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Abstract: Pedestrian safety is a critical concern worldwide, as pedestrians account for nearly a
quarter of all road crash deaths. In Poland, in the last decade, the number of pedestrians killed in
road accidents varied from 25 to 30% of all road accident victims each year. A similar tendency is
observed in EU countries, but the average number of pedestrian fatalities is lower and amounts to
20%. Numerous activities have been undertaken to improve the safety of vulnerable road users. Land
planning plays a crucial role in enhancing pedestrian safety. Effective land-use planning can mitigate
risks by integrating pedestrian-friendly infrastructure into urban design. Numerous measures have
been implemented to improve the safety of vulnerable road users, including education campaigns,
speed reduction measures, and infrastructure enhancements. One of the latest initiatives involves
enhancing the visibility of pedestrian crossings through the installation of additional lighting systems.
In order to assess the effects of the undertaken activities, a number of zebra crossings with and
without additional luminance were investigated. Crash data gained from police statistics, along with
the calculated crash rates (CRs), were utilized to evaluate changes in safety performance at selected
crosswalks. For this purpose, a ,before-after” method was applied. Importantly, the research results
did not show a clear impact of additional lighting on reducing the number of road crashes and they
highlight that other factors, including the geometric characteristics of crossings and their location and
proximity to land uses generating significant pedestrian traffic, significantly influence crash rates.

Keywords: pedestrian crossings; road safety; crash rate; additional lighting

1. Introduction

During the last several decades, a number of pedestrian safety measures have been
implemented worldwide, largely in developed countries. The European Union (EU) re-
duced the death rate by 39 percent from 2001 to 2010 and another 20% between 2010 and
2018 partly as a result of national policies, public education, and campaigns to make roads
safer [1,2]. Road traffic crashes are caused by a combination of factors involving the road
layout, vehicles, road users, and their interactions. Most accidents occur in urban areas,
with roughly one in four pedestrian fatalities happening at or near pedestrian crossings.
Consequently, about 8000 pedestrians are killed and many more are injured in road acci-
dents in Europe each year. One in five road fatalities in the EU are pedestrians (Figure 1), a
higher proportion than other vulnerable road users: 9% for cyclists, 3% for moped riders,
and 15% for motorcyclists. Although the absolute number of pedestrian fatalities decreased
by 20%, the overall reduction in road fatalities was 21%, maintaining the proportion of
pedestrian fatalities within the total number of road fatalities. Within EU countries, the total
number of road fatalities and pedestrian mortality are highest in the central and eastern
EU Member States and Poland had the highest number of pedestrian fatalities in 2018.
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That was the case despite the fact that this country had recorded the largest decrease in
pedestrian fatalities at that time.
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Figure 1. Number of pedestrian fatalities and their share in the total number of fatalities in the
EU27 [3].

Pedestrian safety faces several critical issues, including high traffic speeds, driver
behavior and pedestrian error, inadequate pedestrian infrastructure, and reduced visibility
at night. These factors significantly increase the risk of pedestrian accidents and injuries.
To address these concerns, urban areas often implement traffic calming measures to reduce
vehicle speeds and create a safer environment for pedestrians [4-9]. The goal of these
mainly physical measures is to reduce the excessive speed of vehicles, traffic volumes, and
noise and exhaust emissions. Their effectiveness has been proven in many studies [10-14].
Regarding driver behavior, specific actions that increase crash risk have been addressed.
Speeding and aggressive driving are major contributing factors to crashes. They extend the
braking distance and increase the severity of collisions, especially in urban areas [15-18].
Behaviors such as tailgating, frequent lane changing, and ignoring traffic signals also
increase the likelihood of collisions. Harrison and others [19-21] emphasized that alcohol
and drugs impair drivers’ cognitive and motor skills, leading to poor decision making
and longer reaction times, which critically reduce the ability of drivers to avoid crashes.
Knipling and Wang [22] also highlighted such issues in their research.

Regarding inadequate pedestrian infrastructure, numerous studies on pedestrian
safety have identified issues such as inadequate crossing facilities, lack of pedestrian paths,
and insufficient lighting at crossings as significant contributors to safety risks. Generally,
recommended measures for decision makers included installing pedestrian crossings with
clear markings, signalized crossings with countdown timers, refuge islands, and dedicated
pedestrian zones [23].

Darkness reduces visibility for both drivers and pedestrians, increasing potential
collisions [24,25]. Sullivan et al. [26] demonstrated a dramatic increase in the risk of
pedestrian fatalities in darkness. Studies across Europe have revealed that nearly 20% of
pedestrian crossings have poor night visibility [27]. Additionally, data from [2] indicate that
nighttime accidents on zebra crossings represent 46% of the total, even though nighttime
traffic flow constitutes only 20-35% of overall traffic. However, contrasting statistics were
observed in the USA. According to [28], 74% of pedestrian fatalities occur in the dark, and
pedestrian deaths make up only 15% of all traffic fatalities, compared to an average of 21%
in the EU. Notably, some Eastern European countries have exceptionally high rates [29]. It
is believed that proper street lighting may reduce or prevent road traffic crashes, injuries,
and fatalities [30,31]. Investigations of vehicle speed in daylight and darkness conditions
show ambiguous results, though. Assum et al. [32] found that in some cases, vehicle
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speed decreased in nighttime conditions, but in others, including zebra crossings, the
instantaneous speed appeared to be even higher [33-35]. Additionally, vast investigations
of different factors influencing travel speed in various road and environmental conditions
conducted by Jagerbrand et al. [36] did not reveal any significant differences in speed
attributable to light conditions.

