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ABSTRACT
Purpose. Subjects with significant peripheral field loss (PFL) self report difficulty in street crossing. In this study, we
compared the traffic gap judgment ability of fully sighted and PFL subjects to determine whether accuracy in identifying
crossable gaps was adversely affected because of field loss. Moreover, we explored the contribution of visual and
nonvisual factors to traffic gap judgment ability.
Methods. Eight subjects with significant PFL as a result of advanced retinitis pigmentosa or glaucoma with binocular
visual field �20° and five age-matched normals (NV) were recruited. All subjects were required to judge when they
perceived it was safe to cross at a 2-way 4-lane street while they stood on the curb. Eye movements were recorded by
an eye tracker as the subjects performed the decision task. Movies of the eye-on-scene were made offline and fixation
patterns were classified into either relevant or irrelevant. Subjects’ street-crossing behavior, habitual approach to street
crossing, and perceived difficulties were assessed.
Results. Compared with normal vision (NV) subjects, the PFL subjects identified 12% fewer crossable gaps while making
23% more errors by identifying a gap as crossable when it was too short (p � 0.05). The differences in traffic gap judgment
ability of the PFL subjects might be explained by the significantly smaller fixation area (p � 0.006) and fewer fixations
distributed to the relevant tasks (p � 0.001). The subjects’ habitual approach to street crossing and perceived difficulties
in street crossing (r � 0.60) were significantly correlated with traffic gap judgment performance.
Conclusions. As a consequence of significant field loss, limited visual information about the traffic environment can be
acquired, resulting in significantly reduced performance in judging safe crossable gaps. This poor traffic gap judgment
ability in the PFL subjects raises important concerns for their safety when attempting to cross the street.
(Optom Vis Sci 2008;85:26–36)
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Crossing the street has been reported as a difficult activity for
people with visual impairment.1–4 A study conducted by
the Veterans Affairs reported that 64% of subjects with

visual impairment did not cross the street on a daily or weekly basis
before rehabilitation.5 In this study, we quantified traffic gap judg-
ment ability and we explored possible reasons for explaining the
difficulty in street crossing faced by people with visual impairment
because of significant peripheral field loss (PFL).

Crossing the street involves a series of challenges that can be
divided into three phases: walking to the curb, standing at the curb,
and crossing the street.6 Each phase requires different orientation,
mobility, and decision-making skills. Although deficits in orienta-

tion and mobility skills have been well documented in visually
impaired people, little is known about their traffic gap judgment
ability. Connelly et al.7 studied traffic gap judgments among 16
school children with normal vision (NV) aged between 5- and
12-year-old. Their results indicated that children above 11-year-
old consistently made safe gap decisions regardless of the vehicle
speed, indicating that traffic gap judgment ability is developed by
the age of 11. We assume that for adults with NV, these skills are
constant unless some physical or cognitive impairment compro-
mises this ability. Guth et al.8 reported that the traffic gap judgment
ability in totally blind subjects who rely exclusively on auditory informa-
tion was significantly impaired with only 20% of crossable gaps
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being identified by blind subjects at a high-traffic-volume, two-
lane roundabout. Knowing the traffic gap judgments of fully
sighted and totally blind subjects, we were interested in the effect of
visual impairment on traffic gap judgments. Would visually im-
paired subjects make more mistakes (i.e., expressed that they would
cross when it was not safe) or miss more crossing opportunities
(i.e., sufficient time to cross but not accepted as crossing opportu-
nities) when compared with the fully sighted? To answer this ques-
tion we employed the same traffic gap judgment methodology as
Guth et al.8 at an uncontrolled mid-block crosswalk.

To visually identify a safe crossable gap, visual information on
the location and speed of moving vehicles and the crossing distance
is essential. To compensate for the lack of peripheral information,
subjects with PFL might sample the environment with different
fixation and scanning patterns.9,10 In this study, we explored
whether visual behavior (eye movements and distributions of fix-
ations) in the PFL subjects was different from the fully sighed
subjects and which visual behavior, if any, would affect their traffic
gap judgment ability.

Crossing the street carries a risk for an accident which can result in
injury or loss of life in severe circumstances; while waiting on the curb
entails a loss of time for a suitable and safe crossable gap. Acknowledg-
ing a pedestrian’s tolerance for risk will affect their street crossing
behavior, we measured each subject’s selfreported street-crossing
behavior when crossing the street using a 5-Likert scale (from very
conservative to very liberal) and evaluated the association between
street-crossing behavior and performance in traffic gap judgment.

To summarize, the aim of this study was to examine the gap
detection ability, visual behavior, and street-crossing characteris-
tics of fully sighted persons and low-vision subjects with significant
PFL. We hypothesized that there would be differences in traffic
gap judgments and gaze behavior between groups.

