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Abstract: Vision impairment may delay responses to hazards when driving. In a proof-of-concept
driving simulator study, we evaluated a hazard warning device designed for vision impaired
drivers. Three groups participated: 11 persons with central vision loss (CVL; median age 60 years),
12 with homonymous field loss (HFL; 52 years) and 11 with normal vision (NV; 60 years). CVL is
characterised by impaired visual acuity and contrast sensitivity while HFL is a loss of vision in the
same half of the visual field (blind side) in both eyes. Participants completed drives with and
without the device which gave a directional vibro-tactile warning for an approaching pedestrian
hazard when collision risk exceeded a pre-defined threshold. Warnings significantly (p< 0.001)
reduced brake response times for CVL (A= 0.54s) and HFL (A= 0.30s), but not NV participants. For
HFL participants, the reduction was greater (p = 0.02) for hazards on the blind (A= 0.57s) than seeing
side (A= 0.10s). The warnings significantly reduced collision rates for CVL participants from 11 to
0% (all hazards) and for HFL participants from 30 to 1.7% (blind side hazards). Thus, hazard
warnings may be beneficial in improving safety of vision impaired drivers; further research is
warranted.

Keywords: driving safety; vision impairment; advanced driver assistance systems; hemianopia;
central vision loss

Introduction

People with vision impairments, such as reduced visual acuity or visual field loss, can legally
drive in many states in the USA provided they meet the minimum vision requirements for a restricted
license (Peli & Peli, 2002). However, their vision loss may cause difficulties in responding to road
hazards (Alberti et al.,, 2014; Bowers et al.,, 2009; Bronstad et al.,, 2015; Bronstad et al., 2013;
Papageorgiou et al., 2012). Advanced Driver Assistance Systems (ADAS) that provide warnings of
road hazards are available in current cars and may increase driving safety by reducing crashes and
injuries (Cicchino, 2017; Seaman et al., 2022). A few common ADAS technologies (blind-spot
detection, lane keep assist, forward collision prevention, pedestrian automatic braking technologies)
could potentially prevent 62% of total traffic deaths per year (Wang, 2019). While drivers with
impaired vision have reported in questionnaire studies that ADAS improve their perceived driving
safety and help to reduce their self-imposed driving restrictions (Cucuras et al., 2017; Deffler et al.,
2022; Stevens et al., 2022; Xu et al., 2022; Xu et al., 2023), very little is known about the extent to which
such systems might mitigate their crash risk (Holzl et al., 2021). Here we report a proof-of-concept
driving simulator study to evaluate the impact of directional vibro-tactile warnings on hazard
responses of drivers with two distinct types of vision loss: central vision loss (CVL) and homonymous
field loss (HFL).

CVL is characterized by reduced visual acuity, reduced contrast sensitivity, and in some
cases, blind areas (scotomas) in the central visual field. It is commonly a result of macular disease
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(e.g., age-related macular degeneration), though there are many other causes. In contrast, HFL is a
loss of part or all the visual field on the same side in both eyes caused by lesions to the post-chiasmal
visual pathways following stroke or traumatic brain injury. Homonymous hemianopia is the most
common type of HFL with a complete loss of vision in one hemifield (the blind side) but typically
normal acuity and contrast sensitivity in the other hemifield (the seeing side). In driving simulator
studies, drivers with CVL showed delayed responses to pedestrian hazards (Bronstad et al., 2015;
Bronstad et al., 2013), while drivers with HFL had failures to detect as well as delayed responses
when pedestrian hazards approached from their blind side (Alberti et al., 2014; Bowers et al., 2009;
Papageorgiou et al., 2012). In a survey study, people with CVL reported that dealing with unexpected
pedestrian hazards (e.g., suddenly crossing the road) is one of the most difficult situations they
encounter when driving and a pedestrian warning system is one of the top ADAS they would like to
own and use (Xu et al., 2023).