Research studies investigating pedestrian safety improvements through additional light-
ing generally highlight the positive impact of enhanced visibility on reducing pedestrian-
related accidents, particularly at zebra crossings. Many studies show that additional
lighting can reduce the likelihood of crashes by increasing the visibility of pedestrians to
drivers [37,38]. However, findings also suggest that lighting alone may not be sufficient
and should be used in conjunction with other safety measures, such as road redesign
and speed reduction, to create safer pedestrian environments. A study by Sullivan and
Flannagan [26] examined the effects of increased illumination at crosswalks. They found
that additional lighting substantially improved pedestrian visibility. They concluded that
drivers were able to recognize and react to pedestrians at greater distances, which was
associated with a decrease in nighttime accidents. Another study by Steinbach et al. [39]
focused on urban settings and found that lighting improvements at crosswalks led to a
measurable reduction in pedestrian injuries in these areas, further supporting the argument
for lighting as a preventive measure. They also revealed that LED lighting had a stronger
impact on improving pedestrian visibility than traditional sodium lights.

In contrast, some studies suggest that lighting alone may not fully address pedestrian
safety issues. Other factors, such as crosswalk design and traffic speed, are also essentials.
For instance, Bhagavathula et al. [40] emphasized that while additional lighting contributes
to safer conditions, the effectiveness of lighting varies depending on crosswalk location,
traffic volume, and road geometry. Studies by Ziolkowski [35] showed that additionally
lit pedestrian crossings do not substantially influence drivers’ speed and their speed did
not differ significantly from that observed in the vicinity of zebra crossings without addi-
tional illumination. He also suggested that additionally illuminated pedestrian crossings
should be supplemented with physical or video surveillance restrictions. Furthermore,
Bullough et al. [41] investigated the influence of lighting on pedestrian behavior. They
found that brighter crosswalks encouraged pedestrians to make safer crossing decisions, as
they felt more confident and visible to drivers. However, they also observed that overly
bright lights could create glare for drivers, especially in wet conditions, potentially offset-
ting some safety benefits. They suggested that while enhanced lighting is beneficial, careful
design and placement are crucial to avoid unintended consequences.

A common method for investigating pedestrian safety in the United States is through
surveys. Numerous analyses have examined the probability of accidents at pedestrian
crossings in relation to road and crossing characteristics (width and marked or unmarked
crossings; presence of traffic lights; and safety barriers) as well as driver speed [42,43].
Cui [44] applied statistical analysis to evaluate the age and gender distribution, light con-
ditions, fatalities, and alcohol- or drug-use-related characteristics involved in midblock
pedestrian crashes. They compared the safety of midblock crossings with that of intersec-
tions, concluding that there is a significantly lower potential for accidents if pedestrians
cross at an intersection instead of a midblock location. Fayish et al. [45], in their study
on the safety effectiveness of leading pedestrian intervals at signalized intersections, ana-
lyzed site characteristics, traffic volumes, and pedestrian volumes. Using a before—-after
study, they found that pedestrian safety can be significantly improved by implementing
treated intersections, resulting in almost a 60% reduction in pedestrian—vehicle crashes.
Naznin et al. [46] applied a similar methodology in their investigation of the pedestrian
safety benefits of platform tram stops. Using a before—after crash analysis approach, their
analysis showed an 81% reduction in pedestrian-involved injury crashes. A different
approach was presented by [47,48], who employed observational studies and surveys to
determine pedestrian behavior and the degree of familiarity of road users with traffic
regulations regarding the priority of road users in various situations. Research in Israel
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examined pedestrian behavior while crossing roads, finding that most accidents occur
on arterial multi-lane streets [49]. They noted no major deficiencies in the basic design
elements of most sites and recommended a comprehensive approach to solving safety
problems, including significant vehicle speed reduction in pedestrian areas. Studies by
Hummel, conducted in the Netherlands, highlighted excessive vehicle speed as the biggest
issue, especially concerning older people [50]. Tefft [4] and Wnavik [5] estimated the safety
effect of road lighting on accidents in darkness in studies related to pedestrian injuries,
impact speeds, and road lighting. Based on historical crash data covering a 30-year period,
they concluded that the risk of injury accidents significantly increases in darkness. They
revealed that, compared to daytime conditions, excessive driving speeds and reduced
visibility at night are critical factors for pedestrian safety. They found that the risk of
pedestrian accidents on lit rural roads increased by an average of 140% and on unlit roads
by approximately 360%.