METHODS
Visual Function Measures

Visual acuity was measured binocularly using a Lighthouse
Early Treatment Diabetic Retinopathy Study acuity chart11 with a

background transillumination of 95 cd/m2. Visual acuity was
scored to the nearest letter and recorded in logMAR (logarithm of
the minimum angle of resolution) by deducting 0.02 log units per
letter read accurately.12 Contrast sensitivity was measured binocu-
larly using the Pelli-Robson chart13 at a testing distance of 1 m,
with an average background luminance of 85 cd/m2. Log contrast
sensitivity was calculated by recording the total number of letters
read correctly, subtracting three, and multiplying by 0.05.14,15 For
subjects with peripheral field loss (PFL), binocular visual field was
measured by kinetic perimetry with a Goldmann perimeter using a
V/4e target (1.75° test spot at 320 cd/m2 on a background lumi-
nance of 10 cd/m2).

Subjects

Thirteen subjects participated in this experiment, among whom
five had NV and eight had significant PFL because of retinitis
pigmentosa (RP) (n � 5) or glaucoma (n � 3). Age of the NV
subjects ranged from 36.7 to 67.1 years (mean 52.5 � 12.2) and
the PFL subjects ranged from 31.4 to 62.7 years (mean 50.6 �
10.8) with no significant difference in age between groups (t �
0.29, dF � 11, p � 0.78). Through examination of the medical
history and informal clinical evaluation, any subject with physical
limitations (e.g., orthopedic) or cognitive limitations (e.g., Alzhei-
mer disease) was excluded from the study. Distance acuities for the
NV and PFL subjects ranged from �0.14 to 0.38 (mean 0.05 �
0.20) and �0.14 to 0.84 logMAR (mean 0.30 � 0.33), respec-
tively, that were not significantly different (p � 0.17, Table 1). Log
contrast sensitivity of NV subjects ranged from 1.5 to 1.8 (mean
1.64 � 0.12) were significantly better than that of PFL subjects
whose values ranged from 0.6 to 1.65 (mean 1.24 � 0.36, p �
0.04). Binocular visual field for subjects with PFL ranged from
5.0° to 18.1°.

Informed consent was obtained from each subject after the na-
ture and possible consequences of the study were described. The
research followed the tenets of the Declaration of Helsinki and was
approved by the Institutional Review Board of the Johns Hopkins
University School of Medicine.

TABLE 1.
Subjects’ background information

Sub ID Group Age (years)
Distance

acuity (logMAR)
Contrast

sensitivity (log unit)
Binocular

visual field (deg)

1 NV 67.1 0.24 1.5 —
2 NV 36.7 0.38 1.55 —
3 NV 53.9 �0.14 1.65 —
4 NV 60.5 �0.14 1.7 —
5 NV 44.3 �0.10 1.8 —
6 PFL 50.4 0.08 1.65 8.6
7 PFL 55.5 0.10 1.6 12.1
8 PFL 31.4 0.48 1.15 18.1
9 PFL 53.7 0.10 1.6 11.6

10 PFL 52.9 0.28 1.2 12.0
11 PFL 60.5 0.58 1 5.0
12 PFL 62.7 0.84 0.6 5.9
13 PFL 37.8 �0.14 1.1 13.5
Average (standard deviation) NV 52.5 (12.2) 0.05 (0.2) 1.64 (0.12) —

PFL 50.6 (10.8) 0.30 (0.33) 1.24 (0.36) 10.85 (4.27)
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Eye Tracking

The method for obtaining images of the eye and for analyzing
fixation location have been fully described elsewhere.6 Briefly, eye
and scene were recorded using an ISCAN ETL-500 headband-
mounted eye tracker (Iscan, Burlington, MA) modified to be used
as a portable system. Eye movements and view of the scene were
recorded on camcorders for later analysis. The camcorders for the
eye and scene were synchronized by simultaneously recording a
tone on the audio channel and capturing the image of the LED
light flash of a tone generator. Calibration was performed at the
test site before each trial.

Eye data from the first 3 s while the subject fixated on the central
target during calibration was extracted and fitted with a bivariate
normal density ellipse. Fixation stability was expressed as fixation
area of the ellipse containing 95% of all the eye data. A fixation was
defined as the velocity of the eye movement on the scene as �24°/s
and was within 1.6° for two consecutive frames (i.e., 67 ms).16

Documentation of Crossable Gaps

The subject squeezed a hand held button to indicate when they
could cross. The button was connected to an LED system that was
illuminated when the button was pressed. The LED was recorded
by a stationary digital camera that also recorded the flow of traffic,
used to determine the duration of each gap in the traffic. The
subject pushed the button whenever they believed they could cross
the street and released the button when there was an insufficient
gap for street crossing. The videotaping technique made it possible
to independently and unobtrusively observe the traffic conditions
and the subjects’ decision behavior. Fig. 1 is an example of vehicles
at the crosswalk and the illuminated LED indicating when the
subject believes it is safe to cross. Subjects did not actually cross the

street but stood at the curb of the crosswalk and indicated with the
press of the button when they could cross.

