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Abstract: The pedestrian is the least protected road user. A large number of accidents involving
pedestrians occur at pedestrian crossings. Bad lighting or a complete lack of it is one of the causes of
accidents in these places. Currently, there are no uniform requirements in Europe for the lighting of
pedestrian crossings. Each country is trying to create its system of requirements and assessment of
lighting of pedestrian crossings. Measurement procedures and required lighting parameter values
often vary significantly across countries. This paper discusses the results of measurements carried out
at selected pedestrian crossings using two different measurement grids. The lighting quality at the
tested crossings has been assessed based on the lighting requirements in force in two EU countries.
In addition, we present the results for the illuminance contrast of a measurement board, representing
the silhouette of a pedestrian on a crossing, with the background. Based on the determined contrast,
we attempted to verify the lighting conditions using an evaluation system described in the literature,
which employs fuzzy logic algorithms.

Keywords: pedestrian crossings lighting; pedestrian visibility; pedestrian safety; luminance contras;
street lighting

1. Introduction

Annually, more than 22,000 people die and over 1 million are injured on European
roads. Of all fatalities, about 21% are pedestrians. However, these statistics vary consider-
ably across EU countries. For many years, Poland has counted among the countries with
the highest number of road accidents per 1 million inhabitants, including those involving
pedestrians [1,2]. In 2020, more than 5200 accidents involving pedestrians were recorded
in Poland (22.2% of the total), with 631 deaths (25.3% of the total) and almost 4700 injuries
(17.8% of the total) [3]. The risk of a pedestrian losing his or her life at a pedestrian crossing
in Poland is more than twice as high as in the Czech Republic, more than seven times higher
than in Sweden, and more than 20 times higher than in Germany. Moreover, statistics
show that in Poland, a pedestrian crossing is the second most dangerous place of road
infrastructure, just after a roadway [3].

Pedestrian safety in collision zones depends on many factors. The most important of
these include the type of pedestrian crossing, e.g., zebra crossing with or without traffic
lights, the type of road and length of the crossing, the volume of vehicles and pedestrian
traffic, vehicle speed, and pedestrian and vehicle visibility, particularly at night. While
during the day a pedestrian’s visibility is determined by factors other than lighting, at night
proper zebra crossing lighting can reduce the number of accidents involving pedestrians
by about 20–30% [4].

The best lighting conditions at pedestrian crossings, and thus improved pedestrian
visibility, can be achieved by additionally illuminating the crossing with a luminaire
with asymmetrical light distribution. This solution allows for high values of the vertical
illuminance value and a positive luminance contrast between the pedestrian and the
background (Figure 1). When using stationary road lighting to illuminate a pedestrian
crossing it is practically only possible to achieve negative contrast. If the road on which the
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pedestrian crossing is located has a high luminance level, it is possible to achieve a “good”
negative contrast (Figure 2), otherwise, the negative contrast may be insufficient to make
the pedestrian’s silhouette visible (Figure 3).

Figure 1. Positive contrast at a pedestrian crossing.

Figure 2. Negative contrast with good pedestrian visibility.

Figure 3. Negative contrast not guaranteeing visibility of the pedestrian’s silhouette.
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In order to verify the quality of illumination of selected pedestrian crossings, mea-
surements were carried out, and the results of the measurements and their analysis are
described in this paper. The following work structure has been adopted. A review of the
literature and lighting requirements for pedestrian crossings has been carried out. The
research objects are described. The applied measurement procedure in relation to the mea-
surement of illuminance is described. The results of the measurements of lighting quality
and the analysis of the results are presented. The procedure adopted for the measurement
of luminance contrast at the tested pedestrian crossings is described. Test results and their
analysis are given. Conclusions have been formulated.

2. Lighting Requirements at Pedestrian Crossings

Ensuring road safety, especially for pedestrians in zones of conflict with motor vehi-
cles, should be a priority for every country. Research is being carried out all over the world
to determine the lighting requirements ensuring good pedestrian visibility. A sufficiently
high luminance level, especially in the vertical plane, is necessary to make a pedestrian
clearly visible. Studies by Freedman et al. [5] and Hasson et al. [6] pointed to vertical
illuminance values of 40 lx. Research by Gibbons and Hankley [7], showed that 20 lx was
already sufficient to spot objects at pedestrian crossings. In a later study, Edwards and
Gibbons [8] analyzed the effect of lamp spectral distributions on pedestrian visibility. They
performed field tests using a passenger car and, based on an analysis of object detection
distances, showed that 20 lx with metal-halide lamps and 30 lx with high-pressure sodium
lamps provided sufficient illuminance levels for spotting objects. The effect of spectral
distribution on pedestrian visibility was also studied by Pena-Garcia et al. [9], Markvica
et al. [10], Davidovic et al. [11], and Pastella et al. [12]. Based on their research, the authors
found a positive effect of LED lamps on pedestrian visibility. Pedestrian safety analy-
sis also includes assessing the quality of pedestrian crossing lighting and the achievable
illuminance levels [13]. The literature also contains studies of luminance contrasts at pedes-
trian crossings [14–17]. Other research on pedestrian crossing lighting focused on energy
savings and environmental implications associated with LED luminaires [18–20]. More-
over, research is also conducted to optimize lighting design criteria including pedestrian
crossings for energy efficiency, environmental sustainability, and driver as well as citizen
comfort [21,22].

There are numerous projects carried out in the European Union, both at the central
level and in individual countries of the community, to improve road traffic safety, including
the safety of pedestrians in collision zones with other road users. In February 2021, the
Safe Road Infrastructure Program 2021–2024 was passed in Poland [23]. Several tasks will
be implemented under this program, such as the reconstruction of roads, expansion of
infrastructure with new pavements, left turns or pedestrian bridges. Priority has been
given to the safety of vulnerable road users. Pedestrian crossings and bicycle crossings
should be adequately illuminated first. Research conducted for several years at the Poznan
University of Technology shows the scale of the problem we are faced with. Among
20 crossings, tested only in 2020 and 2021, values of the vertical illuminance in the crossing
zone ranged from about 1 lx to several dozen lx. Nevertheless, to assess whether a dozen
or a few dozen lux is sufficient to ensure good pedestrian visibility it is necessary to refer
to lighting requirements.