In Poland, between 2014 and 2016, pedestrian and bicyclist casualties made up over
40% of all fatalities, decreasing to 36% in 2020 [51]. Among these, pedestrians accounted
for approximately 30% (Figure 2). Although pedestrians represent about 30% of all road
fatalities, systematic studies on pedestrian behavior and vehicle-pedestrian interactions
in Poland are still limited. Additionally, around 34% of all pedestrian-involved accidents
occur at marked zebra crosswalks, where the number of recorded accidents remains high
(Figure 3). This makes pedestrian crossing zones areas of elevated safety risk; hence, a
necessity of improving the safety of vulnerable users has been repeatedly emphasized,
and new pedestrian crossing design guidelines resulted from those findings [52-54]. Re-
searchers are actively exploring ways to enhance the understanding of pedestrian—vehicle
interactions to improve safety and efficiency on the roads. Szagala et al. [55] explored
a new methodology for evaluating pedestrian—vehicle interactions by employing video
analysis. They conducted investigations using digital footage at urban road crossings with
various safety measures to validate the effectiveness of video image analysis in assessing
pedestrian safety. Tomczuk et al. emphasized the importance of enhancing pedestrian
visibility in crossing zones [56,57]. They examined luminance characteristics and lighting
conditions, comparing various lighting solutions at pedestrian crossings. Their study
focused on luminance, luminance contrast, and the effects of lighting on a pedestrian figure,
identifying pedestrian visibility as a crucial safety factor. However, their research did
not consider the overall impact on pedestrian safety. Budzynski et al. [58] investigated
driver and pedestrian behaviors in pedestrian crossing areas. Based on pedestrian and
vehicle speeds and a statistical analysis, they showed that vehicle speeds vary depending
on the location—type of area, type of cross-section, section characteristics, and pedestrian
crossing control—and on the presence or absence of traffic lights. In another study, Budzyn-
ski et al. [59] focused on identifying risks for pedestrians related to road infrastructure and
roadside with different speed limits. Using police statistics, they indicated that limited
sight distance, poor illumination, excessive speed, lack of speed management, and incorrect
geometry (length of crossing and number of traffic lanes) are very hazardous. Zalesinska
and Wandachowicz [60] used fuzzy logic algorithms to evaluate the quality of additional
lighting. Szagala et al. [61] studied road user behavior at pedestrian crossings on dual
carriageways, where active crossings and narrower lanes were implemented to enhance
pedestrian safety. Using a before—after method, they assessed the effectiveness of these
measures over time by conducting speed measurements before, immediately after, and
one year after the introduction of additional signage. The results were inconclusive but
generally indicated that safety improvements were sustained over time, particularly on
narrowed roads. They also noted that effective speed reduction is a good measure for
decreasing the number of pedestrian accidents.
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Figure 2. Number of pedestrian fatalities and their share in the total number of fatalities in Poland.
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Figure 3. Number of accidents registered on pedestrian crossings in Poland.

The issues of improving pedestrian safety, despite the improving statistics in recent
years, are associated with new implementations that are aimed at further improving their
safety. The effectiveness of the implemented solutions remains an important issue and
requires verification. One of latest innovations implemented in Poland on a large scale are
pedestrian crossings with additional lighting, the effectiveness of which in terms of impact
on improving safety has not been recognized. Hence, the main objective of this study is to
evaluate the impact of additional lighting at pedestrian crossings on safety performance
indicators for single-carriageway roads and roads with two or more lanes arranged within
a one carriageway with no median strip, using a before-after study approach.

2. Research Site and Methodology

Improving visibility in the area of pedestrian crossings is related to planning, design,
and maintenance activities and should be carried out in two main directions [62]:

Improvement of visibility conditions;
The use of measures to eliminate the threat to pedestrians in the absence of the required
visibility area lists.

In the area of a pedestrian crossing, adequate visibility conditions must be ensured
for pedestrians and oncoming drivers, both during the day and after dark. The area of
good visibility is defined by the visibility distance Ly, /Lwp (Figure 4). Hence, the idea
of additional lighting is to improve the visibility of pedestrians and pedestrian crossings
in nighttime conditions. To meet these conditions a crosswalk with additional lighting
system should be equipped with two extra lamps—one above the traffic lane according to
the standards/guide issued in 2018 [62]. A Scheme of an exemplary location of the lighting
system on a two-way single carriageway is given in Figure 5.
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Figure 4. Areas of good visibility near a pedestrian crossing.

Figure 5. A scheme of a lighting location on a single carriageway.

In Bialystok, a medium-sized city in Poland with a population of 300,000 inhabitants, a
first pedestrian crossing with additional lighting system was built in 2011 as an innovative
solution aiming at pedestrian safety improvement. By 2021, the system had expanded to
include a total of 116 crosswalks.

For safety analysis, a minimum of two-year accident data analysis periods is recom-
mended. For robust comparative safety analyses, it is advisable to use extended time
periods that encompass road crash data from both before and after the intervention. A
larger dataset of crash occurrences facilitates clearer observation of patterns and trends
in changes over time. However, in pedestrian safety analyses, satisfying all sample size
requirements can be challenging, often due to the restricted geographical scope and the
relatively low incidence of pedestrian-involved accidents. To achieve an adequate sample
size and enhance the dataset in the present study, the minimum threshold for the number
of incidents required for a site to be included in the analysis was set at a relatively low level.