Street Crossing Judgment and Behavior

The street selected for this study had four lanes comprised of a
parking lane on each side and one lane of traffic in opposite direc-
tions. To minimize the amount of differences in the environment
across subjects and to ensure a reasonable volume of traffic that
included both crossable and uncrossable gaps, the study was con-
ducted between 10 a.m. and 12 p.m. on weekdays. The subject was
positioned such that the sun was behind and to the side. An um-
brella was held over the subject’s head to eliminate any extraneous
light from above. None of the subjects was familiar with the mid-
block crossing used in this study.

Selfreport Questionnaires

Subjects were asked four questions related to their approach to
crossing the street. Specifically subjects were asked to rate: (1) their
street-crossing behavior from very conservative to very liberal; (2)
their habitual approach to street crossing (independent or depen-
dent); (3) their perceived difficulty in street crossing and traffic gap
detection (no difficulty to extreme difficulty; and (4) response to
an open question about the visual information they used while
making their street-crossing decisions.

Procedures

Subjects were instructed on the use of a hand-held button
through the following instructions:

Squeeze the button when you have enough time to walk to the
other side of the street at your normal walking speed before any
vehicle from either direction gets to the crosswalk. Hold the button
down until you can no longer initiate a safe crossing, at which time
you release the button. Assume that drivers will not yield. Squeeze
the button again when another crossing opportunity occurs.

Practice was given at a different street that was not used during
data collection until the subjects fully understood the instructions.
Upon arrival at the mid-block crossing, subjects crossed the street
two times accompanied by an experimenter. This provided the
subjects information about the distance of the crossing lane and
provided the experimenters the subjects’ walking speed while
crossing the street. The subjects were instructed to look straight
ahead, with an experimenter indicating when it was safe to cross
and then accompanying the subject across the street. The eye
tracker was then fitted to the subject and calibrated.a The subject
was then guided to a specific location 10 cm from the edge of the
curb and instructed to look straight ahead until the trial began.
Each trial began when at least one vehicle from either direction
approached the crosswalk, indicating a definite “unsafe” crossing
environment. Each trial lasted for 3 min with 5 trials, totally 15

aSubjects were instructed to fixate sequentially at each of five fixation crosses of
a “plus” configuration with magnitude of 12.1° at horizontal and vertical directions
from the central point on a white board. To reduce head movements, one of the
experimenters held the subject’s neck which was surrounded by a soft cervical
surgical collar. After calibration, the neck collar was removed and the subjects were
free to move their eyes or heads without touching the equipment.

FIGURE 1.
Experimental set up and street crossing environment used in the study. A
subject wore a headband-mounted eye tracker (with a green filter to
minimize the influence on the image quality of the eye data due to
excessive infra-red light) and held a hand held button connected to an
LED system. The subject stood at the curb of the street to assess the lanes
of traffic coming from opposite directions and squeezed a hand held
button (illustrated in the foreground) when a crossing opportunity oc-
curred. The LED system was illuminated when the button was pressed. An
experimenter (white coat) stood behind the subject for safety purposes.
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min. A new calibration was completed following each trial. Fol-
lowing data collection in the field, each subject answered the four
selfreport questions examining their street-crossing behavior and
habitual approach to street crossing.

ANALYSIS
Objective and Subjective Gaps

Videotapes captured the traffic conditions and subjects’ decision
behavior allowing for independent examination of each subject’s traf-
fic gap judgment performance. A gap was measured from the back
bumper of one vehicle to the front bumper of the next vehicle. An
“objective crossable gap” was defined as the duration of time between
a vehicle touching the crosswalk and the next vehicle touching the
crosswalk that was greater than the subject’s walking time (Table 2).
For example, if a subject’s walking time to cross the street was 10 s, any
gap longer than 10 s was determined to be “crossable,” while the others
were defined as “uncrossable.” The total number of objective crossable
gaps, their associated times and gap durations (i.e., time frames for the
start and end of the gap) were obtained for analysis. A “subjective gap”
was defined as the crossable gap identified by the subject who believed
there was sufficient time to cross the street. This subjective gap was
indicated by the LED lights. The total number of subjective gaps and
their associated time (i.e., time frames when the LED was on) were
obtained.

We compared the objective and subjective reported gaps in three
ways:

1. Percentage of correctly identified crossable gapsb: When a sub-
jective gap was identified within the duration of the objective

gap, this subjective gap was considered as a “correctly identified
gap.” We calculated the percentage of correctly identified cross-
able gaps by dividing the total number of correctly identified
crossable gaps by the total number of objective gaps.

2. Percentage of errors: When a subjective gap was identified out-
side the time frame of those defined as objective crossable gaps,
this decision was considered an “error.” The percentage of er-
rors was computed by dividing the total number of errors by the
total number of reported subjective gaps.

3. Latency in accurate gap identification: Whenever an accurate
gap was identified by the subject, the duration between the lead
vehicles leaving the crosswalk and the subjects pressing the but-
ton for their crossing decision was defined as “gap-detection
latency.” An example of the analysis for objective and subjective
gaps has been described in Fig. 2.

