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ABSTRACT

A systems level approach to intersection lighting design has shown that illuminating the intersection box
increases drivers’ nighttime visual performance. However, for an intersection lighting design to be
effective and accepted, it should not only maximize visual performance but also enhance perceived
visibility and minimize glare. The goals of this study were to assess the effects of different intersection
lighting designs on these two outcomes. Visibility was assessed with respect to a pedestrian, several
targets, and an intersection. Perceptions of visibility and glare were measured using Likert scales, with
participants exposed to multiple lighting designs on a realistic intersection. Twenty-four participants
completed the study, with an equal number of younger (18-35 years) and older (65+) drivers. The
lighting design that illuminated the intersection box had the highest levels of perceived target and
intersection visibility and the lowest ratings of glare. For the same lighting configuration, a strong
positive correlation was also found between perceived target visibility and previous results on target
detection distances. In this configuration, perceived visibility plateaued between 7 and 10 lux of mean
intersection illuminance. Increased levels of perceived visibility in different conditions were likely a
result of size and contrast differences, and the distribution of the luminaires used. These results suggest
that illuminating the intersection box has multiple benefits, in that it not only increases visual
performance but also increases perceived visibility and reduces glare.

Keywords: Lighting, Intersections, Perceived Visibility, Perceived Glare, Night, Drivers, Pedestrians
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INTRODUCTION
Night crashes at intersections pose a major safety concern in the United States, as they account for about
40% of the total crashes at intersections (1). Installing lighting at intersections has been used as a
successful countermeasure against night crashes. For example, lighting an intersection has reduced night-
to-day crash ratios and rates by 13 to 45%, respectively (2-6), and an increase in light levels has been
associated with respective decreases in night-to-day crash ratios and rates of 7% (7) and 9% (8). Existing
recommendations and guidelines for the design of intersection lighting have focused solely on lighting
levels, and stemmed from research relating lighting to night crashes at intersections. This has ignored the
role of human vision in intersection lighting design, as well as the interactive effect of vehicle headlamps
and overhead lighting. Furthermore, existing standards (Illumination Engineering Society of North
America and the Commission Internationale de I'Eclairage) prescribe minimum lighting levels to be
maintained within the intersection box (area enclosed within the stop bars at the intersection), which does
not account for the multiple pedestrian—vehicle conflict points at intersections.

A new systems level approach to intersection lighting design was introduced by Bhagavathula,
Gibbons and Nussbaum (9). (Note that we use the term “intersection lighting design” to refer to both the
part of the intersection illuminated and the recommended light level). In the noted paper, three
intersection lighting designs were evaluated (Lighted Approach, Lighted Box, and Lighted Approach and
Box as shown in FIGURE 1). This evaluation was done on the basis of drivers’ nighttime visual
performance, using objective measures of detection distances for targets located at the entrances, exits,
and middle of pedestrian crosswalks at intersections. Results of the study indicated that the design that
illuminated the intersection box offered better visual performance (longer detection distances as shown in
FIGURE 2) and had fewer number of missed target detections. However, for an intersection lighting
design to be effective and accepted it should not only increase a driver’s visual performance but also
increase perceived visibility and reduce glare. Pedestrian visibility is also important, since, as noted,
existing intersection lighting designs do not account for pedestrian-vehicle conflict locations. Finally, it is
important to know if intersection lighting configurations that support enhanced detection (longer target
detection distances) are also perceived as having high visibility and low glare.
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FIGURE 1 lllustrations of the three intersection lighting configurations: (a) Intersection approach is
illuminated, (b) Intersection box is illuminated. (c) Both the box and approach are illuminated. The
distribution of light (denoted by the yellow color) is not photometrically accurate and is only included to

represent the light emitted by the luminaire for illustrative purposes.
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Intersection Lighting Configuration and Light Level

FIGURE 2 Effect of intersection lighting configuration and light level on detection distance of drivers
as reported in Bhagavathula, Gibbons and Nussbaum (9). Values reported are means of detection
distances of standard visibility targets and errors bars represent standard errors.