Tactile (vibrational) hazard warnings have recently been implemented in the driver’s seat in
some vehicles (e.g. Cadillac, Chevrolet, GMC, Buick) and could be especially helpful for drivers with
visual impairment, who might have difficulty seeing a visual warning or difficulty interpreting an
auditory warning amongst the many other auditory alerts already implemented in commonly used
ADAS. Tactile hazard warnings improve safety of drivers with normal vision (NV) (Gaffary &
Lécuyer, 2018; Noubissie Tientcheu et al., 2022; Petermeijer et al., 2015). Tactile seat warnings that
provided information about the direction of a potential hazard increased correct hazard localization
accuracy and decreased response times of NV drivers, suggesting that the directional information
was helpful in guiding attention to the hazard location (Fitch et al., 2007; Ho et al., 2005; Meng &
Spence, 2015).

The current study built on an early evaluation of a directional tactile hazard warning system for
drivers with HFL in which a warning was provided for every pedestrian that crossed the road,
irrespective of the collision risk (Holzl et al., 2021). The warning was always given when the car was
a fixed distance of 80 m from the pedestrian crossing location. In this simple scenario, the warnings
significantly reduced blind side crash rates, but were unrealistically early, providing about 7 s to see
and respond to the pedestrian when travelling at 25 mph (40 km/h). In the current study we
implemented a more ecologically valid warning trigger based on collision risk and extended our
investigation to include people with CVL as well as people with HFL. We expected that the warnings
would improve hazard responses and reduce collision risk for both CVL and HFL drivers. However,
since the two types of vision loss are very different, we hypothesized that the responses to the
warnings and benefits of the warnings might differ between the two vision-impaired groups.

Methods

Participants

Participants, recruited from a database at Schepens Eye Research Institute and from referrals by
local practitioners, included 11 with CVL, 12 with HFL and 11 with NV. Participants with HFL
(Goldman Perimeter, V4e target) had binocular visual acuity of at least 0.00 logMAR (20/20) and no
visual neglect (Schenkenberg line bisection test (Schenkenberg et al., 1980) and Bells test (Vanier et
al.,, 1990)). Participants with CVL had binocular visual acuity within the range 0.10 to 1.0 logMAR
(20/25 to 20/200), either with or without central field loss (custom kinetic perimetry). Participants with
normal vision (NV) had binocular visual acuity of at least 0.00 logMAR (20/20) and current driving
experience.

The HFL group included 9 participants with homonymous hemianopia (5 left and 4 right HFL),
2 participants with incomplete homonymous hemianopia (both left HFL) and 1 participant with an
upper left homonymous scotoma who was a current driver. The other 10 HFL participants were not
current drivers because they did not meet the minimum (120°) field extent requirement for driving
licensure in Massachusetts; however, they all had prior driving experience and would have been
eligible to drive in other states such as New Hampshire. Four CVL participants were current drivers;
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the remainder were not current drivers but had prior driving experience and would have been
eligible for either an unrestricted or a restricted license in at least one state.

HFL participants scored within the normal range on the Montreal Cognitive Assessment
(Nasreddine et al., 2005) (score = 25) and CVL participants scored within the normal range on the
Short Portable Mental Status Questionnaire (< 2 errors) (Pfeiffer, 1975). The study followed the tenets
of the Declaration of Helsinki and was approved by the institutional review board of Massachusetts
Eye and Ear. All participants provided written informed consent.

Materials

Apparatus

A custom driving simulator was used with three 34" curved monitors (Samsung C34F79, 3440 x
1440 pixels, 21:9 aspect ratio, 4 ms response time), providing a 165.5° horizontal by 26.5° vertical field
of view (Figure 1). The simulated vehicle had control inputs provided by a steering wheel with force
feedback and a pedal setup of a car with automatic transmission (Fanatec ClubSport Wheel Base V2
and Pedals V3, Landshut, Germany). A Tobii 4C eye tracker (Tobii, Danderyd, Sweden) was mounted
on the bottom of the center screen to capture gaze position on that screen (approximately 55°
horizontal field of view) at 90 Hz.