Eye Movement Analysis

Three spatial parameters—saccadic amplitude (or distance), fix-
ation duration, and fixation area were derived from the eye move-
ment data and compared between groups. Saccadic amplitude
between each fixation was gauged by comparing the distance (in
terms of degrees) of the eye images on the scene camera with a fixed
field of view (320° � 240°). Fixation duration was the difference in
the elapsed time between the first frame when a fixation was rec-
ognized and the last frame before the gaze was shifted to a new
point of regard. Fixation area was the area of a bivariate normal
density ellipse containing 95% of all fixations.

Fixation Categorization

Movies of the eye-on-scene were generated by superimposing
the transformed and calibrated eye position on scene images with a

bGiven that gap opportunities in a test session varied across subjects (depends on
subject’s walking time and traffic conditions), percentage of correctly identified
crossable gaps and errors, rather than absolute numbers was used.

TABLE 2.
Results of gap detection ability, eye movement parameters, and fixation allocations

Sub ID Group
Street crossing
independently

Traffic Eye movement parameters Fixation
allocations

Percentage
of fixations
on relevant

tasksa

Number
of

objective
crossable

gaps

Gap judgment (%)

Median
fixation

duration (s)

Median
saccadic
dist (deg)

Fixation
area (deg2)

Accurate
gaps

Inaccurate gaps
(errors)

1 NV Yes 19 86.7 31.6 0.167 5.0 62.1 95.8
2 NV Yes 24 83.3 35.5 0.167 10.0 52.2 97.5
3 NV Yes 14 78.6 56.0 0.133 5.9 80.2 90.5
4 NV Yes 15 93.3 46.2 0.167 3.8 67.7 98.6
5 NV Yes 5 60.0 25.0 0.25 2.9 79.5 88.2
6 PFL Yes 12 66.7 60.0 0.133 10.1 21.1 63.8
7 PFL Yes 18 80.0 38.5 0.133 4.1 36.1 39.0
8 PFL Yes 15 57.1 63.6 0.10 4.4 40.9 36.3
9 PFL No 17 70.6 50.0 0.167 5.0 75.7 73.2

10 PFL No 22 63.6 54.8 0.133 4.8 31.4 72.6
11 PFL No 6 33.3 93.1 0.133 3.8 30.9 53.2
12 PFL No 13 27.3 76.9 0.20 4.7 49.8 63.0
13 PFL Yes 16 62.5 61.5 0.15 3.8 34.6 73.4
Average (standard

deviation)
NV 15.4 (7.0) 80.38 (13.6) 38.84 (12.3) 0.18 (0.04) 5.52 (2.8) 68.34 (11.86) 94.12 (4.5)
PFL 14.9 (4.7) 57.64 (18.2) 62.31 (16.7) 0.14 (0.03) 5.06 (2.1) 40.07 (16.60) 59.31 (15.0)

aRelevant tasks include vehicles and crossing elements such as curbs, traffic sign, pavement, crosswalk lines.
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spatial resolution of 0.25° per pixel for each subject per trial. The
process for generating the movie clips (eye-on-scene) has been
reported by Turano et al.16 and Geruschat et al.6

Fixation stability, in terms of size of fixation area, analyzed from
the data collected in calibration of the eye movement equipment
varied from 0.07° to 0.28°. The fixation variability induced by the
systemic error of the eye tracking equipment was approximately
0.68°. The sum of subjects’ individual fixation stability and the
systemic variability of the equipment were 0.75° and 0.96°, which
was �1°. Hence, a 1° radius around the fixation center served as
the fixation area for fixation classification. Each fixation was cate-
gorized into two groups: relevant (including vehicles and crossing
elements such as curbs, traffic signs, pavement, crosswalk lines)
and irrelevant tasks (including general environment such as trees,
sky, buildings, etc.). For three subjects, two independent experi-
menters categorized the fixation, and the inter-experimenter agree-
ment was 83.5%. When disagreements occurred, the fixation was
analyzed by both observers to resolve the disagreement. One per-
son categorized the fixations for the remaining subjects.

Statistical Analysis

Data for vision, traffic gap detection judgment, eye movement
characteristics, and fixation behavior were analyzed using the Sta-
tistical Package for the Social Sciences (SPSS)—version 13. De-
scriptive statistics were used to summarize the demographic data
results among NV and PFL groups. Results for traffic gap detection
performance (percentage of gaps correctly identified, percentage of er-

rors, and latency in gap detection), eye movement characteristics
(median of saccadic distance and fixation durations, and mean
fixation area), and fixation allocations (percentage of fixation on
relevant tasks) were ranked (ties averaged) and analyzed by inde-
pendent t-test and Pearson correlation to investigate the between-
subject variability in each measure.c Results of the selfreport questions
were analyzed by Chi-square. A probability of �0.05 was taken to
indicate statistical significance for all analyses.