Earlier work has shown that perceived visibility is associated with nighttime driver visual
performance. For example, Gallagher, Koth and Freedman (10) found that a visibility metric based on
subjective ratings was a strong predictor of driver visual performance, while Janoff, Kroth, McCunney,
Freedman, Duerk and Berkovitz (11) showed that subjective ratings of visibility can serve as a predictor
of nighttime crashes. Janoff (12) also studied the relation between subjective ratings of visibility and a
Visibility Index (VI). The VI is a measure of visibility and is dependent on contrast, relative contrast
sensitivity, and disability glare. VI was found to be highly correlated with subjective ratings of visibility,
and both the size of the object involved and the contrast were reported to affect the relationship between
subjective ratings of visibility and VI. An increase in lighting level was also found to be associated with
an increase in subjective ratings of visibility. Increases in lighting level have also been associated with
increases in perceived ratings of glare (13-16).

However, only one existing report, to our knowledge, has examined the effect of intersection
lighting design on subjective ratings of visibility. In this report (17), subjective ratings of visibility were
obtained from drivers who were exposed to three different intersection lighting layouts (or
configurations), each with three levels of illumination (5, 10 and 15 lux). The three intersection layouts
were based on the part of the intersection that was illuminated, and used the following three
configurations: approach, corner (or box), and both approach and corner. Drivers rated five statements:
“visibility”, “danger to pedestrian”, “ease of driving”, “brightness” and “safety” on a Likert-type scale (1
to 5), and a mean rating > 3 (or “neutral” anchor the Likert-type scale) was used as indicating
effectiveness of an intersection lighting design. In the noted study, increases in light levels resulted in
higher subjective ratings of visibility. With light levels > 10 lux, mean ratings of pedestrian visibility
were higher than 3 on the Likert-type scale in all three layouts. Minoshima, Oka, Ikehara and Inukai (17)
also found that ratings (all statements including pedestrian visibility) depended on the light level. At the
15 lux light level, the lighting configuration that illuminated the approach and corner was rated highest,
while at the 10 and 5 lux light levels the configuration that illuminated the approach was rated the highest.
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The authors concluded that the approach lighting layout should be used to maintain a mean roadway
surface luminance of 10 lux. However, if a higher level of mean roadway illuminance is needed, then both
approach and corner illumination should be used. This study, though, did not measure perceived glare.
Furthermore, only mean ratings were presented, with no statistical analyses reported regarding differences
between lighting configurations or light levels. The specific age ranges of participants were also not
described, other than that an unbalanced sample of “elder” (n=5) and “non-elder” (n=15) individuals were
included. Thus, there is need for additional research that considers the perception of glare and that more
formally quantifies differences in perceived visibility with different intersection lighting designs.

The current study assessed the effects of different intersection lighting configurations and light
levels on perceived visibility and glare. We hypothesized that: (1) perceived visibility and glare will differ
between the three lighting configurations and between ratings of pedestrians and target areas, similar to
results reported by Janoff (12); and (2) increasing light level will result in higher perceived visibility, as
reported by Janoff (12) and Minoshima, Oka, Ikehara and Inukai (17), and also result in higher perceived
glare, as supported by existing research in this area (13-16). Results from this study were intended to
supplement earlier results regarding visual performance (9), and to help determine whether intersection
lighting designs that result in better visual performance also lead to improved visibility and lower glare.

METHODS

This study was performed in conjunction with the work reported earlier (9) and used many of the same
methods. Twenty-four participants completed the study, and were recruited to form two age groups —
younger (M = 30.8 years, SD = 2.7) and older (M = 68.2 years, SD = 1.6) — with same number of male
and female participants in each group. The selected age groups were intended to account for a wide range
of driving experiences and visual capabilities. All participants had a valid US driver’s license and a
minimum visual acuity of 6/12 (20/40). Participants’ visual acuity was assessed using a basic visual
acuity test, administered using an Early Treatment Diabetic Retinopathy Study (ETDRS) chart with an
illuminator cabinet. Experimental sessions were conducted on three separate nights after an initial
screening session. Participants were compensated $30 per hour for their participation. All experimental
protocols were approved by Virginia Tech’s Institutional Review Board, and all participants provided
written informed consent prior to any data collection.

Experimental Design

The effects of intersection lighting configuration and light level on participants’ perceptions of pedestrian
visibility, target visibility, intersection visibility, and glare were evaluated using a repeated-measures
factorial design. Participants were exposed to both fixed targets and a simulated pedestrian, under
multiple lighting configurations and light levels at a realistic roadway intersection. This intersection was
on the Virginia Smart Road, located at the Virginia Tech Transportation Institute. The Smart Road is a
controlled access roadway research facility built to United States Federal Highway Administration
specifications, and the intersection is fully functional, two-lane, four-way, and signalized (FIGURE 3a).
Participants encountered each of three lighting configurations, in separate data collection sessions on
different nights, and five light levels within each lighting configuration. Data collection occurred only on
clear nights (no rain, snow or fog) and after civil twilight. The order of presentation of lighting
configurations and light levels was counterbalanced to minimize order effects. The locations at which the
targets were presented was also counterbalanced, with catch trials included (no target presentation).
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FIGURE 3 Diagram of the intersection on the test track with target locations indicated (a). The
intersection is equipped with signal lights and lane markings. The intersection could also be
illuminated by three separate lighting configurations, which illuminated the intersection approach
(b), the intersection box (c), and both the intersection approach and box (d).