Currently, there are no uniform requirements in Europe for the lighting of pedestrian
crossings. The EN 13201 “Road lighting” [24] standard includes only general guidelines
for the lighting of pedestrian crossings. It does not specify any quantitative requirements.
Appendix to part 2 of the standard only provides general guidelines stating that if the
illuminance level of the roadway is sufficiently high, a sufficiently high negative contrast
can be achieved with the correct positioning of the stationary road lighting luminaires,
and if additional luminaires are provided to illuminate the crossing, they should directly
illuminate the pedestrian’s silhouette at the crossing and at the same time draw drivers’
attention to the existence of the crossing. It is also recommended that the illuminance
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measured in the vertical plane be significantly higher than in the horizontal roadway plane
and that the waiting zones at the ends of the crossing be properly illuminated as well.

In the absence of quantitative requirements at the European level, each country is
attempting to develop its system of requirements and assessment for correct illumination of
pedestrian crossings. Analyzing the standards applicable in individual countries in Europe,
differences in the levels of lighting parameters required or the location of measurement
points are observed. Below, we describe examples of lighting requirements applicable in
Germany, the Czech Republic and Poland.

In Germany, the DIN 67523 “Lighting of pedestrian crossings with supplementary lighting”
standard [25] has been in force for many years and is a supplement to EN 13 201 [24]. The
German standard emphasizes the need for the contrast between the pedestrian silhouette
and the background. This contrast can be achieved by using luminaires with asymmetrical
light distribution located in front of the crossing, from each direction of travel, and thus
ensuring a sufficiently high vertical illuminance value. Both the pedestrian crossing itself
and the waiting area must be illuminated. The only case where there is no need for
additional crossing lighting is when the road meets class M2 (lighting class for motorized
traffic) lighting requirements. The quality of pedestrian crossing lighting should be assessed
at measurement points distributed along a line passing through the center of the crossing
and located at a height of 1 m in the direction of oncoming traffic. The average vertical
illuminance at these points shall be at least 30 lx. In addition, the vertical illuminance at
each point shall be at least 4 lx, excluding the waiting area. The layout of the measurement
grid is shown in Figure 4.

Figure 4. The layout of the measurement grid according to DIN 67523 [25].

Due to the adaptation of the driver’s eyesight to the lighting conditions at a distance
between 100 m and 50 m, both before and after the pedestrian crossing, it is recommended
to use class M6 lights, and the area of 50 m in front of and behind the pedestrian crossing
should be illuminated under the lighting requirements provided for class M2.

In the Czech Republic, lighting requirements for pedestrian crossings are included in
the document on technical conditions for road construction [26].

Czech regulations requirements and location of measuring points differ significantly
from the German requirements. The required average illuminance levels at crossings
depend on the road illuminance levels. Minimum and maximum requirements are defined
for the vertical illuminance of the roadway and waiting area illuminance. The measure-
ment points should be 1 m above the road surface and should be positioned as per the
measurement grid shown in Figure 5. Table 1 summarizes the lighting requirements.
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Figure 5. Diagram of the measurement grid used in the Czech Republic to assess the quality of pedes-
trian crossing lighting [26], W—width of pedestrian crossing, WA—waiting area, L—lane width.

Table 1. Lighting requirements for pedestrian crossings in the Czech Republic [26].

Road
Luminance
L [cd/m2]

Road
Illuminance

E [lx]

Average Vertical Illuminance Ev [lx]

Road
[Minimum]

Waiting Area
[Minimum]

Whole Area
[Maximum]

1.5 ≤ L 50 ≤ E Additional illumination is not required
1 ≤ L < 1.5 30 ≤ E < 50 75 50 200

0.75 ≤ L < 1.0 20 ≤ E < 30 50 30 150
0.5 ≤ L < 0.75 10 ≤ E < 20 30 20 100

L < 0.5 E < 10 15 10 50

In addition, the overall uniformity (U0V [-]) shall be at least 0.4 and the ratio of vertical
illuminance at the pedestrian crossing to vertical illuminance in the waiting area shall be
between 0.5 and 2.

What is unique at the European scale is that the length of the transition zone before
and after the pedestrian crossing depends on the maximum speed allowable on the street
in question. The length of the transition zone ranges from 50 m for speeds of 30 km/h to
150 m for permitted speeds greater than 50 km/h.

In Poland, in 2018, the Minister of Infrastructure published use guidelines in a study
entitled “Guidelines for the organization of safe pedestrian traffic-guidelines for correct
lighting of pedestrian crossings” [13]. This publication contains a description of the mea-
surement procedure as well as lighting requirements for a pedestrian crossing. The authors
do not provide any test results being the basis for the adopted requirements. However,
when reading the entries included in this study, we can notice a very strong convergence in
measurement methodology with the German requirements, and with the Czech require-
ments concerning the assessment of lighting values. Similar to the Czech requirements,
illumination levels at pedestrian crossings were made dependent on the street illumination
level. For motorized traffic (lighting classes M) the distance used for determining the road
illumination levels is 100 m, and for conflict areas (lighting class C) it is 50 m. In addition
to the vertical illuminance, there are also requirements for the horizontal component at
the crossing plane and minimum values for the vertical illuminance at certain points in
crossing peripheral areas. There are no requirements for maximum values of the vertical
illuminance. The measurement points are located only along the central pedestrian crossing
line, similar to the German requirements, but the measurements need to be taken at three
heights: 0.5 m, 1 m, 1.5 m.

