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PROJECT GOAL - The goal of this study was to understand the effects of lighting source types and light levels
on the visual performance of pedestrians and drivers on the critical visual tasks in parking lots and garages. The
results of this study will inform the lighting level recommendations for parking facilities in IES Recommended
Practice (RP) documents.

TECHNOLOGY DESCRIPTION - In the current study, pedestrians’ and drivers’ visual performance and their
perceptions of safety, comfort, and visibility were evaluated at a parking garage and at parking lots with asphalt
and concrete pavements under three light source types (high pressure sodium luminaires, 3000-K light-emitting
diode [LED] luminaires, and 5000-K LED luminaires) and at multiple light levels. Visual performance involved
facial and hand recognition, wheel stop detection, detection of a side-facing pedestrian, and detection of a
vehicle backing up from a parking spot. Perceptions of safety, comfort, and visibility were assessed by means
of a questionnaire.

PROJECT FINDINGS - Results showed that in the parking garage, an increase in light level beyond 10 lux
of average horizontal pavement illuminance did not result in a statistically significant increase in visual
performance or perceptions of safety, comfort, and visibility. For parking lots of asphalt and concrete
pavements, this plateauing was observed at the 2-lux light level. No statistical differences were observed
between the light source types for the visual performance tasks, but the perceptions of safety, comfort, and
visibility were highest for the 5000-K LED luminaires.

PROJECT RECOMMENDATIONS - The recommended light levels for parking lots should be revised to an
average pavement illuminance of 2 lux, and those in the parking garage should be set at an average pavement
illuminance of 10 lux, to ensure better visibility for all parking facility users.



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10.
Figure 11.

Figure 12.

Figure 13.
Figure 14.
Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.
Figure 23.

Figure 24.
Figure 25.
Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Types of injuries in parking lots and garages. .. ......vuuei it 5

Percentages of crashes by type of maneuver ....... ... i e 5
Percentages of crashes by type of event. ... ..o 5
Crashes involving pedestrians: percentage by type of maneuver.............coooviiiiiiiiiiiinininan., 6
Distribution of motor vehicle crashes in parking facilities. ... 6
Percentage of crashes by relation to junction variable........... ... i i 8
Pre-incident maneuvers for parking lot crashes and near-crashes, nighttime condition ................ 8
Pre-incident maneuvers for crashes and near crashes, nighttime conditions ........................... 9
Pre-incident maneuver for parking lot events, daytime conditions ...t 9
Percentages of precipitating events during nighttime conditions ................ ...l 9
Precipitating events during nighttime conditions. ... 10
Distribution of event nature for crashes and near crashes at nighttime ...................... ... ..., 10
Event nature for crashes and near-crashes for nighttime conditions in parking lots and parking garages....... 10
Event nature for parking lot crashes and near-crashes during daytime conditions..................... 1
Percentages of incidents in parking lot crashes, nighttime conditions .....................coovit. 1
Frequency of incidents in parking lots and parking garages during nighttime ........................ 1
Percentages of incidents in parking lots and garages during daytime................cocov i, 1

Percentages of driver behavior errors during crashes and near-crashes in parking lots and parking

garages, nighttime conNditioNns . ....... .t e 12
Driver behavior during crashes and near-crashes in parking lots and parking garages during daytime ......... 12
Safety-critical event classification for parking facilities ..............coo i 13
List of critical visual tasks for drivers and pedestrians .............c.cooiiiiiiiiiiiii i 15
Wheel stops used in the detection task. ...t e 18
Facial recognition involved detection of glasses, (a) and (b). Hand recognition involved detection of

NANAS, (3) AN (C). « v et ettt e et 18
Detection of a side-facing pedestrian .. ..... ..ottt e e e 18
Pedestrian detection at the stopping sight distance (SSD).........cviiiii i 18
Detection of areversing vehicle. .. ... .. e 18
Spectral power distributions of the three light sources used inthe study ............................. 19

Three light sources used in the parking garage experiment. These pictures are of equal luminance
(average illuminance = 10 lux) and were captured with a calibrated photometer...................... 19

Three light sources used in the parking lot experiment. (Note: These pictures are not photometrically
=Tl U1 -1 <7 PSP 19

Likert scale questionnaire used for perceptions of safety, comfort, and visibility ...................... 21



Figure 31.