Targets

Targets were used to evaluate roadway visibility (by measuring detection distance in the visual
performance experiment); these were of grey color and 0.18 x 0.18 m in size, similar to ones used in
earlier work (18-25). Targets were located 0.3 meters outside the right shoulder of the road. Five target
locations were used in the study (see FIGURE 3a), and were located at the pedestrian-vehicle conflict
locations at the entrances, exits, and the middle of the crosswalks located at the intersections.

Pedestrian

A simulated pedestrian was achieved using a member of the experimental team (stature = 1.77 m), and
was clothed in gray medical scrubs (FIGURE 4). A gray color was chosen because it is a neutral color and
would be rendered similarly under different lighting configurations and light levels.
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FIGURE 4 Simulated pedestrian, wearing gray medical scrubs.

Intersection Lighting Configurations

Three intersection lighting configurations were used. In the first, or Approach lighting, the approach to
the intersection was illuminated (FIGURE 3b). In the second configuration (Box), the intersection box
was illuminated (FIGURE 3c), while the third configuration (Approach and Box or Both) illuminated
both the approach and box (FIGURE 3d). These lighting configurations also rendered an object (Target
or Pedestrian) located at the near right, near middle, and near left target locations in different contrasts for
an approaching driver. The Approach configuration rendered objects in these locations in positive
contrast, whereas the Box configuration rendered them in negative contrast. Contrasts of the near right,
near middle, and near left targets in the Both lighting configuration depended on the light level. The
remaining two target locations (far right and far left) always appeared in positive contrast, as their facing
side was always brighter than the background by the virtue of their location with respect to the lighting
configurations.

Intersection Light levels

Illumination was provided by two 4000 Kelvin light-emitting diode (LED) luminaires that were mounted
at a height of 8.5 m. Both luminaires were purchased from the same manufacturer (CREE) and from the
same product catergory (LEDway®), and differed only in the type of light distribution; we thus assumed
they had nearly identical spectral power distributions. One luminaire was used to illuminate the
intersection approach and the other illuminated the intersection box. The former luminaire had a Type 1l
medium distribution, while the one illuminating the intersection box had a Type V medium distribution.
Each lighting configuration was illuminated to five light levels, specifically 0 (no lighting), 8, 12, 16, and
21 lux. These levels corresponded to the horizontal light levels at the pedestrian/near right target location
on the road surface and were selected so that they could be could be obtained in all three lighting
configurations. The vertical illuminance for the pedestrian location and the mean horizontal illuminance
of the intersection (mean intersection illuminance) are shown in TABLE 1 for each lighting configuration
and light level. Mean horizontal illuminance was the average horizontal roadway surface illuminance of
the area enclosed by the stop-bars at the intersection. Light levels used were based on the IES RP-8
recommended average light levels for pedestrian volumes areas (low, medium and high) at rural, sub-
urban, and urban areas (25).

TABLE 1 Vertical illuminance at the pedestrian location and mean horizontal intersection
illuminance used in the study for each lighting configuration and illuminance
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Intersection Horizontal Vertical llluminance on | Mean
L . Pedestrian (Measured at | Intersection
Lighting Iluminance 15 b h d Hlumi
Configuration (Iux) .5 m above the roa uminance
surface) (lux) (Tux)
8 5 5
12 7 7
Approach
PP 16 10 9
21 13 12
8 1 7
Box 12 1 10
16 1 13
21 2 18
8 9 5
12 13 8
Both
16 17 11
21 22 13