Prototype Vibro-Tactile Warning System

Vibrational warnings were delivered through a custom tactile warning device which included a
seat cushion with embedded vibration motors (Pico Vibe vibration motors type 307-103 (Precision
Microdrives, London, UK)), three motors on the left side and three on the right side. The device was
connected to the driving simulator and was controlled by simulator software. When collision risk
exceeded a pre-determined threshold (see “Defining the warning threshold” below), participants
received a 500ms (Summers et al., 1997) vibration from the motors in either the left or right side of
the seat cushion, indicating a pedestrian hazard was approaching from either the left or right side,
respectively. The intensity and duration of vibrations were based on those used in a previous study
(Holzl et al., 2021) and could be easily sensed by all participants when driving.

Driving Simulator Scenarios and Pedestrian Crossing Events

The driving simulator software and virtual city scenarios were developed in-house using Unity
3D (Unity, San Francisco, USA). We created a customized, populated city environment, using high
fidelity 3D models and animations to simulate pedestrians, crowds, cross traffic, and other vehicles
on the road. The posted speed limit was 25 mph (40.2 km/h). Participants drove along pre-determined
routes guided by simple auditory GPS navigation instructions (e.g. “turn right at next intersection”).
Each route took about 10 to 12 minutes to complete and included other oncoming and cross traffic as
well as pedestrian hazards. Data about the driver’s vehicle, status of pedestrian hazards and driver
inputs (brake, gas pedal) were recorded at 50 Hz along with the gaze position data (down sampled
from 90 to 50 Hz).

Ten pedestrians were programmed at mid-block locations along each route (see Figure 1 and
Figure 2) to represent a realistic hazard on an orthogonal collision course with the participant’s
vehicle. Once the predicted times to the collision zone were identical for both the participant’s car
and the pedestrian, the pedestrian appeared from behind a building (at an eccentricity of about 13°)
and began to quickly walk across the sidewalk and then across the street at a constant speed of 2.5
m/s (5.6 mph) without stopping. Thus the pedestrian and car would arrive at the collision zone at the
same time, requiring an active braking intervention by the driver to avoid a collision. When collisions
occurred, pedestrians were programmed to disappear to reduce the likelihood of participant distress.
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Figure 1. Driving simulator and a mid-block crossing pedestrian scenario. Left: custom-built driving
simulator. Right: screenshot of the center screen of the simulator showing a pedestrian starting to
cross the road.
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Figure 2. Schematic diagram for a mid-block crossing pedestrian hazard event. The pedestrian was
triggered to start moving and cross the street once the participant’s vehicle was on a collision course.
A vibrational warning was triggered only if the collision risk exceeded the pre-determined risk
threshold.

In addition to the crossing pedestrian hazards at mid-block locations, two distractor pedestrian
events were programmed in each route with the same movement trigger, but the distractor
pedestrians stopped before entering the car lane and did not cross the road. Other standing or
walking pedestrians, alone and in crowds, were programmed on sidewalks to decrease the
anticipation of crossing pedestrian hazard events.