Figure 32.
Figure 33.
Figure 34.
Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

Figure 46.

Figure 47.

Viewing a scene with a wheel stop and side-facing pedestrian (behind the vehicle) through the

o Telel 18 1o o TEY el £<T=1 o 1R 22
Object locations for the pedestrian detectiontask......... ... 23
Scene of adetection taskinthe lot. ... ... e 23
Spectral power distribution of the halogen headlamps used inthe study................c.oooven.t. 24
Object locations for the driver detectiontask.............coiiiiiiiiiii i e 24

Interactive effect of age, observer, light source type, and light level on detection probability in

parking garages. Uppercase letters denote significant differences between light levels from pairwise
comparisons (p < 0.05). Values are least-square means of estimated detection probability, and error bars
FEPIESENT STANAAIT BITOTS . . .o\ttt ittt ettt e et e e e ettt ettt et 27

Effect of wheel stop color on detection probability for pedestrians and drivers at different distances ......... 27

Effect of light level on perceptions of visibility, comfort, and safety. Uppercase letters denote significant
differences from pairwise comparisons (p < 0.05). Values are least-square means of ratings of Likert
composite scores, and error bars represent standard errors ... e 28

Effect of light source type on perceptions of visibility, comfort, and safety. Uppercase letters denote
significant differences from pairwise comparisons (p < 0.05). Values are least-square means of ratings of
Likert composite scores, and error bars represent standard errors ...........cooiiii i 28

Interactive effect of age, observer, light source type, and light level on detection. Uppercase letters
denote significant differences between light levels from pairwise comparisons (p < 0.05). Values are
least-square means of estimated detection probabilities, and error bars represent standard errors ... . 29

Presence of a learning effect demonstrated by similar mean detection rates for participants who
experienced HPS light source first vs. 5000-K LED first .......oiuiiiiniiii i ieieeenens 29

Effect of wheel stop color on detection probabilities for pedestrians and drivers at different distances in
the parking lot with asphalt pavement . ... .. i 30

Effect of light level on perceptions of visibility, safety, and comfort in the parking lot with asphalt pavement.
Uppercase letters signify significant differences from pairwise comparisons (p < 0.05). Values are least-square
means of ratings of Likert composite scores, and error bars represent standard errors ......................... 31

Effect of light source type on perceptions of visibility, safety, and comfort in the parking lot with asphalt
pavement. Uppercase letters denote significant differences from pairwise comparisons (p < 0.05). Values are
least-square means of ratings of Likert composite scores, and error bars represent standard errors............. 31

Interactive effects of age and light level on detection probability for pedestrians and drivers. Uppercase letters
denote significant differences between light levels from pairwise comparisons (p < 0.05). Values are least-
square means of estimated detection probabilities, and error bars represent standard errors................... 31

Effect of wheel stop color on detection probability for pedestrians and drivers at different distances in
the parking lot with concrete pavement. ... ... 32

Effect of light level on perceptions of visibility, safety, and comfort in the parking lot with concrete pavement.
Uppercase letters signify significant differences from pairwise comparisons (p < 0.05). Values are least-square
means of ratings of Likert composite scores, and error bars represent standard errors ......................... 32



Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.

Table 7.

Table 8.
Table 9.

Table 10.
Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

v

Increase in Recommended Maintained Horizontal llluminance from RP-20-98 to RP-20-14.............. 1
Number of SHRP2 NDS Database Events at Parking Facilities ..............ooii i, 7
Number of Events within Parking Lot Boundaries, by TimeofDay ...........cooiiiiiiiiiiniiininnnn.. 8
Independent Variables and Their Levels . ... ... e et 17
Critical Tasks in the Visual Performance EXperiment. ...........oiiiiiiiiiii it i 19

Average Pavement Luminance Measurements (cd/m2) for Pedestrians and Drivers in the Parking Garage,
Taken at Various luminance LeVEIS .. ...t e e e ettt e aens 20