Similar to results in many low vision studies, individual results
in the PFL group were more heterogeneous than those in the NV
group. For a small sample size, the averages and standard devia-
tions computed in the PFL group could be affected by an atypical
(extreme) result in one or two subjects, resulting in insufficient
statistical power to show a meaningful “failure-to-find” result be-
tween groups. To investigate whether the nonsignificant measures
between groups were due to this issue, the average data of the
measures (saccadic distance and fixation duration) in the NV
group was considered as the statistical “norm,” which was then
used to compute the z-scores for individual data of PFL subject:

z �
x � �

�/�n

cAlthough multiple comparisons among different measures were conducted,
Bonferroni adjustments to the probability level for significance to reduce the chance
of Type I errors were not considered necessary as this was a designed experimental
study and the statistical analysis was planned to reflect this (comparing results in
NV vs. PFL groups), not to develop a predictive model.17

FIGURE 2.
An example to demonstrate how the objective and subject gaps were analyzed and compared. Within the 50 s duration, 2 objective gaps were
recognized which were longer than the Sub A’s walking time (8 s). The first objective gap was accurately identified by the subject with a latency of 5 s.
However, the subject failed to recognize objective gap 2 (i.e., missed gap), but inaccurately identified a gap that was too short or not existing (subjective
gap 2).
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where x� represents the individual PFL data, n is the sample size of
the NV group (n � 5), � and � are the group average and standard
deviation in the NV group respectively. When z-scores in individ-
ual PFL data were larger than 1.96 or smaller than �1.96, it
indicates that the PFL data was statistically different from the
“norms” (95% confidence level).

RESULTS
Traffic Gap Judgment Performance

The first question of interest was the effect of visual impairment
on the ability to detect crossable gaps. Through the combination of
the wide street (4 lanes) and the volume of traffic, on average approx-
imately 3 of the gaps were long enough to be defined as “objective
crossable gaps” during each 3 min trial, slightly more than one cross-
able gap per minute. Combining the 5 three-min trials, there was an
average of 15 crossable gaps per subject (Table 2).

Overall traffic gap detection ability for each subject was de-
scribed by the percentage of crossable gaps accurately identified
and percentage of errors made (Table 2). The percentage of cross-
able gaps accurately identified by the NV and PFL subjects ranged
from 60 to 93% (80.4 � 12.6%) and 27 to 81% (57.6 � 18.2%),
respectively. Although large variations of traffic gap judgment abil-
ity within group was found (in particular the PFL group), the PFL
subjects identified significantly fewer crossable gaps than the NV
subjects by an average of 23% (independent t-test, t � 2.4, dF �
11, p � 0.03). In the PFL group, Sub 11 and Sub 12 identified
only 33 and 27% of the crossable gaps respectively, which was
much worse than the other PFL subjects.

Of perhaps greater importance are the inaccurate crossing judg-
ments. Since missing crossable gaps may require a longer period of
time to cross the street, a missed crossing opportunity does not
result in exposure to a safety issue. By comparison, inaccurately
identifying gaps which are of insufficient duration may result in
serious safety issues. Fig. 3 shows the distributions of safety mar-
gins for each subject. Negative values represent gap durations that
are insufficient for safe street-crossing and are considered as an
“error,” whereas positive values represent gaps of sufficient dura-
tion for safe street crossing. Fig. 3a shows that the peak frequency
of gaps identified by 4 of the 5 NV subjects have sufficient dura-
tions for safe street crossing (i.e., the columns are located on the
right side of the dashed line), while the peak frequency for one NV
subject was shorter than the safe crossable gap. For the PFL sub-
jects, larger variances of gap durations were found (Fig. 3b). Except
for Sub 6 and 7, the peak frequencies of gap durations identified by
the PFL subjects were insufficient. This poor traffic gap judgment
ability was most obvious in Sub 11 and 12, with the majority of
their gaps inaccurately identified as crossable gaps. The percentage
of errors made by the NV and PFL subjects ranged from 25 to 56%
(38.8 � 12.3%) and 38.5 to 93% (62.3 � 16.7%), respectively,
indicating that the PFL subjects made more errors than the NV
subjects (t � �3.04, dF � 11, p � 0.01, Table 2). Similar to the
result with accurate gap identification, Sub 11 (93.1%) and 12
(76.9%) made more errors than the other PLF subjects, implying
that the overall traffic gap judgment ability for these 2 PFL subjects
was worse than the other PFL subjects. Possible reasons explaining
their poor traffic gap judgment performance will be explored in the
discussion.

When there are opportunities for crossing, it is important to
quickly detect the presence of a crossable gap. We calculated the
gap-detection latency as the duration between the lead vehicles
leaving the crosswalk and the subjects pressing the button for their
crossing decisions. Fig. 4 shows the distributions of latency in
accurate gap identification for each subject, with ranges from 0.03
to 6.8 s and 0.13 to 8.77 s for the NV and PFL group, respectively.
Because of the wide variation in the latency (range from 0 to almost
8 s) and small sample size (i.e., small number of crossable gaps), it
was not possible to compare either the mean or median of the
latency in each subject to examine the effect between groups (NV
vs. PFL). On the basis of the general assessment of Fig. 4, there is
no clear evidence that the latency in the NV subjects was different
from that in the PFL subjects.