Considering aforementioned conditions, 8 out of 116 pedestrian crossings were chosen
for detailed analysis. Data gained from police statistics covering registered road crashes
over a five-year period (2014-2018) were analyzed for each pedestrian crossing. Since the
lighting systems were installed in 2016, the two years before installation (2014-2015) were
considered the “before” period and the two years after installation (2017-2018) were the
“after” period. The installation year (2016) was treated as a transition year and excluded
from further crash rate analysis. Finally, the analysis included crosswalks with at least two
road crashes in the period prior to the installation of additional lighting. The relatively
low threshold was chosen due to the limited number of zebra crossings and the fact that
not every crossing experienced an accident during the analyzed period. All crossings
were located on single-lane road sections, at intersection entrances (INT), and between
intersections (MB). Details of selected crosswalks are presented in Table 1, while day and
night views of chosen pedestrian crossings are presented in Figure 6. To evaluate safety
performance changes, the number of crashes (including deaths, injuries, and damage
only) and crash rates (CRs) calculated for varied crosswalk facilities were included in
the analysis. The crash rate was selected due to its prevalence as a primary indicator in
safety analyses, and it measures the number of road crashes per unit of measurement (a
crosswalk). This allows for the assessment of the frequency of accidents in a given area
and a comparison with other spots. In order to verify the significance of differences in the
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data at the analyzed intersections before and after the installation of additional lighting, a
non-parametric Wilcoxon signed-rank test was applied.

Table 1. Characteristics of pedestrian crossings.

Péf:::;:lagn Speed Limit [km/h] A dgg:::?;;ps Travel Lane Width [m]  Refuge Island [m]  Location
PC_1 50 1 440 - MB
PC_2 40 1 3.25 2.0 INT
PC_3 50 1 3.00 - INT
PC_4 50 1 3.40 - MB
PC_5 50 1 3.40 - MB
PC_6 50 1 4.00 - MB
PC_7 40 2 3.60 2.0 INT
PC_8 40 1 3.25 2.0 MB

Figure 6. Examples of day and night views of analyzed pedestrian crossing: (a) PC_1 and (b) PC_6.

In every case, except for the pedestrian crossing PC_7, the crossings were equipped
with only one additional lamp. For PC_7, presented in Figure 6, the installation was carried
out in accordance with the standards, as illustrated in Figure 5.

3. Results and Discussion

The safety statistics showing road crashes registered in Bialystok in the analyzed
period are presented in Table 2. They show the types of crashes and their consequences:
number of injured and number of fatalities in the analyzed period.
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Table 2. Police statistics of road crashes in Bialystok.
Type of Crash and Its Consequences Year
M 9 2014 2015 2016 2017 2018
Accidents 55 62 69 73 71
Collisions 1938 2102 2300 2628 3010
Injured 58 69 81 81 78
Fatalities 5 2 1 2 5

Due to the very few accidents and fatalities recorded at the selected pedestrian cross-
ings, in the following analyses, only crashes (the sum of accidents and collisions) were
taken into consideration. Changes in the numbers of crashes at the investigated crosswalks
are presented in Figure 7.
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Figure 7. Changes in crash tendencies for the analyzed pedestrian crossings.
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Analyzing the trend of changes in the number of crashes at pedestrian crossings, no
clear pattern of changes can be seen. In some cases (PC_1, PC_3, PC_5, and PC_8), a
decreasing tendency can be observed in the years prior to the installation of additional
lighting, while in others (PC_6 and PC_7), the number of crashes increased. In order to
determine possible dependencies of the change in the number of crashes in relation to
geometry characteristics, pedestrian crossings were grouped into two categories. Data
presenting trends in changes in the number of crashes in relation to the presence of a refuge
island are given in Figure 8, while changes in the number of crashes in relation to the width
of the travel lane are given in Figure 9.

Number of crashes
(]

2014 2015 2016 2017 2018 2014 2015 206 207 2018
—e—PC_2 —e—PC_7 PC_8 —a—PC_1 ——PC 3 PC_4 PC 5 —a—PC 6
(a) (b)

Figure 8. Changes in number of crashes at pedestrian crossings: (a) with a refuge island and speed
limit 40 km/h and (b) without a refuge island and speed limit 50 km/h.
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Figure 9. Cont.
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Figure 9. Trends in changes in number of crashes at pedestrian crossings in relation to the travel
lane width.

Figure 8a shows pedestrian crossings with a refuge island placed in the road with the
local speed limit lowered to 40 km/h. Based on the presented data, it cannot be stated
that the installation of additional lighting improved the safety conditions. Only in the case
of crosswalk PC_7 did an increasing number of crashes before the installation turn into
a clear decreasing trend. In the case of PC_8, before 2016, the annual number of crashes
oscillated on a low level. Since 2017, the number of crashes has increased and stabilized on
arelatively low level of three crashes per year after a drop to zero crashes in 2016. The effect
of additional lighting somehow brought unexpected results in the case of PC_2. The low
and stabilized number of registered crashes before 2016 was followed by a huge increase
in the next year reaching 10 crashes, and that number fell further to 5 crashes in 2018.
Analyzing crash data for pedestrian crossings without a refuge island (Figure 8b), there
is not even one clear example showing a positive trend of decreasing numbers of crashes.
In all cases, the data fluctuate, showing an increasing (PC_4 and PC_5) or a decreasing
(PC_1, PC_3, and PC_6) tendency in the last two years of observations. However, in the
case of PC_6, it can be said that the positive downward trend observed before 2016 was
further strengthened in the period after the installation of additional lighting. Observing
changes in crashes at PC_3 and PC_4, the number of crashes registered before and after
the additional lighting installation remained very similar. An overall comparison of the
safety situation at pedestrian crossings with and without a refuge island leads to the
conclusion that lower speed limits and the presence of refuge islands create safer situations
resulting in a lower number of crashes. The above considerations are supported by the
statistical analysis using the Wilcoxon test. The results (Table 3) obtained from the analysis
indicate no significant differences between the crash data from the analyzed “before” and
“after” periods. Regardless of the criterion used for grouping the analyzed pedestrian
crossings, no statistically significant change in the number of accidents was observed in
any grouping system.