Experimental Procedure
Experimental procedures were very similar to those used in the noted previous paper (9). Two
participants were scheduled for each experimental session, and upon arrival they initialled the informed
consent form and were provided with an overview of the experimental session by an experimenter in one
of the vehicles used (Ford Explorers, model years 1999 and 2000). This overview included a presentation
of images of the targets and pedestrian they would be seeing on the road and an explanation of how to
provide ratings using questionnaires (described below). Participants were shown the questionnaire and
were given an explanation about the meaning, purpose, and significance of each statement. Low-beam
headlamps were used during the study. The vehicles’ headlamps were Hella 90 mm Bi-Xenon projector
lamps with a single 1-F capacitor-stabilized headlamp input voltage on each vehicle. These headlamps
were retrofitted along with a voltage stabilizer so that the headlamps’ intensities were not affected by
speed of vehicles. These retrofitted headlamps also allowed the headlamps to be at the same height from
the ground across both the experimental vehicles. Before every experimental session, vehicle headlamps
were aimed and the windshields were wiped clean.

Participants performed two separate tasks in each of the three data-collection sessions (see
FIGURE 5). The first was a target detection task, in which participants detected targets and their detection
distances were measured (9). The second task was the questionnaire rating, in which participants rated the
intersection lighting configuration and the light level with a simulated pedestrian standing at the
intersection.

. Pedestni
Six Laps of Target Pre:e;tsa tiznn B
Set Lighting Set Illuminance Presentation — > Vehicles Move to . |Questionnaire
Configuration Level Detection Distance g . . Administered
Questionnaire
Measured . .
'y Rating Location

FIGURE 5 Sequence of events that occurred in each experimental session.
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Participants approached the intersection six times for each light level and lighting configuration, during
which they performed the noted target detection task. The speed limit for the detection task was 56 km/h
(35 mi/h), which was selected as it was the upper end of the speed limit in urban/residential areas in the
Commonwealth of Virginia. Before starting the target detection task, participants were asked to remember
how that particular combination of lighting configuration and light level affected their perception of target
visibility (the questionnaire contained specific statements about target visibility).

Questionnaire ratings were solicited after participants completed all target detections for a given
light level. Both participants were first asked to drive to the location in the intersection approach marked
by a cone (see FIGURE 6). The two experimental vehicles were parked next to each other, with the
second vehicle’s headlamps turned off. This was done for efficiency, allowing both participants, in the
two vehicles, to rate the questionnaires in parallel. The cone (FIGURE 6) was located 76.2 m from the
location of the simulated pedestrian, who stood in the right shoulder at the entrance to the nearest
crosswalk and always faced the roadway (FIGURE 6). This specific distance was used, as it is the
stopping sight distance for the “design speed” of 56 km/h (35 mi/h) (26), or the distance along the
roadway required for a vehicle travelling at the design speed to come to a complete stop.

Once both the experimental vehicles were parked at the cone facing the intersection with the
pedestrian, they were administered the questionnaire by the in-vehicle experimenter. Participants rated
their level of agreement with several statements, using a custom questionnaire developed for this study
(Figure 7). The questionnaire was piloted tested for consistency of responses prior to use in the study.
There were a total of 10 statements, assessing four areas — Pedestrian Visibility, Target Visibility,
Intersection Visibility, and Glare — with responses obtained using Likert Scales. Pedestrian Visibility
(statements 1 and 7) and Target Visibility (statements 2 and 6) were each assessed using two statements,
while Intersection Visibility (statements 4, 9 and 10) and Glare (statements 3, 5 and 8) were assessed with
three statements each. Established glare rating scales such as the deBoer discomfort glare rating scale was
not used because it was reported to be a bad predictor of night driving performance (16). After completing
the guestionnaire, participants travelled back to the starting point and prepared for the next trial, at the
next light level. The same protocol was repeated in the second and third data collection sessions, using the
other two lighting configurations.
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FIGURE 6 Pedestrian and experimental vehicle locations at which the questionnaire was
administered.
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Please indicate how much you agree or disagree with each of the following statements with
respect to the current lighting level (please the check the appropriate box)

Strongly . - Strongly
w "\ v
Disagree Disagree eutral Agree Agree
No | Statement
1 2 3 4 5

The pedestrian is clearly

visible

2 All targets were seen from a
safe distance

3 I experienced glare when
approaching the intersection

4 It was easy to drive through

the intersection

Glare from the overhead
5 | lighting is affecting my ability
to see the pedestrian

All targets were clearly
visible

7 | I can easily see the pedestrian

Glare from overhead lighting
8§ |is affecting my ability to
detect targets

All the roads leading to the
intersection are clearly visible

10 | Intersection is clearly visible

Figure 7 Likert scale questionnaire used for subjective ratings of pedestrian visibility, target
visibility, intersection visibility, and glare.