Eye Movements and Distribution of Fixations

Prior to any crossing decision, pedestrians assess the traffic en-
vironment to collect sufficient visual information for traffic gap
judgment. In this study, subjects were instructed to squeeze the
hand-held button whenever a crossable gap was identified. Analyz-
ing the eye movement data and fixation allocation allowed us to
understand what visual information was collected when making
gap judgments. It is possible that the visual information collected
in the “decision making interval,” the 4 s-interval defined by Ger-
uschat et al.6 before gap judgment, might be different from the
visual information collected during the entire test (i.e., 15 min).
Therefore, we analyzed the data of eye movements and fixation
allocation in two ways: (1) The entire test (i.e., 15 min); (2) During
the decision making interval (for accurate and inaccurate gap judg-
ment separately). Given that the results analyzed by either method
were not significantly different, we report the statistical findings of
the eye movements and fixation allocation derived from the entire
test (method 1).

Eye movements were quantified as median fixation durations, me-
dian saccade amplitude, and fixation area, defined as bivariate normal
density ellipse containing 95% of all the fixations. Fixation area in the
PFL subjects ranged from 21.1° to 75.7°2 and was significantly smaller
than that in the NV subjects (ranged from 52.4° to 80.2°,2 t � 3.42,
dF � 11, p � 0.006). However, no significant difference in fixation
durations and saccade amplitudes were found between PFL and NV
groups (p � 0.10). The secondary analyzes using z-scores showed that
the fixation durations for 4 PFL subjects were significantly longer than
the “norm,” while the saccadic distance for only 1 PFL subject was
significantly longer than the “norm.” These secondary results demon-
strated that these two eye movement parameters for at least one-half of
the PFL subjects were not significantly different from the NV subjects,
moreover supporting why no significant difference was found be-
tween groups.

Distribution of fixation was categorized into two categories:
relevant (including vehicles and crossing elements) and irrelevant
(including general environment or pedestrians). The NV subjects
distributed more than 88% (range of 88.2 to 98.6%) of fixations
whereas the PFL subjects distributed no more than 73% (range of
36.3 to 73.4%) on relevant tasks (Table 2). The difference in
fixation allocations on relevant task reflected that the fixation be-
havior in the PFL subjects was significantly different from that in
NV subjects (t � 5.24, dF � 11, p � 0.001).
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Selfreported Street-Crossing Behaviors
As a consequence of significant field loss, we might expect the

street-crossing behavior of the PFL subjects to be more conserva-
tive. Partly supporting our expectations, six PFL subjects rated
themselves as “moderately to very conservative” when crossing the
street, whereas only one NV subject rated herself “moderately con-
servative.” Although there was a trend showing that the PFL
subjects were more conservative than the NV subjects, it was
not statistically significant (	2 � 6.8, dF � 4, p � 0.15).
Performance in traffic gap judgment (for accurate gap detec-

tion: r � 0.14, p � 0.66 and errors: r � �0.27, p � 0.37) was
not significantly correlated to the rating on street-crossing
behavior.

Results of the questionnaire showed that all NV and 4 PFL
subjects could manage independent street-crossing (i.e., indepen-
dent travelers) whereas the other 4 PFL subjects lost their indepen-
dent traveling skills and relied on other people for assistance when
crossing the street (i.e., dependent travelers, Table 2). Selfreported
independent habitual approach to street crossing was significantly
correlated with traffic gap judgment (r � 0.60, p � 0.02). For

FIGURE 3.
The distributions of safety margin for individual normal vision (NV, Fig. 3A) and peripheral field loss subjects (PFL, Fig. 3B). Negative margin (left of
the dashed vertical line) represents gap durations insufficient for safe street-crossing and are considered as an error, while positive margin (right of the
dashed vertical line) represents sufficient gap durations for accurate judgment in gap detection.
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perceived difficulty in street crossing, 88% of the PFL subjects
rated this activity as “moderate to extreme difficulty” whereas all
NV subjects rated this activity as having no difficulty, a significant
finding (	2 � 13.0, dF � 4, p � 0.01). There was also a significant
association between selfperceived difficulty in street-crossing and
the ability to detect safe crossable gaps (r � �0.60, p � 0.03) and
errors in gap detection (r � 0.65, p � 0.02). For difficulty in traffic
gap judgment, only 50% of the PFL subjects reported the same
level of difficulty (moderate to extreme difficulty) as those per-
ceived in street crossing. The difficulty in traffic gap detection
faced by the PFL subjects was not significantly more than the NV

subjects who all reported no difficulty (	2 � 5.1, dF � 4, p �
0.28). The discrepancy in selfperceived difficulty in street crossing
and traffic gap judgment suggests that the PFL subjects did not
perceive that traffic gap judgment was a more difficult task com-
pared with actually crossing the street. No significant association
was found between selfperceived difficulty in traffic gap judgment
and the ability to detect safe crossable gaps (r � �0.52, p � 0.07)
and errors in gap detection (r � 49, p � 0.09).