Table 3. Results of Wilcoxon test.

T zZ 4
All crosswalks 29.000 1.1531 0.2488
With a refuge island Vj;,, =40 km/h 1.500 1.6180 0.1056
Without a refuge island (Vyy, = 50 km/h) 10.000 1.4808 0.1386
Lane width 3-3.25 2.500 0.9128 0.3613
Lane width 3.30-3.60 4.000 0.9438 0.3452

Lane width 4-4.40 1.000 1.4605 0.1441
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Rate of crashes

L

The results obtained are inconclusive regarding the overall effect of implementing
additional lighting. However, this ambiguity aligns with previous studies. The lack of
clear positive effects from additional lighting installation, as confirmed by the Wilcoxon
test results, is consistent with the results presented by Bhagavathula et al. [40,42], who
emphasized that additional lighting alone might not sufficiently reduce pedestrian acci-
dents. The researchers suggested that other factors, such as vehicle speed control, play a
crucial role in enhancing pedestrian safety. Ziolkowski’s work similarly found that lighting
improvements alone do not guarantee a decrease in pedestrian crashes. This study stressed
that a range of factors, such as road design and traffic calming measures, often contribute
more meaningfully to pedestrian safety outcomes through more enhanced speed manage-
ment. In addition, some findings by Sullivan and Flannagan [26] showed variability in
outcomes depending on the specific context, indicating that lighting does not universally
prevent accidents across all types of crossings or environments. On the other hand, a
clearly positive influence of additional lighting on the reduction in number of pedestrians
injured was reported by Steinbach et al. [39]. Among the cases analyzed, a similar trend of
significant accident reduction was found for specific individual crossings (PC_1 and PC_7).

Trends in crash changes observed on the basis of data presented in Figure 9 are quite
ambiguous. In the case of pedestrian crossings with the narrowest travel lane, the number
of crashes was decreasing before additional lighting was installed. In the following years,
the number of crashes first increased and then decreased again obtaining similar values to
those registered before 2016. In the case of crosswalks located on streets with a travel lane
width of 3.30-3.60 m, there was no clear pattern for the change in number of crashes before
a new installation was applied. However, the following years brought a worsening of the
situation and adverse effects. An increasing number of crashes can be observed at two out
of three pedestrian crossings. In the case of pedestrian crossings situated on streets with
the widest travel lanes, a very positive situation is observed at PC_1 where the number of
crashes since 2016 was reduced essentially obtaining one and zero crashes in 2017 and 2018,
respectively. In the case of pedestrian crossing PC_6, the number of crashes first increased
in 2017 and then dropped to none in 2018.

For an in-depth assessment of the changes taking place at pedestrian crossings after
additional lighting installations, crash rates (CRs) were determined. Crash rates refer to the
frequency of traffic crashes occurring over a specific time period (here one a year) relative
to a defined pedestrian crossing. The CR values were calculated separately for each year
(Figure 10) and for the 2-year periods before and after the lighting installation (Table 4).

i l []
. .............
L acr—
e -v
] ®
2015 216 2my 28

PC with refugee iskand # PCwithoutrefugee island 3.00-3.25m
3.30-3.60 m e 400-440m Linear (PC with refugee Bland)
Linear (PCwithout refugeeisland) Linear ¢(3.00-3.25m) Linear '(3.30-3.60m)

Linear (4.00-4.40m)

Figure 10. Trends in changes in number of crashes at pedestrian crossings in relation to the travel
lane width.



Land 2024, 13, 2134

12 0of 17

Table 4. CR values for “before” and “after” periods.

Rate of Crashes (RCs)

Before (2014-2015) After (2017-2018)
For all pedestrian crossings 9.8 7.8
With refuge island 1.7 4.0
Without refuge island 13.8 10.1
Travel width 3.00-3.25 3.0 45
Travel width 3.30-3.60 9.9 8.4
Travel width 4.00—4.40 12.3 5.5
PCs at intersections 2.3 4.0
PCs in midblock 23.7 16.8

Linear trend lines presented in Figure 10 illustrate the changes in crash rates in
subsequent years of the period under consideration. In two cases, there was an unfavorable
trend indicating an increasing number of crashes recorded at the analyzed pedestrian
crossings. In the remaining cases, the trend lines show that the number of crashes decreases
over the period under consideration. It should be noted, however, that such a general
observation based on trend lines could also be partially misleading. This can be seen in
the case of crosswalks on roads with a lane width of 3.30-3.60, where the crash rate in
2018 increased by almost 30% compared to the previous year, while the trend line shows a
reverse decreasing trend.