Average Pavement Luminance Measurements (cd/m2) for Pedestrians and Drivers in the Parking Lots,
Taken at Various luminance LeVels . ... ...t e e e 20

Demographic Information of Participants in the Three Experiments..............c.cooviiiiiiiiinan. 21
Statistical Results from the Repeated-Measures Logistic Regression Analysis for the Parking Garage. .. 26
Statistical Results from the LMM Analyses of Subjective Ratings for the Parking Garage ............... 28

Statistical Results from the Repeated-Measures Logistic Regression Analysis for the Parking Lot with
ASPhalt Pavement . ... e e 28

Statistical Results from the LMM Analyses of Subjective Ratings for the Parking Lot with Asphalt
PV M ENE . . e 30

Statistical Results from the Repeated-Measures Logistic Regression Analysis for the Parking Lot with
Concrete Pavement. . ... e 31

Statistically Significant Results from the LMM Analyses of Subjective Ratings for the Parking Lot with
(@oT T 1) (< o 1Y7= 0 =T o | P 32

Timeline of Project, Including Deliverables ....... ... i s 41



ighting in parking lots and garages increases the visibility and sense of security for its users. The recommended

light levels in parking lots and garages are included in the llluminating Engineering Society’s Recommended

Practice (RP-20) document for parking facilities. In the latest version (RP-20-14), the light levels recommended
for parking lots were significantly higher than those mentioned in the previous version (RP-20-98). Some of the
recommended illuminance levels are twice as high for parking lots with asphalt pavements and five times as high for
parking lots with concrete pavements (see Table 1). The higher horizontal illuminance recommendations in RP-20-
14 were likely based on consideration of a single critical task: detection of a non-painted concrete wheel stop on a
concrete pavement. However, this critical task only accounts for the detection of trip hazards by pedestrians and
ignores the other critical interactions between vehicles and pedestrians. Moreover, detection of a wheel stop whose
texture and color are very similar to the surface on which it is placed requires a much higher luminance contrast.
Higher luminance contrasts could be obtained by increasing the illuminance of the pavement in the parking lots
(Adrian, 1989; Pretto & Chatziastros, 2006).

Table 1. Increase in Recommended Maintained Horizontal Illuminance from RP-20-98 to RP-20-14

Pavement RP-20-98 RP-20-14 Increase in
Type Illuminance
Basic All 2 lux
Enhanced All 5 lux
Pre-curfew Asphalt 5 lux 2.5 times
Concrete 10 lux 5 times
Post-curfew Asphalt 2 lux
Concrete 2 lux

It is noteworthy, however, that an increase in illuminance will typically increase visibility only until a plateau
is reached; beyond that plateau, any increase in illuminance will not result in an increase in visibility (Adrian, 1989;
Bhagavathula, 2016; Bhagavathula, Gibbons, & Nussbaum, 2017; Rea & Ouellette, 1991). The additional illuminance
can not only result in energy waste, but may also create conditions that increase discomfort glare and disability glare
for parking lot users. In order to determine parking lot illuminance levels that increase visibility as well as parking lot
users’ perceptions of comfort, safety, and visibility, while still conserving energy and reducing glare, it is important to
determine critical tasks that are realistic and account for all possible parking lot users and their interactions.

As noted, the two major users of parking facilities are pedestrians and drivers, and therefore the critical tasks for
determining the lighting requirements for parking lots and garages should involve both types of user. There are three
major tasks that involve both types of parking lot and parking garage users:

«  Driver-pedestrian and other driver interactions

«  Pedestrian and driver obstacle detection and navigation

«  Pedestrian and driver perceptions of comfort, safety, and visibility

If these critical tasks were to be taken into consideration, lighting requirements for parking lots and garages could
be developed to increase the visibility and perceptions of comfort, safety, and visibility for all users.

Crash statistics in parking lots have seldom been analyzed. In a study in Montgomery County, Maryland,
pedestrian-vehicle crashes accounted for about 23% of the total crashes in a 5-year period (2004 to 2009). This data