Analyses

Inter-item reliability of the questionnaire responses was assessed using standardized Cronbach’s alpha
values for each of four assessment areas. Additional analyses were only conducted when Cronbach’s
alpha was > 0.7, indicating that there was a high level inter-item reliability in the questionnaire statements
for a particular assessment area (27). Standardized Cronbach’s alpha values were as follows: Pedestrian
Visibility = 0.95, Target Visibility = 0.94, Intersection Visibility = 0.85, and Glare = 0.78. Given this high
level of reliability, composite Likert scores were calculated for each assessment area, as mean ratings
across multiple statements in each assessment area. These composite scores were used as dependent
measures.

Separate linear mixed models (LMM) were used to assess the effects of lighting configuration
and light levels on composite scores in each of the four assessment areas (pedestrian visibility, target
visibility, intersection visibility, and glare). Age group was used as a blocking variable. Preliminary
analyses indicated that no main or interactive effects involving gender were significant. Thus, gender was
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not included in the final models. For all statistical tests, the significance level was established at p < 0.05.
Where relevant, post hoc pairwise comparisons were performed using Tukey’s honestly significant
difference (HSD) for main effects, and simple effects testing was used to examine significant interaction
effects. As in the approach used by Minoshima et al. (17), a particular lighting configuration and light
level was considered effective only when the mean visibility ratings (Pedestrian, Target, and Intersection)
were > 3 (i.e., “Agree” or “Strongly Agree”) and mean Glare ratings were < 3 (i.e., “Disagree” or
“Strongly Disagree™). The plateau in the ratings with increasing illuminance was determined based on
observed pattern of effects of illuminance on ratings for the intersection lighting configurations. A plateau
was considered to occur when an increase in light level did not result in a corresponding statistically
significant increase in ratings in post hoc pairwise comparisons. Additionally, Pearson product-moment
correlation coefficients were determined separately in each of the three lighting configurations, to assess
the association between target detection distance (from the visual performance experiment, as reported in
(9)) and the composite score of perceived target visibility.

RESULTS

LMM results of Likert-scale composite scores of pedestrian visibility, target visibility, intersection
visibility, and glare are summarized in TABLE 2. Both lighting configuration and light level had
significant main effects on all scores, excepting the effect of light level on glare, for which there was a
significant interactive effect. For target visibility and intersection visibility, the interaction between
lighting configuration and light level approached significance. Results for each of these assessment areas
are presented in more detail in the following sections.

TABLE 2 Significant statistical results from linear mixed model analysis of the effects of age, lighting
configuration, and light level on composite scores of pedestrian visibility, target visibility, intersection
visibility, and glare

Assessment Area Effect Statistical Results
Lighting Configuration (LC) F (2,115) =5.63, p = 0.005
Pedestrian Visibility Light Level (LL) F (4,220) = 82.07, p < 0.001
Age x LL F (4,220) = 2.43, p=0.048
LC F (2,118) = 20.30, p < 0.001
Target Visibility LL F (4,218) = 21.42, p < 0.001
LCxLL F (8,236) = 1.96, p = 0.053
LC F(2,118) = 14.12, p < 0.001
Intersection Visibility LL F (4,218) = 77.95, p < 0.001
LCxLL F (8,236) = 1.96, p = 0.052
Glare LL F (4,220) = 14.84, p < 0.001

Pedestrian Visibility

Subjective ratings of pedestrian visibility were higher for the Approach and Both vs. the Box lighting
configuration (FIGURE 8). The difference between age groups approached significance, with younger
participants (M = 3.84, SD = 1.13) providing higher composite scores than older participants (M = 3.14,
SD = 1.36).
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Strongly
Agree

Agree A A

Neutral

Rating

Disagree

Strongly
Disagree

Approach Box Both
Lighting Configuration

FIGURE 8 Mean ratings of pedestrian visibility in the three lighting configurations. Error bars
represent standard errors. Upper case letters indicate groupings based on paired comparisons
between lighting configurations.

Analysis of the age x light level interaction revealed no significant differences between age
groups at any of the light levels. A pattern was evident, however, in which younger participants gave
higher ratings at all light levels greater than zero (FIGURE 9). Within each age group, increases in light
levels were associated with higher ratings. For both groups, ratings appeared to increase for every
increment in light level (albeit not significantly). For younger participants, mean Likert-scale composite
score exceeded the “neutral” anchor (or a value of 3) at the 8 lux light level, while for the older
participants this occurred at 12 lux (FIGURE 9).