Figures 6 and 7 show the appearance of measurement grids for determining the
vertical and horizontal of illuminance at a pedestrian crossing.
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Figure 6. Scheme of the measurement grid for determining the vertical illuminance component
according to the Polish recommendation [27], W—width of pedestrian crossing, WA—waiting area,
L—lane width, D–total length of the pedestrian crossing.

Figure 7. Scheme of the measurement grid for determining the horizontal illuminance component
according to the Polish recommendation [27].

Table 2 summarizes the Polish lighting requirements for pedestrian crossings as
recommended by the Ministry of Infrastructure.

Table 2. Recommended lighting parameters at zebra crossings [27].

Road Luminance
L [cd/m2]

Road Illuminance
E [lx]

Vertical Illuminance
Ev [lx] (Minimum Value)

Horizontal Illuminance
Eh [lx] (Minimum Value)

Pedestrian Crossings Edge Points Pedestrian Crossings

M1 2.00 C0 50 Additional illumination is not required
M2 1.50 C1 30 75 5.0 75
M3 1.00 C2 20 50 4.0 50
M4 0.75 C3 15 50 4.0 50
M5 0.50 C4 10 25 3.0 25
M6 0.30 C5 7.5 15 2.0 15

In addition, the overall uniformity of the vertical illuminance (U0V [-]) shall be at least
0.35 and overall uniformity of the horizontal illuminance (U0h [-]) −0.4.

In addition, the Polish recommendations also provide for the necessity of making
requirements at a given crossing more stringent if there is an increased risk of road accidents,
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the possibility of glaring the driver or if conditions for observing the pedestrian crossing
are difficult.

3. Aim and Scope of the Study

Based on the review of lighting standards, a high similarity was observed between
Polish and Czech lighting requirements even if different measurement grids were used.
When reviewing the literature, we found descriptions of measurements of the lighting
quality of pedestrian crossings [13–20], but in no case was a comparison made between
different measurement procedures for the same crossing. Only one measurement procedure
was used. The procedure for measuring lighting quality was not evaluated critically.
Therefore, we decided to evaluate the possibility of using different measurement procedures
to assess the lighting quality on the same crossing. For this purpose, we performed
illumination quality tests at selected pedestrian crossings according to Polish and Czech
measurement procedures (Figures 4–6). Lighting quality was assessed according to the
requirements for the relevant procedure (Tables 1 and 2). We analyzed the results obtained
and assessed whether it makes sense to use such a combination to assess the quality of
lighting at pedestrian crossings.

Since pedestrian visibility at crossings is also determined by the contrast between the
pedestrian’s silhouette and the background, we also decided to investigate the luminance
contrast at selected pedestrian crossings. For this purpose, an array sized 1 m × 0.5 m
with the same reflectance (ρ) as for the CIE standard obstacle ρ = 0.2 [28] was prepared
(Figure 8).

Figure 8. The board used for tests.

Three pedestrian crossings on roads with stationary lighting were selected for the
study. One crossing had no additional illumination of the crossing area. The other two were
additionally illuminated using luminaires with asymmetrical light distribution, placed in
front of the pedestrian crossing for each traffic direction.

The night look of the tested pedestrian crossings together with basic dimensions are
presented in Figures 9–11.

The first analyzed pedestrian crossing was located on a local, one-way road with trees grow-
ing close to the street. The crossing was located close to a stationary road lighting luminaire.

The second pedestrian crossing was located on a two-way road, passing through
residential areas, with a green belt separating the housing estate from the street. One of the
luminaires illuminating the pedestrian crossing was located on a shared pole intended for
stationary lighting luminaires.
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Figure 9. Night-time appearance of pedestrian crossings no. 1.

Figure 10. Night-time appearance of pedestrian crossings no. 2, (a) one direction of traffic; (b) other direction of traffic.

Figure 11. Night-time appearance of pedestrian crossing no. 3 with the bike path (a) view towards the roundabout, (b) view
away from the roundabout.
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The third pedestrian crossing was located on the two-way road approaching a round-
about. Next to the pedestrian crossing was a bike path, which was also the subject of the
study. On the road in question, there was a pedestrian and cyclist refuge at the crossing
and the bike path.

All the analyzed pedestrian crossings were located on streets with a traffic speed limit
of 50 km/h.

The basic dimensions are presented in Appendix A, Figures A1–A3.

4. Materials and Method

The quality of lighting of pedestrian crossings was assessed following the require-
ments applicable in the Czech Republic and Poland. No significant difference was found
between these requirements in terms of the numerical values of vertical illuminance (see
Tables 1 and 2). However, there are significant differences in the measurement proce-
dures in both countries (see Section 2). Two measurement grids were prepared for each
pedestrian crossing. The first grid accounts for the Polish requirements. According to
these requirements, the waiting zone was considered part of the pedestrian crossing. For
pedestrian crossings no. 1 and 2, the waiting zone covered 1 m on the pavement on each
side. For crossing no. 3, the one-meter waiting zone only applied to the pavement, whereas
there was a 2.8 m waiting zone on the pedestrian refuge (see Appendix A, Figure A3).
The vertical illuminance (Ev in [lx]) was measured at 10 measurement points evenly dis-
tributed along a line passing through the center of the pedestrian crossing (see Figure 6).
The minimum vertical illuminance value was measured at six points along the crossing’s
contour-the boundary points (see Figure 6). Vertical illuminance (Eh (in [lx]) was measured
at 30 points according to the grid shown in Figure 7.

Lighting quality according to the Czech recommendations was measured according
to the measurement grid shown in Figure 5. Separate points were defined for the zebra
crossing and the waiting zone. On the carriageway, in line with the grid used for street
lighting, nine measurement points were defined for each lane. The dimensions of the
waiting zones were the same as those used in the measurement procedure according to the
Polish method. For the pavement (one-meter waiting zone) there were three measurement
points and for the refuge, there were nine points.

To determine the lighting requirements to be met at a given pedestrian crossing,
luminance measurements were carried out over a distance of 100 m before the crossing (L
in cd/m2), with the observer’s position maintained in accordance with the requirements of
the EN 13201 standard [24].