Defining the Warning Threshold

Our warning threshold was designed for drivers with vision impairment, taking account of the
fact that they may need more time to detect and respond to a hazard than drivers with NV. The risk
of collision between the participant’s vehicle and the next pedestrian hazard was continuously
computed while participants drove through the virtual world. Risk level was based on the minimum
deceleration needed to safely avoid a collision. For each pedestrian crossing event, if any part of the
participant’s vehicle and any part of the pedestrian were simultaneously within the pre-defined
collision zone (Figure 2), a collision was considered to have occurred. Risk level was quantified by
the deceleration-to-safety metric (DST (Hupfer, 1997)), used as a safety indicator to describe the level
of risk for pedestrian-vehicle conflicts in prior studies (Holzl et al., 2021; Lehsing et al., 2019). In the
current study, the DST was the deceleration rate (in m/s?) required for the participant to prevent the
car from entering the collision zone before the pedestrian left the collision zone. Different levels of
deceleration thresholds have been used to describe the severity of pedestrian-vehicle encounters
(Hupfer, 1997); the higher the DST, the more critical the event. A rate of 1 m/s? is considered a
threshold for very safe encounters while 6 m/s? is considered a threshold for an imminent crash
situation; a DST between 2 m/s? and 4 m/s? is categorized as a situation that requires a clear reaction
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from the driver to avoid a collision. In this study, we classified deceleration rates greater than 3 m/s?
as risky situations and therefore used 3 m/s? as the threshold to trigger a vibrational warning. The
warning threshold (deceleration) was calculated using the following equation:

2(Vear*tped — Dear)

(tpeq — 1885s)2 ' where tpeq = Dpea / Vpea

Deceleration =

D qr is the distance between the participant’s car and the point where it will enter the collision
zone. V4, is the velocity of the participant’s car. tp,, is the time taken for the pedestrian hazard to
exit the collision zone (Figure 2). 1.885s is the reaction time, based on the prior study of tactile
warnings for HFL drivers (Holzl et al., 2021) to give participants with vision impairments enough
time to respond to the vibrational cue and detect the pedestrian.

Procedures

Participants were instructed to follow normal traffic rules. After acclimation and practice drives,
they completed 2 drives with and 2 without the warning device, in counterbalanced order. The order
of the 4 drive routes was also counterbalanced.

Quantifying Performance

For events with warnings, we examined participants” behaviors in terms of their first response
after the pedestrian appearance, classified by whether they fixated or braked first, and whether the
first response occurred either before or after the warning (Figure 3).

Responses to pedestrian hazards were analyzed for events when collision risk exceeded the
threshold (80% of all events) for drives without and drives with warnings. Three main performance
measures were derived from the recorded data:

(1) Fixation time: the time to the first fixation, measured as the time from when the pedestrian
became visible to when the participant made their first fixation on the pedestrian (Figure 3).
Fixations on the pedestrian were defined as gaze that fell within the bounding box area (i.e.,
boundary of 1° around the pedestrian) for durations greater than 120 ms and with dispersion
less than 1° (Salvucci & Goldberg, 2000).

(2) Brake time: the time to the first brake response, measured as the time from when the pedestrian
became visible to when the participant first pressed the brake pedal (Figure 3).

(3) Collision rate, the number of collisions as a percentage of the total number of crossing events for
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Figure 3. Plot of lateral gaze and pedestrian eccentricity for one CVL participant for an event with a
pedestrian crossing the road from the left to the right where a vibrational warning was given. The
participant did not make any braking response to the pedestrian immediately after it became visible.
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The system constantly calculated the deceleration-to-safety metric. When deceleration exceeded the
predetermined risk threshold, a vibrational warning cue from the motors on the left side of the seat
cushion was given (pink line). After receiving the cue, the participant made a gaze movement to the
left (magnitude about 15°), fixated first on the pedestrian (0.93s after the warning onset, 1.56 s after
pedestrian was first visible), and subsequently initiated a brake response (1.89s after the warning
onset, 2.52 s after the pedestrian was first visible). For this event, the first response was categorized
as “fixate first after the warning”.

Statistical Analyses

The statistical analyses were performed using R (Version 1.1.463). A significance level of p=0.05
was applied for all statistical tests. We applied a linear mixed-effects analysis for continuous
measures (time to first fixation and time to first brake) (Bates et al., 2015). All models included
condition (with/without warnings) and vision groups (CVL/HFL/NV or HFL_Blind/HFL_Seeing) as
main factors. Pedestrian event number and participant identifier were included as random factors.