Considering crash rates calculated for the 2-year before-after periods given in Table 3,
a positive result of safety improvement in the area of pedestrian crossings with additional
lighting was obtained. Overall, a 20% decrease in the crash rates was achieved. The highest
improvement was registered on crosswalks located on roads with a travel lane width
of 4.00 and 4.40 m (55% decrease), whereas the smallest improvement was obtained on
crosswalks where the travel lane width varied between 3.30 and 3.60 m (14% decrease).
On the other hand, a closer look into the presented data reveals that in some cases, the
safety statistics deteriorated after the additional lighting was installed. Unexpectedly, the
situation worsened most at the crosswalks equipped with a refuge island for which the rate
of crashes increased by almost 140%. It must be remembered though that this adverse effect
may be due to a small number of investigated pedestrian crossings (only 3 crosswalks);
in such a case, even one outlier can significantly distort the final result (high number of
crashes registered in 2017 at PC_2 highly influences the calculated rate of crashes).

Previous studies have shown that driver speed highly influences traffic safety, and in
urban areas, driver speed significantly depends on the geometry of pedestrian crossings
and speed uniformity [35,63]. The studies have shown that speed uniformity deteriorated
more at pedestrian crossings located on roads with a speed limit of 40 km/h than at
crossings located on roads with 50 km/h speed limit, which in turn may contribute to an
increase in safety risk.

Analyzing changes in crash rates in relation to the location of crosswalks, it must be
said that considerably better effects were obtained in the case of facilities located midblock
(29% decrease crash rate) compared to those situated at intersections (74% increase in crash
rate). A high increase in statistics is, again, mostly due to the situation registered at PC_2.

The results obtained in areas of increased pedestrian traffic like school (PC_4) or
church zones (PC_5) show that additional speed management measures should be applied
to improve safety conditions. This could be simple to apply and also an effective speed
reduction solution in the form of physical calming measure like speed cushions installed
before the crosswalk or the redevelopment of an existing one into a raised pedestrian
crossing [64,65]. A more innovative solution could be the installation of individual panels
indicating travel speed alerting drivers exceeding speed or a combination of panels and
traffic lights turning red in case of excessive speed [66-68] or the modernization of existing
pedestrian crossings into active ones equipped with a flashing bean activated by the
presence of a pedestrian.
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4. Conclusions

This study analyses changes in safety performance indicators at pedestrian crossings
where an additional lighting system was installed. A before-after method was applied to
evaluate safety changes expressed by rate of crashes.

The conducted analysis included changes in safety rates related to varied factors
such as location (intersections vs. midblock sections) and geometric characteristics of a
pedestrian crossing (presence of a refuge island and width of travel lane). The obtained
results are ambiguous in the effects achieved. A general positive influence of additional
lighting systems was noted. As a result, the post-lighting crash rate (CR = 7.8) decreased
by 20% compared to the pre-lighting period (CR = 9.8). However, more detailed analyses
showed that the installation of additional lighting can also bring adverse effects and the
results may be opposite to those expected. That was the case for crosswalks equipped with
refuge islands located in areas with a locally reduced speed limit (V};, = 40 km/h), where
the CR values increased sharply after installing additional lighting. Nonetheless, a lowered
speed limit and refuge islands still create more safety conditions, which is reflected by a
distinctly lower number of crashes compared to the accident numbers at crosswalks located
in areas with a default regulatory speed limit (Vj;, = 50 km/h).

These findings highlight the importance of considering land-use planning and con-
textual factors when implementing pedestrian safety interventions. The following recom-
mendations aim to guide local road authorities in effectively integrating pedestrian safety
enhancements into broader urban planning and transportation strategies:

e Data-Driven Site Selection

- The decision to install enhanced lighting should be informed by a thorough
analysis of accident history, traffic volume, land-use patterns, and driver behavior
at the proposed sites. Crossings near high-risk areas such as schools, hospitals,
transit hubs, and commercial zones require priority in safety interventions.

e Integration with Urban Land Use

- Crossings in high-density residential areas or near pedestrian-heavy land uses
(e.g., parks, markets, or religious institutions) should consider additional mea-
sures beyond lighting. These may include speed limit reductions, traffic calming
features, or active warning systems to complement lighting installations.

e Complementary Measures for Geometric Challenges

- For crossings with complex geometric features (e.g., wide lanes or the absence of
pedestrian refuges), additional interventions such as narrowing lanes, installing
refuge islands, or implementing speed humps can amplify the safety benefits of
lighting,

- Where refuge islands already exist, a targeted analysis is required to ensure that
lighting placement does not inadvertently increase risks due to altered driver or
pedestrian behavior.

e  Focus on Midblock Crossings

- Midblock crossings, especially on roads with wide lanes (>3.25 m), often present
higher risks due to the absence of natural speed-reducing features. Lighting en-
hancements at these crossings should be prioritized, with additional interventions
as necessary to ensure safety improvements.

e  Contextual Speed Management

- The interplay between lighting and speed limits underscores the need for in-
tegrated speed management. In areas with low speed limits, lighting should
be complemented by clear signage, enforcement measures, or physical speed-
reducing features to ensure driver compliance.

