trials
remains not guessed, suggesting that participants could use periph-
eral information to inform their response on these trials.
Another reason why gaze position is a poor indicator of aware-

ness is the presence of LBFTS errors. For missed hazards, we
found an average of 40% of trials on which participants looked
directly at the hazard within 1 s before response. Furthermore,
there is no single diagnostic time at which not looking is perfectly
predictive of missing the hazard. The time series analysis of gaze
position found that, at any single moment, there was up to 36%
chance that the participant looks at the hazard before an incorrect
localization response. Although most misses were due to looking
too late or not looking at all, there was still a substantial possibility
of LBFTS errors. These results suggest that LBFTS errors did hap-
pen at least sometimes as drivers reported them (Hills, 1980). As
such, failing to look at a hazard is a poor indicator for unawareness
of the hazard. Combining gaze with other measures such as infor-
mation regarding objects in the scene (Biswas et al., 2024; Jiang
et al., 2024), and electroencephalography (Yang et al., 2024) may
result in more accurate physiological indices of awareness.
The proportion of LBFTS reported here is slightly higher than

the range of previously reported LBFTS rates of 34% for complex
targets in a laboratory search task (Hout et al., 2015). In many
ways these results are not comparable because the tasks and condi-
tions tested are very different. Moreover, given our relatively na-
ïve time-series analysis, likely not all misses with foveated
hazards are true LBFTS errors. According to the Normal Blind-
ness framework (Wolfe, Kosovicheva, & Wolfe, 2022), LBFTS
errors can arise through two mechanisms. They can occur due to
not looking long enough to process the object (selection failure)
because another location is deemed more relevant (misguidance),
for example, a cyclist was looked at too briefly because a clown
appeared on the other side of the sidewalk resulting in a failure to
process the cyclist. LBFTS errors can also occur due to a failure in
decision making, for example, the cyclist is identified but is
deemed not to warrant a response. Our analyses could not distin-
guish between these two possibilities. Conversely, participants
may not have fixated on the hazard at all, as gaze position may
have swept over the hazard region during a saccade. In the latter

case, misses would not be true LBFTS errors. We have adopted a
liberal definition of what constitutes looked at the hazard to mini-
mize missing any LBFTS errors, and so that trials without looking
are defined as precisely as possible.

In some exploratory, nonregistered analyses, we also investi-
gated when participants were likely to blink under the considera-
tion that participants will miss visual information during a blink
(full analyses and details in online supplemental materials). We
found that blinks are rare and distributed across the entire trial.
Crucially, the likelihood of blinks was consistently nearly zero im-
mediately before the time of response, suggesting that blinking
decreased when participants became aware of the hazard. These
results correspond well to a prior finding that reduced blink rate
are associated with the presence of a hazardous situation (Costela
& Castro-Torres, 2020). However, the actual usefulness of such a
biomarker for hazard-awareness in on-road applications is predi-
cated on already knowing that a hazard is present and that it is the
cause of decreased blink rate. It is difficult to meet these condi-
tions on the road because increased visual processing demand
more generally has been shown to reduce blink rate (Cardona
et al., 2011; Chen et al., 2023; Drew, 1951; Poulton & Gregory,
1952), and the source of increased demand may be unrelated to
the road environment, such as answering a phone call. Therefore,
although we found that a decrement in blink rate may predict man-
ual response, its usefulness is limited in more complex settings.

Constraints on Generality

We have demonstrated several aspects of gaze behavior when
viewing dynamic road hazards that converge with prior work
investigating other everyday tasks. However, not all dynamic
scenes are equal. For one, travel speeds during driving are much
faster than during other kinds of locomotion such as walking or
running. To account for the same amount of time, the distances
one must look ahead toward are much higher at increased speeds.
For example, looking 2 s ahead requires looking 5.6 m ahead
when traveling at 20 km/hr, but requires looking 28 m ahead when
traveling 100 km/hr. Many other daily tasks, such as walking
in-doors, or making tea, seldom require looking ahead at such far
distances. Consequently, the information important for safely
navigating the environment during driving would likely differ
from other contexts. As a result, one may expect where and when
participants look in a scene to differ among these contexts. The
limits of such anticipatory looking is of interest for understanding
driving safety and scene perception and should be investigated in
future work.