Due to the use of pedestrian refuge islands at crossing no. 3, which is a zone intended
for the pedestrian to wait at before entering the roadway, for the measurements and analysis
of the results each roadway was treated as a one-way road.

Board luminance and the board background luminance measurements were per-
formed for the standard observer position used in road luminance measurements [24],
except for the direction in which vehicles exit the roundabout at crossing no. 3. In this
case, measurements were taken from a closer distance while maintaining the same angle of
street observation.

For the test objects, the luminance of the board and its background was measured at
three points along the lane, on the line running through the center of the crossing. The
surface directly adjacent to the board on the right and the left, with the same dimensions
as the board, was taken as the background of the pedestrian silhouette.

Figure 12 shows the areas considered for the luminance contrast measurements.
Figure 13 schematically presents the measurement procedure used during the tests.
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Figure 12. Areas taken into account for measuring luminance contrast, Lb—background luminance,
Lo—object luminance.

Figure 13. Diagram of the measurement procedure.
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5. Estimation of Measurement Uncertainty

The illuminance measurements were performed with a class A illuminance meter
consistent with the CIE classification [29]. The general V(λ) (spectra luminous efficiency for
photopic vision) mismatch index f1

′ of the illuminance meter head proven with a calibration
certificate was 2% and the overall uncertainty was 2.5%. In addition, the measurement
uncertainty associated with the directional mismatch of the illuminance meter head (index
f2) of 1.5% should be taken into account. The total measurement uncertainty was also
affected by the positioning of the meter. With the measurement method used, the vertical
positioning of the meter could achieve an accuracy of 10 degrees so that the uncertainty
associated with the positioning of the lux meter was estimated at 1.5%. Therefore, we think
that the total uncertainty of the illuminance measurement did not exceed 5.5 %. For the
luminance measurement, the general V(λ) mismatch index f1

′ was 4% and the total meter
uncertainty was 10%. Since the board used had a nearly Lambertian reflectance, we believe
that the total uncertainty of the luminance measurement did not exceed 10%.

6. Measurements of Illuminance at the Analyzed Pedestrian Crossings

The average values of the vertical and horizontal illuminance were calculated based
on the measurement results and are presented in Tables 3 and 4.

Table 3. Summary of calculation results for the tested pedestrian in line with the Polish method.

Pedestrian Crossings Direction of Measurement
Luminance in Front of a

Pedestrian Crossing L [cd/m2]

Vertical Illuminance Horizontal Illuminance

Road Edge Points Road

Ev [lx] U0V [-] Evmin [lx] Eh [lx] U0h [-]

pedestrian crossing no 1 allowed on a one-way road 0.60 17 0.06 1 11 0.12

pedestrian crossing no 2 A 3.63 137 0.54 36
260 0.59B 2.90 117 0.51 23

pedestrian crossing no 3 C
0.73

52 0.39 7 63 0.67
D 52 0.35 5 49 0.67

bike path C
0.73

45 0.40 8 76 0.64
D 43 0.35 7 43 0.58

Symbols: A, B—opposite traffic directions on a two-way road, C—vehicle traffic towards the roundabout, right lane, D—vehicle traffic
away from the roundabout, right lane.

Table 4. Summary of calculation results for the tested pedestrian in line with the Czech method.

Pedestrian Crossings Direction of Measurement
Luminance in Front of a

Pedestrian Crossing L [cd/m2]

Vertical Illuminance

Road Waiting Area Whole Area

Ev [lx] U0V [-] Ev [lx] U0h [-] Ratio

pedestrian crossing no 1 allowed on a
one-way road 0.60 16 0.3 2 0.7 8

pedestrian crossing no 2 A 3.63 127 0.7 91 0.9 1.4
B 2.90 107 0.6 72 0.8 1.5

pedestrian crossing no 3 C
0.73

57 0.6 29 0.5 2.0
D 56 0.6 21 0.7 2.7

bike path C
0.73

52 0.7 29 0.5 1.8
D 49 0.6 20 0.7 2.5

The measurement results at the tested pedestrian crossings are presented in Appendix B,
Tables A1–A5.

An example of the luminance distribution in front of a pedestrian crossing is shown
in Figure 14.
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Figure 14. Luminance distribution over the 100 m stretch in front of one of the tested pedestrian
crossings (pedestrian crossings no 2).

7. Evaluation of Illumination Quality and Measurement Procedures at the Pedestrian
Crossings under Analysis
7.1. Evaluation of Lighting Parameters at the Pedestrian Crossings

Our tests of the quality of lighting at zebra crossings as per the Czech guidelines
and the Polish recommendation have shown that it is necessary to add some additional
lights at crossing no. 1. Regardless of the measurement method and adopted assessment
criterion, crossing no. 1 failed to meet any requirements, even though the stationary road
lighting luminaire was located near the crossing and the crossing itself was only 4.3 m
long (without the waiting zone). Analyzing the measurement results obtained with the
two different measurement grids, we can conclude that similar values were obtained for
the vertical illuminance. Significant differences were obtained for the uniformity of the
vertical component. This results from the assumptions made in both methods. In the Czech
method, the pedestrian crossing is understood as the area consisting of the “zebra” without
a waiting zone. In the Polish method, the pedestrian crossing is assessed together with the
waiting zone. Thus, at low illuminance levels in one zone (in this case on the right side of
the crossing—see Figure 9), large differences in uniformity can be observed.

For crossing no. 2, regardless of the adopted assessment criterion for the quality of
crossing illumination, no need for additional illumination was revealed, because with
the roadway luminance levels 100 m before the crossing for both directions of traffic
being 3.63 cd/m2 and 2.90 cd/m2, respectively, and with such high luminance levels, the
pedestrian silhouette was found to create sufficiently high positive contrast to ensure good
visibility. Nevertheless, additional lighting was used at this crossing, which fully meets the
most stringent lighting requirements for pedestrian crossings, both Czech and Polish.