This research has certain limitations, and further work is needed. The achieved results
may be influenced by the limited number of crosswalks included in the analysis, making it
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possible for even one outlier to significantly distort the final outcome and potentially mask
the actual trend. In future studies, the research scope should be broadened to encompass a
greater number of illuminated pedestrian crossings, incorporate dual carriageways, and
examine long-term changes in pedestrian safety at these crossings. Additionally, data on
nighttime accidents should be isolated and analyzed separately. A comparison of nighttime
and daytime accident data will provide a clearer assessment of the impact of additional
lighting on crash rates and allow for more reliable statistical analysis.

An essential factor influencing the safety situation after the installation of additional
lighting could be the that the guidelines for proper lighting (luminance, luminance contrast,
and lighting intensity) were not published until 2018. Before that time, local road admin-
istrations had to act at their own discretion. This may have contributed to the existing
additional lighting not meeting the appropriate criteria, and the visibility of the lighted
crosswalks may have been insufficient. This also highlights the need for further extended
research to be carried out in this scope.

Author Contributions: Conceptualization, R.Z., H.P-A. and H.G.-O.; methodology, R.Z., H.P.-A. and
H.G.-O,; software, R.Z. and A.L.-U; validation, R.Z., H.P.-A. and A.L.-U; formal analysis, H.G.-O.
and A.L.-U.; investigation, R.Z., H.G.-O. and A.L.-U.; resources, R.Z. and H.P.-A; data curation, R.Z,,
H.P-A. and H.G.-O.; writing—original draft preparation, R.Z., H.P-A. and H.P-A_; writing—review
and editing, R.Z., HP--A. and A.L.-U,; visualization, H.G.-O. and A.L.-U.; supervision, R.Z. and
H.P-A.; project administration, R.Z. and H.P.-A.; funding acquisition, R.Z., H.P-A. and H.G.-O. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Project No. WZ/WB-IIL/7/2023, and it was financially
supported by the Ministry of Science and Higher Education, Poland; the University of the Basque
Country UPV/EHU, grant number GIU21/046, and grant number “the Erasmus+ programme Call
2020-KA1-Staff Mobility for teaching and training activities”; and Viuda de Sainz, S.A., grant number
2022-0300, to develop the project DigiCalm, 5/112/IV/2021/00001, funded by Diputaciéon Foral
de Bizkaia.

Data Availability Statement: All the data are shown in the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

European Road Safety Observatory. Traffic Safety Basic Facts 2012. European Commission, Directorate-General for Mobility
and Transport. Available online: https:/ /www.google.com/url?sa=t&source=webé&rct=j&opi=89978449&url=https:/ /roderic.
uv.es/bitstreams/768e6816-36d6-48ea-b115-eb8677cdc53b /download&ved=2ahUKEwi71ljt-02KAxVAh_0HHWqZKQ8
QFnoECBgQAQ&usg=AO0vVawlm8qMhKFQIR6]-IylBwCrt (accessed on 15 September 2022).

ERSO, European Road Safety Observatory. Facts and Figures—Pedestrians 2020. 2021. Available online: https://road-safety.
transport.ec.europa.eu/system/files/2021-07 /facts_figures_pedestrians_final_20210323.pdf (accessed on 18 September 2022).
European Commission. Road Safety Thematic Report—Pedestrians; European Road Safety Observatory: Brussels, Belgium, 2021.
Available online: https:/ /road-safety.transport.ec.europa.eu/document/download/137ed1d7-e03e-444d-ba08-da1908fc450f_
en?filename=road_safety_thematic_report_pedestrians_tc_final.pdf (accessed on 18 September 2022).

Tefft, B.C. Impact Speed and a Pedestrian’s Risk of Severe Injury or Death. Accid. Anal. Prev. 2013, 50, 871-878. [CrossRef]
[PubMed]

Wnavik, P.O. Effects of road lighting: An analysis based on Dutch accident statistics 1987-2006. Accid. Anal. Prev. 2009, 41,
123-128. [CrossRef] [PubMed]

Paszkowski, J.; Hermann, M.; Richter, M.; Szarata, A. Modelling the effects of traffic-calming introduction to volume-delay
functions and traffic assignment. Energies 2021, 14, 3726. [CrossRef]

Ziolkowski, R.; Dziejma, Z. Investigations of the dynamic travel time information impact on drivers’ route choice in an urban
area—A case study based on the city of Bialystok. Energies 2021, 14, 1645. [CrossRef]

Solowczuk, A. Effect of traffic calming in a downtown district of Szczecin, Poland. Energies 2021, 14, 5838. [CrossRef]
Loprencipe, G.; Moretti, L.; Pantuso, A.; Banfi, E. Raised pedestrian crossing: Analysis of their characteristics on a road network
and geometric sizing proposal. Appl. Sci. 2019, 9, 2844. [CrossRef]