Another limitation of this work is that participants from other
regions of the world may perform differently than our sample of
Canadian drivers. Road environments can vary dramatically in dif-
ferent regions of the world. One such aspect is the types of hazards
drivers may encounter on the road. For example, motorcyclists are
much more commonly encountered in Thailand than in Canada.
Previous research showed that drivers are more likely to miss rare
hazards compared with common hazards (Beanland et al., 2014),
and more like to miss hazards in general if hazards are rarer over-
all (Kosovicheva et al., 2023). One may expect Thai drivers and
Canadian drivers to respond differently to the same stimuli due to
the difference frequencies at which they encounter hazards in their
prior experiences. Given that prior knowledge and experience may
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affect gaze behavior, we may expect different gaze behavior from
different groups of drivers. For this reason, cross-cultural studies
may be fruitful for shedding light on the intersection between eye
movements, prior experience, and scene perception.
Several aspects of the task design are sufficiently different from

on-road driving that limits generalization of hazard localization
performance results. Some aspects of the video may have made
localization performance worse than what it would have been on
the road. For example, the videos tested in the current study only
contained forward facing footage, whereas some hazards are visi-
ble to a careful driver through the side windows or in mirrors.
There may not be enough information contained in the forward
facing footage only to detect these hazards, but could otherwise
have been detected earlier in an on-road situation. Furthermore,
the video stimuli are crowd-sourced from social media and may be
biased toward rarer or more unexpected hazards, which may
reduce the ability of drivers to detect them in time.
Other aspects would have made localization performance in this

study better than on road situations. Participants in the study
would be primed to detect hazards given there was a hazard on ev-
ery trial, whereas it would be extremely unlikely for drivers to en-
counter over 200 hazards on the road. This may have made
participants report hazards more liberally than on-road driving. In
addition, the current study tested hazard detection under ideal con-
ditions where participants were engaged in no other task. How-
ever, on the road, drivers also need to operate the vehicle
simultaneously and may choose to engage in other activities that
distract from searching for hazards, such as texting or having a
conversation on the phone. Under less optimal conditions such as
multitasking paradigms, LBFTS errors may be more common
(Wolfe, Kosovicheva, & Wolfe, 2022). Furthermore, it may take
longer to achieve SA under distraction and the additional cognitive
load of task switching may affect gaze strategy as well. We are
currently investigating the effect of distraction on eye movements
and LBFTS errors during viewing of dynamic road scenes.

Conclusion

We recorded eye movements while drivers detected immediate
hazards from real road videos to investigate several assumptions
from theories of models of driver awareness of hazards. We found
that several principles of eye movement guidance found in work
using static scenes apply to dynamic road scenes, and these princi-
ples offer mechanistic theories that are otherwise missing from the
prevalent driver awareness models such as SA and HP. Eye move-
ments are guided by scene context and strategically deployed to
facilitate the anticipation and detection of hazards, which aligns
with the idea that anticipating hazard before they appear facilitates
their detection. Whereas eye-movement studies try to find gaze
metrics as an indicator for achieving SA or HP, our results indicate
that gaze alone is neither necessary nor sufficient for detecting
hazards. Drivers can sometimes use only peripheral vision to look
at hazards for successful detection, other times, they may look at
the hazard directly and still miss it. This evidence indicates that
whether the driver has looked at the hazard alone should not be
used as an indicator for hazard awareness in driver monitoring sys-
tems. Instead, gaze measures are most useful when they are inter-
preted in the context of what drivers looked at and why, to
elucidate the cognitive processes that support hazard detection and

dynamic scene perception (Ahlström et al., 2021; Rayner, 2009).
These results align with a body of literature suggesting that exam-
ining both the location and timing of gaze can reveal important
aspects of scene perception and provide empirical evidence that
elaborates on information acquisition framework and some aspects
of the HP framework. This work extends our knowledge of how
the visual system copes with the demands of complex, daily tasks,
and has practical implications for the design of gaze-based driver
monitoring systems.
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