Strongly
Agree

Agree

Neutral

Rating

Disagree

Strongly —2—Older  ---&--- Younger

Disagree

0 8 16 24
Illuminance (lux)

FIGURE 9 Mean ratings of pedestrian visibility at each light level for the two age groups. Error bars
represent standard errors. Lower case letters indicate groupings based on paired comparisons
between light levels, within each age group.

Target Visibility
Subjective ratings of target visibility were significantly higher for the Both (M = 3.31, SD = 1.06) and
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Box (M = 3.7, SD = 1.08) vs. the Approach (M = 2.6, SD = 1) lighting configurations. Ratings in the Box
configuration were significantly higher than in the Approach configuration at every light level (FIGURE
10). Differences between the Approach and Both lighting configurations, however, were inconsistent and
dependent on light level. In each lighting configuration, increases in light level were generally associated
with increased target visibility ratings, though only a few paired differences were statistically significant.
Plateaus with increasing illuminance were evident only in the Box and Both lighting configurations, for
which the respective plateaus were attained at the 8 and 12 lux light levels, respectively. For the Box and
Both lighting configurations, mean Likert-scale composite score exceeded the “neutral”” anchor (or a
value of 3) at the 8 lux light level, whereas it was never exceeded for the Approach lighting configuration
(FIGURE 10).

Strongly
Agree

Agree

Rating

Neutral

Disagree
Strongly —— Approach -~ &3e-- BoOX - e -Both
Disagree

0 8 16 24

Illuminance (lux)

FIGURE 10 Mean ratings of target visibility for each combination of light level and lighting
configurations. Error bars represent standard errors. Upper case letters indicate groupings based on
paired comparisons between lighting configurations at each light level >0. Lower case letters indicate
groupings based on paired comparisons between light levels >0 within each configuration.

Association between Detection Distance and Perceived Visibility for Targets

Associations between target detection distance and composite ratings of target visibility depended on the
lighting configuration. The Box (r ¢4 = 0.43, p = 0.03) and Both (r 24 = 0.50, p = 0.01) lighting
configurations exhibited significant positive correlations between detection distance and composite
ratings of target visibility. This correlation was not significant, though, in the Approach lighting
configuration (r 4 = 0.02; p = 0.93).

Intersection Visibility

Subjective ratings of intersection visibility were significantly higher for the Both (M = 3.64, SD = 0.92)
and Box (M = 3.94, SD = 0.87) vs. the Approach (M = 3.29, SD = 0.87) lighting configurations.
Differences in the ratings of the Approach and Box lighting configuration were significant at every light
level >0, and were highest in the Box lighting configuration (FIGURE 11). In each lighting configuration,
increases in light level were associated with increases in ratings of intersection visibility (FIGURE 11),
although significant paired differences were found only for the Both configuration. Plateaus were evident
in Likert-scale composite scores for all the three lighting configurations. For the Approach and Box
lighting configurations, the plateau in subjective ratings of target visibility occurred at the 8 lux light
level, while for the Both lighting configuration the plateau occurred at the 12 lux light level. All the three
lighting configurations mean Likert composite score exceeded the “neutral” anchor at the 8 lux light level
(FIGURE 11).
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Strongly
Agree

Agree

Rating

Neutral

Disagree %

—&— Approach  ---&@---Box = e =Both

Strongly
Disagree

0 8 16 24
Illuminance (lux)

FIGURE 11 Mean ratings of intersection visibility at each light level under all the three lighting
configurations. Rrror bars represent standard errors. Upper case letters indicate groupings based on
paired comparisons between lighting configurations at each light level >0. Lower case letters indicate
groupings based on paired comparisons between light levels >0.

Glare
There was a significant main effect of light level on glare, with the ratings at the 0 light level (M = 1.22,

SD = 0.39) having the lowest ratings vs. all other light levels (8 lux: M =2.28, SD =0.91; 12 lux: M =
2.30, SD =0.86; 16 lux: M = 2.25, SD =0.81; and 21 lux: M = 2.13, SD = 0.69). However, there was also
a significant lighting configuration x light level interaction, with evidence of a differential influence of
light level in the three configurations (Figure 5). Glare was reported to be lowest in the Box configuration
and higher in the Approach configuration, for all light levels >0, though no pairwise differences were
significant. There were also no significant pairwise differences between light levels (>0) within the
Approach and Both lighting configurations. For the Box lighting configuration, there were no significant
differences between any of the light levels including the 0. Mean Likert-scale composite scores in all
three lighting configurations were less than the “neutral” anchor (FIGURE 12).