Results

Characteristics of the three participant groups are summarized in Table 1. CVL participants had
worse binocular visual acuity (median 20/87) and contrast sensitivity (median 1.24 log units) than the

NV (20/13 and 1.94) and HFL groups (20/14 and 1.89).

Table 1. Characteristics of the CVL, HFL and NV participants.

CVL HFL NV
Characteristic (n=11) (n=12) (n=11)
Age, y, median (IQR) 60(50,66) 52(37,54) 60(36,68)
Male, No. (%) 7(64%) 8(75%) 8(73%)
Binocular visual acuity, logMAR, median (IQR)? 0.64(0.48,0.70) -0.15(-0.21,-0.09) -0.17(-0.22,-0.13)
Binocular contrast sensitivity (log), median (IQR)? 1.24(0.94,1.42) 1.89(1.76,2.03) 1.94(1.90,2.1)
Age at onset, y, median (IQR) 19(3,47.5) 37(27,50) NA
Time since onset, y, median (IQR) 32(17,44.5) 2.5(2,15.5) NA
Current driver, No. (%) 4 (36.4%) 1 (8.3%) 100%
Total driving experience, y, median (IQR) 32(18,44)° 26.5(10,35) 18 (18,50)
Right HFL, n (%) NA 4(33%) NA
HFL MoCA score, median (IQR) NA 27.5 (25,29) NA
HFL cause, No. (%)
Stroke NA 6 (50%) NA
Surgery NA 4 (33%) NA
Other NA 2 (17%) < NA
CVL with central field loss, No. (%) 7 (64%) NA NA
CVL SPMSQ, errors, median (IQR) 0(0,0) NA NA
CVL cause, No. (%)
Optic atrophy 4(36%) NA NA
Myopic degeneration 3(27%) NA NA
Stargardt disease 3(27 %) NA NA
AMD 1(9.5%) NA NA

logMAR: logarithm of the minimum angle of resolution; IQR: interquartile range; CVL: central vision

loss; HFL.: homonymous field loss; NV: normal vision; MoCA: Montreal Cognitive Assessment;
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SPMSQ: Short Portable Mental Status Questionnaire. ? Freiburg Vision Test (FrACT) (Bach, 2007).
Data is missing for one participant. “Other HFL causes include arteriovenous malformations eruption

and aneurysm.

First Responses in Events with Warnings

CVL and HFL participants received more warnings than NV participants (86% vs 86% vs 70%
of all events in drives with warnings, respectively). The number of warnings received did not differ
between blind and seeing side for HFL participants (88% vs 84%).

CVL participants made their first fixation on the hazard before the warning in only 28% of events
(vs HFL 41% and NV 81%). Most commonly, CVL participants’ first response was to brake after the
warning (41% of events vs HFL 14% and NV 0.6%) (Figure 4). For data combined across the blind
and seeing sides, HFL participants’ first response was to fixate on the hazard before the warning in
41% of events (vs CVL 28% and NV 81%) and after the warning in 41% of events (vs CVL 27% and
NV 12%). However, behaviors differed for the blind and seeing sides. HFL participants made their
first fixation on blind-side hazard before the warning in only 32% of events (vs 50% seeing-side
hazards) and in 21% of blind-side events; they braked first after the warning and then fixated the
hazard (vs 7% seeing-side hazards).

100% A

80% -
% 60% - @ Other
E W Brake first after, then fixate
o
} . 3 .
9 40% - O Fixate first after, then brake

B Fixate first before, then brake after
20% +
0% - T T T T

CVL HFL NV HFL Blind HFL Seeing

Figure 4. Participants’ first responses in events with warnings categorized by whether the first
response was to fixate or brake, before or after the warning, reported as a percentage of all events
with warnings.