Pedestrian crossing no. 3, similarly to crossing no. 2, had additional lighting. However,
this crossing differs in its design from the other two objects of our analysis. There is a bike
path next to the pedestrian crossing itself and both roadways are separated by a pedestrian
refuge island. In each of the analyzed cases, the refuge was treated as a waiting zone and
the roadway as one-way roads. Both for the C direction (traffic towards the roundabout)
and the D direction (traffic away from the roundabout) the lighting requirements according
to Polish criteria were met. According to the Czech requirements for assessing crossing
and bike path illumination, although the required minimum illuminance on the roadway
and waiting zones were met, the differences between the values were too high.



Energies 2021, 14, 7349 13 of 23

7.2. Evaluation of the Measurement Procedures

In addition to checking the quality of illumination at the crossing itself, the mea-
surements performed for selected pedestrian crossings were also intended to assess the
possibility of using different measurement procedures with very similar lighting require-
ments in terms of the vertical illuminance in the conflict zone. Analyzing the results
obtained from the study and based on our previous experience [30], we concluded that for
pedestrian crossings without additional illumination, there are no significant differences in
the determined values of the vertical illuminance. Most often, stationary roadway lighting
is used to obtain adequate parameters on the roadway surface rather than in vertical planes.
However, differences are observed for uniformity. Usually, in the absence of additional
lighting, at least one waiting zone exhibits much lower values than the remaining area.

If a pedestrian crossing has additional lighting and relatively small width, the differ-
ences in the determined values of the vertical illuminance, using different measurement
grids, are much greater (see crossing no. 2). If the measurement grid recommended in
Poland is used and measurements are performed only along the center line of the crossing,
higher values of the vertical illuminance are obtained, but it does not mean that the whole
area is illuminated better. The vertical illuminance is not subject to verification outside the
central line. With such an approach, for wide pedestrian crossings, there may be places
outside the central line where the pedestrian’s silhouette is not sufficiently illuminated.
The recommendation indeed provides for minimum values of the vertical illuminance at
points located on the periphery of the crossing, but these values are many times lower than
at the pedestrian crossing itself (from 2 lx to 5 lx-see Table 2). For the Czech requirements,
the average vertical illuminance value is determined based on measurements for three
lines running along the crossing. This results in lower values, but a better reflection of
the illumination conditions of the whole crossing. We think that this approach is more
appropriate to ensure good pedestrian visibility across the entire pedestrian crossing.

Figure 15 shows the distribution of illuminance at the pedestrian crossing determined
in line with the Czech method, which shows the differences between the values in the
central line and the side lines.

Figure 15. Graphical interpretation of the illuminance distribution at pedestrian crossing no 2
(direction A), X1 ÷ X3—measurement points across the analyzed surface, Y1 ÷ Y8—measurement
points along the analyzed surface.
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Analysis of the results of the measurements carried out for pedestrian crossing no 3
and the bike path also revealed the influence of the measurement grid on the measured
values. Because the tests were performed separately for the pedestrian crossing and the bike
path, lower values were obtained if the Polish measurement procedure was applied. The
vertical illuminance was lower due to the measurement points being located outside the
area towards which the maximum luminous intensity of the asymmetrical light luminaire
illuminating the conflict zone was directed.

Although no measurements were taken for the line in the middle of the whole il-
luminated area, from the analysis of illuminance distribution obtained with the Czech
measurement grid in each area we can see that the maximum values of the vertical illumi-
nance are located at the border of the bike path and the pedestrian crossing (between lines
X3 and X4 see Figure 16).

Figure 16. Graphical interpretation of the illumination distribution at the pedestrian crossing
and the bike path, X1 ÷ X6—measurement points across the analyzed area (X1 ÷ X3—bike path,
X4 ÷ X6—pedestrian crossing), Y1 ÷ Y7—measurement points along the analyzed area.

The field measurements conducted have also shown that it is not necessary to take
measurements, as provided for in the Polish guidelines, at 3 heights of 1.5 m, 1.0 m, and
0.5 m. The differences between the average value obtained from measurements made at all
3 heights and the measurements taken at 1 m did not exceed 1% and significantly increased
analysis time.

8. Measurements and Assessment of Luminance Contrast at the Analyzed
Pedestrian Crossings
8.1. Measurements of Luminance Contrast

The results of luminance contrast measurements and calculations are summarized below.
Figures 17–19 show an example of luminance distribution on the board and in its

background area for each of the tested pedestrian crossings. Since in real life the pedestrian
moves across the pedestrian crossing, average background luminance and contrasts values
have been used to assess the visibility of the pedestrian silhouette.
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Figure 17. Luminance distribution for example position of the board at crossing no. 1.

Figure 18. Luminance distribution for example position of the board at crossing no. 2.

Figure 19. Luminance distribution for example position of the board at crossing no. 3; (a) direction C; (b) direction D.

Table 5 summarizes the results of measurements and calculations.
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Table 5. Summarizes the results of measurements and calculations.

Pedestrian Crossing Direction of Measurement Average Luminance of the Object
Lo [cd/m2]

Average Luminance of the Background
Lb [cd/m2]

Average Contrast
C [-]

pedestrian crossing no 1 allowed on a one-way road 0.91 0.24 2.5

pedestrian crossing no 2 A 5.63 1.30 4.2
B 3.79 1.03 3.9

pedestrian crossing no 3 C 2.25 0.90 1.6
D 3.21 0.18 17.7

bike path C 2.34 0.76 2.2
D 2.37 0.15 18.3

Detailed the results of measurements and calculations are shown in Appendix B,
Table A6.