Strongly
Agree
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FIGURE 12 Mean ratings of glare at each light level under all the three lighting configurations. Error
bars represent standard errors. Note that lower values indicate lower perceived glare.
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DISCUSSION

A primary goal of this study was to assess the effects of intersection lighting configuration and light
levels on perceived visibility and glare. Three major findings were evident. First, there were differences in
perceived visibility between the three lighting configurations, and the magnitude of these differences
depended on the lighting configuration and object size. Second, increases in light level resulted in
increased ratings of visibility at some lighting configurations, and there was some evidence of plateaus in
these rating with increasing light levels. Third, none of the three lighting configurations were a major
source of glare, even at the highest light level.

Perceived visibility depended on the intersection lighting configuration and assessment area. For
instance, pedestrian visibility had higher ratings in the Approach lighting configuration, whereas target
and intersection visibility were rated higher in the Box lighting configuration. This lack of agreement in
the ratings between pedestrian and target visibility may be attributed to the size object involved in each of
these assessments. Regarding the former aspect, the pedestrian used here was substantially larger than the
targets, and earlier results indicate that larger objects are perceived as being more visible, compared to
smaller objects (12).

Regarding perceived target and intersection visibility, the Box lighting configuration was rated
higher than the other two lighting configurations at every light level. These results are consistent with our
earlier results regarding the visual performance experiment, as assessed by target detection distances (9).
Specifically, the Box lighting configuration had longer detection distances at every light level and fewer
number of missed target detections, compared to the other two lighting configurations. In the Box and
Both lighting configurations, target detection distance and perceived target visibility were positively
correlated. In Bhagavathula et al.(9), the longer detection distances in the Box lighting configuration was
attributed to the contrast in which the targets were rendered. This conclusion, along with the results
regarding perceived target visibility, suggests that the Box lighting configuration renders the targets in
adequate contrast (both positive and negative, since target visibility was aggregately assessed for all target
locations), resulting in both longer detection distances and higher perceived visibility. Since both
perceived visibility and target detection distances in the Both lighting configuration were lower than in
the Box lighting configuration, we believe this may have resulted because targets in this lighting
configuration were rendered in lower contrast. However, a photometric analysis is required to substantiate
the specific contrast levels, which is beyond the scope of this study. In the Approach lighting
configuration, all targets were rendered in positive contrast, which may account for the absence of a
correlation between target detection distance and perceived visibility in this configuration. Further,
positive contrast may also have a differential effect on perceived visibility, depending on the size of the
object, since the simulated pedestrian was perceived as more visible than the targets, however, a
photometric analysis is required to ascertain this assumption.

The higher ratings of target and intersection visibility in the Box configuration could be
attributed to the distribution pattern of the Type V luminaire used to illuminate the intersection box. This
pattern is more circular and more uniformly illuminates the intersection compared to the Type Il
luminaires. The latter, used for illuminating the approach, has a more oval light distribution pattern, and
which does not illuminate all the approaches of the intersection (FIGURE 13). This difference could also
explain the results in the Both lighting configuration, which had the second highest ratings of both target
and intersection visibility, since it included a combination of type Il and type V luminaires. Such a
combination increased the area illuminated around the intersection, which could have led to participants
receiving more visual information from the surroundings, and in turn resulting in higher ratings of target
and intersection visibility compared to the Approach lighting configuration.
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FIGURE 13 Distributions of type V and type Il luminaires used to illuminate the intersection box
and approach, respectively. The distribution of light (denoted by the yellow color) is not
photometrically accurate and is only included to represent light distributions by the luminaires for
illustrative purposes.

Ratings of pedestrian visibility exceed the “neutral” anchor (> 3) in all three lighting
configurations, albeit at different light levels. For the Approach lighting configuration, this occurred at 8
lux, whereas for the Both and Box lighting configurations this threshold was crossed at 12 lux. These
pedestrian rating results align with results of Minoshima et al. (17), which indicated that an average
surface illuminance of 10 lux or higher yielded mean rating higher than 3 regardless of luminaire layout
or lighting configuration. However, results here regarding perceptions here of intersection visibility and
target visibility did not completely align with those of Minoshima et al. (17). Mean ratings of intersection
visibility here exceeded the “neutral” anchor for all three lighting configurations at an light level lower (8
vs. 10 lux) than what was reported by Minoshima et al (17). For target visibility, mean ratings in the
Approach lighting configuration never exceeded the “neutral” anchor, even at the highest light level
studied (21 lux), whereas in the Box and Both lighting configurations it was exceeded at 8 and 12 lux,
respectively. These results indicate that the lighting configuration (or the part of the intersection that is
illuminated) plays an important role in influencing perceived intersection and target visibility, but less of
a role in influencing pedestrian visibility.