At the conclusion of the data collection, each subject was asked
what features they used to make their decisions. Eighty-five per-
cent of all subjects (NV and PFL) relied upon vehicle speed, while

FIGURE 4.
The distributions of latency in accurate gap detection for individual normal vision (NV, Fig. 4A) and peripheral field loss subjects (PFL, Fig. 4B). Despite
large variations in latency in gap detection between subjects, this latency does not appear to be significant between NV and PFL subjects.
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more than two third of the subjects (69%) also selfreported that
they considered both vehicle speed and distance during the deci-
sion making process.

DISCUSSION
Why Is Traffic Gap Judgment Ability Worse in PFL
Subjects?

Subjects with significant loss of peripheral field often selfreport
problems with mobility, including crossing the street.1,4 Our sub-
jects were no exception, with all PFL subjects reporting street cross-
ing as “moderate to extremely difficult.” To be safe when crossing
the street, pedestrians need to identify a crossable gap which in-
volves traffic gap judgment and decision making on the traffic
conditions, and then physically crossing the street. This entire
process is time dependent because the environment is constantly
changing. Our study focused on the first step of crossing the
street—traffic gap judgment and decision making. Despite the
small sample size, the traffic gap judgment ability in the PFL sub-
jects was significantly worse than in NV subjects with lower accu-
racy in identification of crossable gaps, combined with a higher
percent of gap identification errors (Fig. 3). While missing a cross-
able gap results in longer waiting time and possible inconvenience,
an inaccurate decision, identifying a gap that is too short, creates a
serious safety issue. The poor judgment with identifying a crossable
gap by the PFL subjects raises important concerns for their safety if
they ever do attempt to cross the street. Here, we explored the
possible reasons accounting for the poor traffic gap judgment per-
formance in the PFL subjects in two areas: visual and nonvisual.

To understand if visual behavior may account for the gap detec-
tion differences between these groups, we compared their eye
movements and fixation behavior. The PFL subjects used a differ-
ent approach to scanning and sampling the environment. Specifi-
cally the PFL subjects scanned over a smaller area than the NV
subjects by an average difference of 28.3°.2 This finding was sup-
ported by a recent study10 showing that PFL subjects did not
increase their scanning to compensate for missing peripheral vision
information during walking. Instead, their horizontal scanning
was actually reduced. In addition to a reduced scanning area, the
PFL subjects distributed 41% of their fixations on environmental
features that appeared to be irrelevant to the task of making accu-
rate gap judgments, with only 59% of their fixations on important
features of the environment, the source of the danger (i.e., vehi-
cles), and street crossing elements. The reduced scanning area and
fewer fixations on relevant elements may have resulted in insuffi-
cient visual information being acquired for making accurate gap
judgments, resulting in poor traffic gap judgment ability in the
PFL subjects.

The heterogeneous findings of traffic gap judgment in the PFL
group showed that Sub 11 and 12 performed much worse than the
other PFL subjects. Not only did they identify very few crossable
gaps (�35%), but also they made many more errors (�75%). All
PFL subjects had a binocular visual field of �20°, but why was the
poor traffic gap judgment performance more pronounced in Sub
11 and 12? Vision measures in Table 1 showed that distance acuity
(�0.58 logMAR), contrast sensitivity (�1.0 log) and visual field
(�6°) for these 2 subjects were worse than the other PFL subjects.
The combination of vision deficits in these two subjects might

result in a greater reduction of information resolution and a corre-
sponding increase in the challenges of acquiring information. It
may be that the combination of deficits on multiple vision mea-
sures is an important element affecting their traffic gap judgment
ability.

Crossing the street is a high risk activity where an error in judg-
ment can result in injury or loss of life in severe circumstances.
Because of the high risk, we hypothesized this activity involves
more than visual behavior. In this study, we used selfreport ques-
tionnaires to explore the possibility of nonvisual factors such as
street-crossing behavior, habitual approach to street crossing, and
perceived difficulty in the decision-making process. Our question
on street crossing behavior did not enhance our understanding of
this issue. However, the other two factors—habitual approach to
street crossing (independent vs. dependent) and perceived diffi-
culty (from extreme to no difficulty) were significantly correlated
with traffic gap judgment performance. Fewer crossable gaps were
identified and more errors were made by subjects who selfreported
more difficulty in street crossing as well as in subjects who did not
cross the street independently. However, there were 2 PFL subjects
who did not follow this association (Table 2). Despite selfreporting
extreme difficulty when crossing the street and not crossing the
street independently, the traffic gap judgment ability for these 2
PFL subjects (Sub 9 and 10) was not different from the other PFL
subjects who did cross independently (e.g., Sub 6 and 7). It is
unclear why these 2 PFL subjects do not cross the street. One
possible explanation is the fear of not having all the available in-
formation required for street crossing, and the associated conse-
quences of a wrong crossing decision. Another possibility is simply
that subjects become risk averse to the point where they do not
cross the street even though their traffic gap judgment ability is not
severely compromised. Moreover research is needed to address
these issues.