8.2. Assessment of the Results Obtained

Luminance contrast is a parameter that depends on the luminance of both the object
and its background. As expected, the pedestrian crossings for which high values of the
vertical illuminance were obtained also exhibited high measurement board luminance
levels. The highest board luminance values were obtained for crossing no. 2 (from approx.
3 cd/m2 to 7 cd/m2) At pedestrian crossing no. 3 and the bike path, the test board
luminance was from about 2 cd/m2 to about 4.5 cd/m2. At the under-illuminated crossing
no. 1, the average luminance of the board was below 1 cd/m2. Due to the different
brightness levels of the pedestrian crossing surroundings, the lowest contrast values were
obtained for the measurement board seen against the background of the illuminated
roundabout (crossing no 3 and bike path direction C). The mean luminance contrast
obtained there was almost half lower than that obtained for crossing no. 1, despite the
lighting requirements for the vertical illuminance being met at this crossing. The highest
contrast was obtained at the same pedestrian crossing and bike path, but for the opposite
traffic direction. In this case, the board was illuminated using the same fittings, but against
a dark background with a much lower luminance.

Measurements and calculations performed have shown that the mere contrast value
at a given pedestrian crossing is not sufficient to assess the quality of illumination and
visibility of the pedestrian silhouette at that crossing. Therefore, an evaluation system
taking into account more lighting parameters is necessary. Unfortunately, no criteria have
been developed so far to assess contrast for the pedestrian silhouette on the road. The EN
13201 standard [24] only mentions sufficiently high contrast, preferably positive contrast,
but does provide for any numerical requirements. Adrian’s mathematical model [31] and
the Small Target Visibility method [32] used in assessing obstacle visibility on the road
apply to objects with small dimensions-a square with a side of 0. 20 m [28,31] or 0.18 m [32].

Therefore, to assess the luminance contrast at the studied pedestrian crossings, we
decided to apply research employing fuzzy sets [18]. Using fuzzy logic algorithms we
created a scoring system for assessing the quality of illumination of a pedestrian silhouette
at the crossing, taking into account both the object’s luminance contrast against the back-
ground and the background luminance. The proposed scoring is shown in Table 6. In this
system the higher the score, the higher the quality of pedestrian crossing lighting. Score “1”
(interval from 0 to 1) is assumed [18] very bad lighting of the pedestrian silhouette at the
pedestrian crossing, score “2” (interval from 0 to 2)—bad lighting, which only performs its
illumination function to a small extent, score “3” range (from 1 to 3)—medium-bad lighting
only meeting minimum requirements or setting a negative contrast of the silhouette with
the background, score “4” (from 2 to 4)—medium lighting, but insufficient to properly
illuminate the silhouette of a pedestrian in the entire pedestrian crossing area, score “5”
(from 3 to 5)—medium-good lighting, score “6” (from 4 to 6)—good lighting, score “7”
(from 5 to 7)—better than good, score “8” (from 6 to 8)—very good lighting, score “9” (from
7 to 9)—better than very good but not exemplary, score “10” (from 8 to 10)—exemplary
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illumination, a score expected for a supplementary lighting system with proper distribution
of luminance and contrast.

Table 6. System for rating pedestrian’s silhouette lighting quality [33].

Contrast
C [-]

Luminance of the Object
Lo [cd/m2]

0.05 ≤ LT ≤ 0.5 0.25 ≤ LT ≤ 1 0.75 ≤ LT ≤ 2 1.5 ≤ LT ≤ 4.5 3 ≤ LT ≤ 10 6 ≤ LT ≤12 LT > 12

−1 ≤ C ≤ −0.05 3 2 1 1 1 1 1
−0.1 ≤ C ≤ 0.1 1 1 1 1 1 1 1
0.05 ≤ C ≤ 0.1 1 2 3 3 3 3 3
0.25 ≤ C ≤ 1.6 2 3 3 4 4 4 6

1 ≤ C ≤ 3 2 3 4 4 4 5 7
2 ≤ C ≤ 4 3 4 4 5 5 6 8
3 ≤ C ≤ 5 3 4 5 6 6 7 9

C > 4 3 5 6 7 7 8 10

The scores awarded to the studied pedestrian crossings, determined based on [18], are
presented in Table 6. Table 7 presents the score and assessment of lighting quality at the
tested pedestrian crossings.

Table 7. Scoring and evaluation of the quality of pedestrian silhouette illumination at tested crossings.

Conflict Area Direction of
Measurement

Vertical Illuminance
1Ev [lx]

Average Luminance of the Object
Lo [cd/m2]

Average Contrast
C [-]

Scoring According
with [18]

Assessment of
Lighting

pedestrian
crossing no 1

allowed on a
one-way road 17 0.91 2.5 4 medium

pedestrian
crossing no 2

A 137 5.63 4.2 7 better than
goodB 117 3.79 3.9 7

pedestrian
crossing no 3

C 45 2.25 1.6 5 medium-good
D 43 3.21 17.7 8 very good

bike path C 52 2.34 2.2 5 medium-good
D 52 2.37 18.3 8 very good

1 Values determined in line with Polish recommendations.

Based on the method described in the publication [33], the highest rating for lighting
quality was obtained at crossing no. 3 and bike path-direction D—from the roundabout.
According to the description of the result, the lighting is particularly good. The direction C
was assessed to only have medium-good lighting. Pedestrian crossing no. 2 was assessed
as better than good, regardless of the direction of traffic. The lighting of crossing no. 1 was
considered to have medium lighting, but insufficient enough to properly illuminate the
silhouette of a pedestrian in the entire pedestrian crossing area.

It is difficult to agree with this assessment. Pedestrian crossing no. 2 met all the criteria
for well-designed lighting and additional stationary lighting. High values of the vertical
illuminance a relatively high positive contrast, and a very high value of the horizontal
illuminance, responsible for attracting the driver’s attention to this place were obtained.

Lighting quality assessment for direction “C” at pedestrian crossing no. 3 and the
bike path compared to direction “D” is too low. At pedestrian crossing no. 3 and the cycle
path, the lighting requirements were met. Furthermore, the values obtained significantly
exceeded the required illuminance levels.