Increases in light level generally resulted in higher ratings of pedestrian, target, and intersection
visibility in all the three lighting configurations. These results are similar to those of Minoshima et al.
(17) and Janoff (12), who found higher subjective ratings of visibility with increases in light level.
Assessments of the effects of light levels within each lighting configuration showed that some plateaus
occurred, but such patterns depended on the specific lighting configuration and perceptual measure. For
the Box and Both lighting configurations this occurred at 8 and 12 lux light levels, whilst the Approach
lighting configuration exhibited a plateau for intersection visibility at the 8 lux light level.

The Box lighting configuration led to the lowest glare ratings amongst the three lighting
configurations, though none of the three intersection lighting configurations appeared to be a major
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source of glare. This result in not in agreement with existing research and the discrepancy could be
attributed to different experimental methodologies used to assess perceived ratings of glare. In this study,
the only source of glare were the luminaires used to illuminate the intersection whereas in the other
studies the sources of glare were primarily headlamps or simulated headlamps of vehicles which direct
substantially more light into driver’s eyes. Further, detailed glare assessments as to the specific effects of
fixture, background luminance etc. would require additional measurements and analyses which were not
conducted as a part of this experiment.

Individual differences also did not appear to be a major source of variability. There were no
significant differences found between males and females for any of the rating, and also no significant
differences between the two age groups examined except for participant visibility. Regarding the latter,
younger participants reported higher levels of pedestrian visibility for all non-zero light levels.

This study has some limitations that should be noted. For example, the experimental setting was
somewhat limited in that there was no additional traffic and the signal lights were turned off at the
intersection, and subjective ratings (including glare) were evaluated at single point on the approach to the
intersection. These conditions were used to minimize potential confounding effects of glare and signal
phase timing that could have affected drivers’ perceptions of visibility and glare. Taking subjective
ratings at multiple points could have prolonged the experimental duration and fatigued the participants,
which could have potentially confounded the results. Further, the current results may be most valid for
isolated/rural intersections, which are illuminated by a single light source and for which none of the
approaching roads have continuous lighting. On roads with continuous lighting, additional light from
luminaires might substantially affect contrast and subsequently the visibility of objects located at the
intersection. Future work on intersection lighting should consider the effects of the presence of multiple
vehicles, signal phase, and continuous lighting to more accurately understand the effects of intersection
lighting design on visibility and glare.

CONCLUSIONS

Illuminating different parts of an intersection leads to important differences in perceived visibility and
glare, and the patterns of these differences are generally consistent with measures of visual performance
(9). Hluminating the intersection box yielded the highest ratings of target and intersection visibility and
lowest ratings of glare. Even though the Approach lighting configuration had higher ratings of pedestrian
visibility than the Box lighting configuration, target visibility ratings in this configuration were lower than
the “neutral” anchor at every light level. Moreover, at light levels greater than 8 lux, pedestrian visibility
ratings in all three lighting configurations exceeded the “neutral” anchor and did not differ significantly
from one another. For the Box lighting configuration, plateaus in perceived visibility differed between
assessment areas, occurring at light levels of 8 lux (or 7 lux mean intersection illuminance for target and
intersection visibility) or 12 lux (or 10 lux mean intersection illuminance for pedestrian visibility).
Ratings of the Approach lighting configuration were less consistent, yielding the highest ratings for
pedestrian visibility and the lowest ratings of target and intersection visibility. The Box lighting
configuration also had lowest ratings of glare, although none of the three lighting configurations was a
major source of glare. Additionally, the Box lighting configuration required only one luminaire to
illuminate the entire intersection, whereas the Approach and Both lighting configurations require at a
minimum, as many luminaires as there are approaches (to illuminate all pedestrian-vehicle conflict
locations), making these latter configurations more expensive. These results can have important
implications for lighting design of rural/isolated intersections illuminated by a single light source.
Specifically, they suggest that illuminating the intersection box is likely to have multiple parallel benefits,
with longer detection distances, higher perceived visibility, and lower glare.
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