In summary, our findings reveal that both visual and nonvisual
factors significantly account for the poor traffic gap judgment abil-
ity in the PFL subjects. It is assumed that as vision loss progresses
toward total blindness, some visually impaired subjects will in-
crease their use of auditory information as a cue to assess traffic and
make traffic gap judgments. We do not know if, or how, audition
affects performance of this task. Before discussing the clinical im-
plications from our findings, we reviewed the limitations in this
study.

Contrary to our expectation that very few errors would be made
by subjects with NV, our NV subjects made a surprisingly high
percentage of errors (39%). Although higher percentage of errors
was reported in this study than in Guth et al.,8 NV subjects in other
studies also made some “potentially risky judgments.”18,19 We
propose that two reasons for the differences in performance are the
complex (traffic from both directions) uncontrolled mid-block
crossing, and the more conservative definition of crossable gap
adopted in our study. Compared with the roundabout used by
Guth et al.8 which used 2 lanes with one-way traffic, the 4 lanes
with two-way traffic in our study was more complex. The intro-
duction of two way traffic introduces the unpredictability of driver
behavior, while the increase in the number of lanes increases the
difficulty in perceptual judgment in crossing distance and gap
duration. Hence, it was not surprising that a higher percentage of
errors were found in our NV subjects. In habitual street crossing,
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pedestrians may define a crossable gap whenever the crosswalk is
directly in front of them, rather than the entire width of the cross-
walk, is clear of vehicles. By comparison, our study used a more
conservative definition of crossable gap, requiring sufficient time
to walk to the other side of the street without any vehicles from
either direction entering the crosswalk. It is possible that the traffic
gap judgment ability is better when a less complex crossing is used
and when a less stringent definition of crossable gap is used. The
major purpose of our study was to compare the relative differences
in gap detection and errors made by the different groups. The
significantly higher percentage of errors made by the PFL subjects,
which was 1.5 times of that made by the NV subjects, undoubtedly
suggests that PFL subjects are at substantially greater risk when
crossing the street. It is possible that traffic gap judgments repre-
sented by the indicator approach might be different from the result
of having the subjects actually crossing the street. This issue has
been addressed by Ashmead et al.18 who reported that results ob-
tained from an indicator-task method were comparable with those
from actual street crossing in blind and fully-sighted pedestrians.
This indicates that the indicator approach is sensitive enough to
reflect subjects’ traffic gap judgment decision.

Clinical Implications

Clinical implications of our findings include three areas. First is
the awareness of the compromised traffic gap judgment ability by
the subjects with PFL. Although PFL subjects reported difficulty
when crossing the street, their perceived difficulty in traffic gap
judgment was less than their judgment about crossing the street.
The underestimated difficulty in traffic gap judgment and the
reduced traffic gap judgment performance suggests that clinicians
should educate the PFL subjects that their traffic gap judgment
ability may be reduced, and that training may be needed to safely
manage independent street-crossing. Second is the recommenda-
tion that PFL subjects minimize the risk in street crossing. For an
uncontrolled mid-block crosswalk used in this study, undetected
vehicles might approach the pedestrians during crossing or drivers
might fail to stop or yield if the pedestrians intended to rely on
drivers to see or avoid them.20 Hence, the clinicians could recom-
mend that PFL subjects choose to cross at an intersection where
there is better traffic control (e.g., a traffic signal or stop sign) or to
cross where there is a splitter island, which requires monitoring of
traffic from one direction. Third is the referral of PFL patients, in
particular those with associated deficit in acuity and contrast sen-
sitivity, to orientation and mobility (O&M) instructors for evalu-
ation of street crossing and mobility performance and perhaps
training if required. Four of our eight PFL subjects participated in
some O&M training, which involves teaching new skills and tech-
niques for safe and efficient travel to compensate for their per-
ceived difficulty in street crossing. Training details were not
assessed in this study, but it appeared that subjects who received
training were more likely to safely manage independent-street
crossing. Recently, a virtual environment to simulate street cross-
ings has been used to train poststroke subjects.21,22 The prelimi-
nary results with the use of the simulator are promising. When
improvements are made to the quality of the simulated environ-
ment, this technology could be applied to O&M training for low
vision subjects under various types of street crossing scenarios. This

training enables the subject to learn the techniques required to be
a skilled pedestrian—scanning of the environment to examine traf-
fic conditions, walking speed and personal margin of safety, and to
make an accurate crossing decision, while minimizing their risk.
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