However, the assessment of the quality of illumination of the pedestrian crossing no.
1 is too high. None of the lighting requirements were met at this crossing, not even at a
minimum level.
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Based on the analysis of the measurement and local inspection results, as well as the
subjective assessment of the visibility of the pedestrian silhouette at the studied pedestrian
crossings, the authors believe that the proposed system for assessing illumination quality
at pedestrian crossings [33] is not universal and cannot be used to assess the illumination
of pedestrian crossings other than those studied here or other lighting parameters, such as
the vertical illuminance component, should be taken into account for the assessment.

9. Conclusions

Good quality illumination at pedestrian crossings is one of the key factors in improv-
ing pedestrian safety. However, to assess illumination quality, clear lighting brightness
requirements and a measurement procedure are necessary.

Based on the research and analysis of measurement results, we believe that pedestrian
safety issues, especially in conflict zones, are not fully solved, despite all the existing require-
ments and recommendations (see Section 2). The authors see a need to formulate uniform
lighting requirements and measurement procedures for pedestrian crossing lighting for all
the EU Member States. In addition to basic parameters such as vertical illuminance and
uniformity, contrast should be included as a complementary criterion, especially in areas
with low safety levels, e.g., crossings around corners, in areas with vehicles parked on the
roadside, or in the vicinity of schools and similar institutions. Moreover, standards for
correct lighting of pedestrian crossings should take into account energy efficiency and the
environmental impact of such lighting.

Subjective tests with volunteers are needed both in laboratory and field conditions to
create appropriate lighting requirements and on their basis, a mathematical model can be
created to allow the description of pedestrian visibility at the crossing and then determining
the required lighting parameter levels. With the lighting requirements formulated, it will
be possible to formulate the energy requirements as well as the ecological requirements
important for sustainable lighting.

10. Limitations

The measurements presented here were taken for selected pedestrian crossings located
in urban streets. The pedestrian crossings varied in dimensions. Two of the analyzed
crossings had additional lighting provided by LED lamps. The influence of the spectral
distribution of the lamps illuminating the crossings was not analyzed. All the analyzed
pedestrian crossings were located on roads with the same speed limit. Therefore, in each
case, we assumed the same reaction time of drivers to the appearance of a pedestrian at a
zebra crossing. The effect of driver reaction time on pedestrian visibility was not analyzed.
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Appendix A

Figure A1. Basic dimensions of pedestrian crossing no. 1.

Figure A2. Basic dimensions of pedestrian crossing no. 2.

Figure A3. Basic dimensions of pedestrian crossing no. 3.
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Appendix B

Table A1. Measurement results for the quality of illumination at pedestrian crossing no. 1.

Vertical Illuminance Ev [lx]
Measurement According to Polish Recommendation

Measurement
height

Measurement points along the crossing
Y1 Y2 Y3 Y4 Y5 Y6

centre line of
the crossing

1.5 m 37 31 17 10 5 4
1.0 m 37 31 18 9 4 3
0.5 m 35 30 16 9 2 2

Measurement according to Czech recommendation

Waiting area Road Waiting area

data measurement points
across the crossing

X1 27 23 13 6 3
X2 37 30 13 5 4
X3 40 33 12 6 2

Table A2. Measurement results for the quality of illumination at pedestrian crossing no. 2—direction A.

Vertical Illuminance Ev [lx]
Measurement According to Polish Recommendation

Measurement
height

Measurement points along the crossing
Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10

centre
line of the
crossing

1.5 m 114 141 161 169 171 180 183 201 102 98
1.0 m 87 122 138 140 149 157 162 179 161 93
0.5 m 74 101 114 122 128 134 145 158 139 86

Measurement according to Czech recommendation

Waiting
area Road Waiting

area

data measurement points
across the crossing

X1 78 86 88 83 101 112 84 101
X2 108 128 144 150 170 191 169 92
X3 106 125 136 137 130 127 131 81

Table A3. Measurement results for the quality of illumination at pedestrian crossing no. 2—direction B.

Vertical Illuminance Ev [lx]
Measurement According to Polish Recommendation

Measurement
height

Measurement points along the crossing
Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10

centre
line of the
crossing

1.5 m 94 105 127 138 146 153 166 177 158 109
1.0 m 80 89 99 120 121 139 151 163 143 88
0.5 m 60 67 84 90 93 114 127 121 114 60

Measurement according to Czech recommendation

Waiting
area Road Waiting

area

Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8

data measurement points
across the crossing

X1 58 63 67 80 86 94 86 72
X2 81 99 114 124 149 161 144 99
X3 77 81 90 105 126 134 120 93
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Table A4. Measurement results for the quality of illumination at pedestrian crossing no. 3 and cycle
path—direction C.

Vertical Illuminance Ev [lx]
Measurement According to Polish Recommendation

Measurement
height

Measurement points along the bike path
Y1 Y2 Y3 Y4 Y5 Y6

centre line
of the

crossing

1.5 m 21 43 57 67 63 49
1.0 m 19 39 52 59 54 45
0.5 m 18 32 49 53 47 39

Measurement points along the crossing

1.5 m 23 39 54 76 95 75
1.0 m 22 35 51 66 74 58
0.5 m 20 32 49 52 61 47

Measurement according to Czech recommendation

data measurement points
across the crossing

Measurement points along the bike path

Waiting area Road Waiting area

Y1 Y2 Y3 Y4 Y5 Y6 Y7

X1 16 24 29 39 37 35 30
X2 18 31 35 49 57 52 42
X3 26 42 42 63 76 63 54

Measurement points along the crossing

X1 26 38 44 67 80 69 59
X2 20 32 36 47 61 58 50
X3 16 24 28 36 42 49 35

Table A5. Measurement results for the quality of illumination at pedestrian crossing no. 3 and cycle
path—direction D.