Events when Collision Risk Exceeded the Threshold

First Fixation Times

Without warnings, both CVL and HFL participants had longer first fixation times than NV
participants (Figure 5-a and Table 2), and HFL participants took longer to first fixate on blind-side
hazards than seeing-side hazards (Figure 5-b and Table 2). Warnings had little effect on first fixation
times in general. They slightly reduced first fixation times only for CVL drivers, but had no effect on
fixation times for HFL and NV drivers (Figure 5 and Table 2).
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Figure 5. The average time to the first fixation on pedestrian hazards in drives without and with

warnings for a) each of the three driver groups (CVL, HFL, and NV) and b) the blind and seeing side

for the HFL group only. There was very little effect of warning condition (W/o and with warnings)

among the three driver groups or between the blind and seeing sides for HFL drivers. Error bars

represent SEM.

Brake Response Times

Without warnings, both CVL and HFL participants had longer brake response times than NV
participants (Figure 6-a and Table 2), and HFL participants took longer to brake for blind-side than
seeing-side hazards (Figure 6-b). When driving with warnings, warnings reduced brake times for
both CVL and HFL drivers with a significantly greater reduction for CVL than HFL and NV drivers
(interactions p = 0.04 and p < 0.001, respectively; Figure 6-a). The reduction for HFL drivers did not
differ from that for NV drivers (p = 0.12). For HFL participants, the reduction in brake times was
primarily for blind-side hazards with no significant effect of the warnings on brake times for seeing
side hazards (interaction p = 0.02; Figure 6-b and Table 2).
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Figure 6. The average time to the brake response for pedestrian hazards in drives without and with

warnings for a) each of the three driver groups (CVL, HFL, and NV) and b) the blind and seeing side

for the HFL group. There were significant two-way interactions between warning condition (W/o and

with warning) and driver group, and also between warning condition and hazard approach side

(blind or seeing) for HFL participants. Error bars represent SEM.

Collision Rates

Without warnings, both CVL and HFL participants had higher collision rates than NV
participants (11% vs 16% vs 0.4%). Among all collisions for HFL participants, 95% happened on the
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blind side (vs. 5% on seeing side). When driving with the warning device, collision rates were
reduced to 0% for CVL participants and to 0.8% for HFL participants (blind and seeing sides
combined). For HFL participants, warnings significantly reduced collision rates for blind side
hazards (30% vs 1.7%; p < 0.001) but not seeing-side hazards (1.7% vs 0.0%).

Table 2. Results summary for hazard responses when collision risk exceeded the threshold.

Mean (SD)

Without With Difference between
Measure warnings ~ warnings means (95% CI) p value?
Time to first fixation, s
CVL 2.36(1.76)  2.22(2.02) 0.14(-0.57 to 0.30) 0.01b
HFL 1.30(1.25) 1.32(0.88) -0.02(0.21 to -0.24) 0.50¢
NV 0.62(0.38) 0.67(0.32) -0.05(0.03 to -0.12) 0.074
HFL blind-side pedestrians 1.75(1.62) 1.57(0.99) 0.18(0.57 to -0.22) 0.96
HFL seeing-side pedestrians | 0.89(0.51) 1.05(0.66) -0.17(0.002 to -0.33)
Time to first brake press, s
CVL 2.58(0.91) 2.04(0.55) 0.54(0.70 to 0.37) 0.04>
HFL 2.37(0.95) 2.07(0.61) 0.30(0.47 to 0.13) 0.12¢
NV 1.80(0.54) 1.70(0.51) 0.10(0.21 to -0.02) | <0.0014
HFL blind-side pedestrians 2.85(1.09) 2.28(0.56) 0.57(0.84 to 0.29) 0.02

HFL seeing-side pedestrians | 1.96(0.57) 1.86(0.58) 0.10(0.27 to -0.06)

2The p-value for the interaction obtained by likelihood ratio tests of the full linear mixed-effects model

with the outcomes in question compared to the model without the outcomes ? the interaction between
participant group (CVL and HFL) and warning conditions © the interaction between participant group
(HFL and NV) and warning conditions 9 the interaction between participant group (CVL and NV)
and warning conditions.

Discussion

Consistent with prior studies (Alberti et al.,, 2014; Bowers et al., 2009; Bronstad et al., 2015;
Bronstad et al., 2013; Papageorgiou et al., 2012), both vision loss groups showed delayed hazard
responses and higher collision rates than NV drivers. When driving without the pedestrian warning
system, CVL participants were overall slower to see and respond to pedestrian hazards than NV and
HFL participants. HFL participants had slow responses and relatively high collision rates for hazards
from the blind (30%), but not the seeing side (1.7%).

Both vision loss groups benefited from using the vibro-tactile hazard warning system. The
warnings reduced CVL brake response times by 0.54s and collision rates from 11% to 0%, and HFL
blind-side brake times by 0.57s and collision rates from 30% to 1.7%. In contrast, warnings had no
effect on HFL seeing-side or NV hazard responses. In fact, NV drivers had usually fixated the hazard
before a warning was given and did not need the warning. This makes sense as the warning threshold
was specifically designed for vision impaired rather than NV drivers. Our findings suggest the
warning threshold was appropriate for our CVL participants for hazards from both sides and for our
HFL participants when hazards approached from the blind side. However, a threshold representing
a more imminent collision risk would have been more appropriate for HFL seeing-side hazards and
NV drivers.

As demonstrated in the hazard fixation behaviors, CVL made it difficult to perceive hazards in
general, while HFL made it difficult to notice hazards on the blind side. There was only a low
proportion of events where the hazard was fixated before a warning by CVL participants (28%) and
by HFL participants (32% blind side vs. 50% seeing side), compared to the high proportion of events
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by NV participants (81%). After receiving a warning, CVL participants most commonly braked first
whereas HFL participants most commonly fixated first and then braked. These results suggest that,
for blind-side hazards, the directional warning guided HFL participants to look to the blind side such
that they were able to see the hazard with their good vision (normal acuity and contrast sensitivity)
in their seeing hemifield and then brake. In contrast, even after receiving a directional warning, the
CVL participants still seemed to have difficulty perceiving the hazard, likely because of their
impaired central vision (reduced contrast sensitivity, acuity, and in some cases central field loss).
Therefore, they were more likely to brake first. Many prior studies demonstrated that the directional
tactile warning can effectively communicate spatial information and direct driver attention to
impending crashes or potential risky areas (Fitch et al., 2007; Ho et al., 2005; Meng & Spence, 2015);
our study shows that this benefit may depend on the visual ability of the driver.

Since this was a small, proof-of-concept study, some limitations need to be considered. First, the
vision loss groups were relatively small and heterogeneous, including both current and former
drivers. Despite substantial prior driving experience, it is possible that lack of current driving
experience may have affected hazard response behaviors of former drivers. Second, we only tested
one timing threshold (deceleration > 3 m/s?), but the effects of hazard warnings can depend on the
warning timing threshold design (Lee et al., 2002). Third, the pedestrian hazard always exhibited
exactly the same behavior after it started to move so we could not evaluate the efficacy of the warning
threshold for different pedestrian crossing behaviors. We, did, however, create a city environment
with many different types of pedestrians, alone and in crowds, as well as distractor pedestrians that
approached the road but did not cross.

In summary, the vibro-tactile warnings reduced brake response times and hence collision risk
in both vision loss groups. Consistent with the lateralized field loss, HFL participants benefitted from
directional warnings for hazards on the blind but not the seeing side whereas CVL drivers benefitted
from warnings for all hazards. These findings suggest that the benefits provided by specific hazard
warning system designs may vary, depending on the type of vision impairment and the warning
timing design. Future studies are warranted and should compare the relative benefits of different
warning modality and timing designs for larger samples of current drivers with different types of
vision impairments and more varied pedestrian hazard behaviors.
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