Vertical Illuminance Ev [lx]
Measurement According to Polish Recommendation

Measurement
height

Measurement points along the bike path
Y1 Y2 Y3 Y4 Y5 Y6

centre line
of the

crossing

1.5 m 83 80 51 38 28 18
1.0 m 78 62 46 32 25 16
0.5 m 62 50 42 34 21 15

Measurement points along the crossing

1.5 m 89 86 67 47 32 21
1.0 m 85 82 58 41 25 19
0.5 m 78 71 56 33 24 18

Measurement according to Czech recommendation

data measurement points
across the crossing

Measurement points along the bike path

Waiting area Road Waiting area

Y1 Y2 Y3 Y4 Y5 Y6 Y7

X1 57 49 35 28 23 18 13
X2 79 68 45 35 25 19 16
X3 90 82 58 40 26 19 18

Measurement points along the crossing

X1 95 88 64 42 28 23 20
X2 84 75 58 37 26 20 18
X3 64 59 47 31 24 18 16
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Table A6. Measurement results for luminance contrast at the pedestrian crossings.

Conflict Area Direction of
Measurement

Object
Luminance

(Board)
Lo [cd/m2]

Background
Luminance
(Left Side)
Lb1 [cd/m2]

Background
Luminance
(Right Side)
Lb2 [cd/m2]

Average
Background
Luminance
Lb [cd/m2]

Contrast
C [-]

pedestrian
crossing no 1

allowed on a
one-way road

1.75 0.19 0.51 0.35 4.0
0.70 0.40 0.19 0.30 1.4
0.27 0.15 0.02 0.09 2.2

pedestrian
crossing no 2

A

5.03 0.97 1.09 1.03 3.9
5.11 3.42 1.67 2.55 1.0
5.67 1.4 0.72 1.06 4.4
7.18 1.56 0.87 1.22 4.9
5.14 0.67 0.62 0.50 7.0

B

3.45 0.62 0.73 0.68 4.1
3.60 0.98 2.62 1.80 1.0
4.68 2.31 1.05 1.68 1.8
4,30 0.78 0.44 0.61 6.0
2.90 0.27 0.50 0.39 6.5

pedestrian
crossing no 3

C
2.97 0.92 0.67 0.80 2.7
2.06 0.84 0.88 0.86 1.4
1.72 1.17 0.9 1.04 0.7

D
4.50 0.11 0.30 0.21 20.9
3.15 0.13 0.14 0.14 22.3
1.99 0.09 0.28 0.19 9.8

bike path

C
2.64 0.63 0.56 0.60 3.4
2.32 0.83 0.76 0.80 1.9
2.06 0.97 0.81 0.89 1.3

D
2.99 0.11 0.10 0.11 27.5
2.22 0.11 0.10 0.11 20.1
1.90 0.20 0.25 0.23 7.4
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Pozemních Komunikací, Dodatek č. 1—Přisvětlování Přechodů; The Ministry of Transport, Department of Roads: Praha, Czech
Republic, 2015. (In Czech)

27. Available online: https://www.gov.pl/web/infrastruktura/wytyczne-organizacji-bezpiecznego-ruchu-pieszych-wytyczne-
prawidlowego-oswietlenia-przejsc-dla-pieszych (accessed on 29 September 2021).

28. CIE Publication No 19:1979: A Unified Framework of Methods for Evaluating Visual Performance Aspects of Lighting; The International
Commission on Illumination: Viena, Austria, 1979.

29. ISO/CIE 19476:2014: Characterization of the Performance of Illuminance Meters and Luminance Meters; The International Organization
for Standardization: Geneva, Switzerland, 2014.

30. Zalesinska, M.; Wandachowicz, K. Study on the quality of pedestrian crossing lighting (in Polish). In Proceedings of the XXIXth
Conference on Lighting Technology (KKO2021), Warsaw, Poland, 17–18 June 2021; Polish Committee on Illumination: Warsaw,
Poland, 2021.

31. Adria, W. Visibility of targets: Model for calculation. Lighting Res. Technol. 1989, 21, 181–188. [CrossRef]
32. Roadway Lighting. ANSI/IESNA RP-8-00: American National Standard Practice for Broadway Lighting, Approval 2000; The Illuminating

Engineering Society of North America: New York, NY, USA, 2000.
33. Tomczuk, P. Assessment of lighting quality of pedestrian figure on the crossing. Pr. Nauk. Politech. Warszawskiej. Transp. 2012, 87,

101–115. (In Polish)

http://doi.org/10.5604/01.3001.0014.9554
http://doi.org/10.1016/j.scs.2019.101759
http://doi.org/10.3390/cli6020026
http://doi.org/10.3390/app8091646
http://doi.org/10.1109/TASE.2020.2966738
http://doi.org/10.1016/j.egypro.2017.08.137
https://www.gov.pl/web/infrastruktura/program-bezpiecznej-infrastruktury-drogowej-na-lata-2021-2024
https://www.gov.pl/web/infrastruktura/wytyczne-organizacji-bezpiecznego-ruchu-pieszych-wytyczne-prawidlowego-oswietlenia-przejsc-dla-pieszych
https://www.gov.pl/web/infrastruktura/wytyczne-organizacji-bezpiecznego-ruchu-pieszych-wytyczne-prawidlowego-oswietlenia-przejsc-dla-pieszych
http://doi.org/10.1177/096032718902100404

	Introduction 
	Lighting Requirements at Pedestrian Crossings 
	Aim and Scope of the Study 
	Materials and Method 
	Estimation of Measurement Uncertainty 
	Measurements of Illuminance at the Analyzed Pedestrian Crossings 
	Evaluation of Illumination Quality and Measurement Procedures at the Pedestrian Crossings under Analysis 
	Evaluation of Lighting Parameters at the Pedestrian Crossings 
	Evaluation of the Measurement Procedures 

	Measurements and Assessment of Luminance Contrast at the Analyzed Pedestrian Crossings 
	Measurements of Luminance Contrast 
	Assessment of the Results Obtained 

	Conclusions 
	Limitations 
	
	
	References