Gonzalo-Orden, H.; Rojo, M.; Pérez-Acebo, H.; Linares, A. Traffic calming measures and their effect on the variation of speed.
Transp. Res. Proc. 2016, 18, 349-356. [CrossRef]


https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://roderic.uv.es/bitstreams/768e6816-36d6-48ea-b115-eb8677cdc53b/download&ved=2ahUKEwi71Ijt-o2KAxVAh_0HHWqZKQ8QFnoECBgQAQ&usg=AOvVaw1m8qMhKFQ9R6J-IylBwCrt
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://roderic.uv.es/bitstreams/768e6816-36d6-48ea-b115-eb8677cdc53b/download&ved=2ahUKEwi71Ijt-o2KAxVAh_0HHWqZKQ8QFnoECBgQAQ&usg=AOvVaw1m8qMhKFQ9R6J-IylBwCrt
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://roderic.uv.es/bitstreams/768e6816-36d6-48ea-b115-eb8677cdc53b/download&ved=2ahUKEwi71Ijt-o2KAxVAh_0HHWqZKQ8QFnoECBgQAQ&usg=AOvVaw1m8qMhKFQ9R6J-IylBwCrt
https://road-safety.transport.ec.europa.eu/system/files/2021-07/facts_figures_pedestrians_final_20210323.pdf
https://road-safety.transport.ec.europa.eu/system/files/2021-07/facts_figures_pedestrians_final_20210323.pdf
https://road-safety.transport.ec.europa.eu/document/download/137ed1d7-e03e-444d-ba08-da1908fc450f_en?filename=road_safety_thematic_report_pedestrians_tc_final.pdf
https://road-safety.transport.ec.europa.eu/document/download/137ed1d7-e03e-444d-ba08-da1908fc450f_en?filename=road_safety_thematic_report_pedestrians_tc_final.pdf
https://doi.org/10.1016/j.aap.2012.07.022
https://www.ncbi.nlm.nih.gov/pubmed/22935347
https://doi.org/10.1016/j.aap.2008.10.003
https://www.ncbi.nlm.nih.gov/pubmed/19114146
https://doi.org/10.3390/en14133726
https://doi.org/10.3390/en14061645
https://doi.org/10.3390/en14185838
https://doi.org/10.3390/app9142844
https://doi.org/10.1016/j.trpro.2016.12.047

Land 2024, 13,2134 15 of 17

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kveladze, I.; Agerholm, N. Visual analysis of speed bumps using floating car dataset. J. Locat. Based Serv. 2018, 12, 119-139.
[CrossRef]

Pérez-Sansalvador, J.C.; Lakouari, N.; Garcia-Diaz, J.; Pomares Hernandez, S.E. The effect of speed humps in instantaneous traffic
emissions. Appl. Sci. 2020, 10, 1592. [CrossRef]

Vasquez-Sanchez, C.; Obregon-Biosca, S.A. Effect of Humps in Traffic Flow. In Proceedings of the Transportation Research Board
96th Annual Meeting, Washington, DC, USA, 8-12 January 2017.

Damsere-Derry, J.; Ebel, B.E.; Mock, C.N.; Afukaar, F; Donkor, P.; Kalowole, T.O. Evaluation of the effectiveness of traffic calming
measures on vehicle speeds and pedestrian injury severity in Ghana. Traffic Inj. Prev. 2019, 20, 336-342. [CrossRef]

Dewar, R.E.; Olson, P.L. Human Factors in Traffic Safety; Lawyers & Judges Publishing Company: Tucson, AZ, USA, 2007.

Emo, A.K,; Matthews, G.; Funke, G.J. The slow and the furious: Anger, stress and risky passing in simulated traffic congestion.
Transport. Res. F Traffic Psychol. Behav. 2016, 42, 1-14. [CrossRef]

Islam, M.; Mannering, F. A temporal analysis of driver-injury severities in crashes involving aggressive and non-aggressive
driving. Anal. Meth. Accident Res. 2020, 27,100128. [CrossRef]

Adavikottu, A.; Velaga, N.R. Analysis of factors influencing aggressive driver behavior and crash involvement. Traffic Inj. Prev.
2021, 22 (Suppl. S1), S21-526. [CrossRef] [PubMed]

Fogarty, ].N.; Vogel-Sprott, M. Cognitive processes and motor skills differ in sensitivity to alcohol impairment. J. Studies Alcohol.
2002, 63, 404—411. [CrossRef] [PubMed]

Harrison, E.L.R.; Fillmore, M.T. Alcohol and distraction interact to impair driving performance. Drug Alcohol Depend. 2011, 117,
31-37. [CrossRef]

De Carvalho, ] K.E; da Silva Pereira-Rufino, L.; Panfilio, C.E.; Silva, R.D.A.; Céspedes, I.C. Effect of chronic alcohol intake on
motor functions on the elderly. Neurosci. Lett. 2021, 745, 135630. [CrossRef]

Knipling, R.R.; Wang, J.S. Crashes and Fatalities Related to Driver Drowsiness/Fatigue; National Highway Traffic Safety Administration:
Washington, DC, USA, 2009.

European Commission (EC). Road Safety Statistics. 2018. Available online: https://transport.ec.europa.eu/system/files/2019-0
4/2019-04-04-2018-road-safety-statistics_memo.pdf (accessed on 18 September 2022).

Elvik, R. Meta-analysis of evaluations of public lighting as accident countermeasure. Transp. Res. Rec. 1995, 1485, 112-123.
Available online: http://onlinepubs.trb.org/Onlinepubs/trr/1995/1485/1485-015.pdf (accessed on 9 March 2023).

Jackett, M.; Frith, W. Quantifying the impact of road lighting on road safety—A New Zealand Study. IATSS Res. 2013, 36, 139-145.
[CrossRef]

Sullivan, J.M.; Flannagan, M.J. Determining the potential safety benefit of improved lighting in three pedestrian crash scenarios.
Accident Anal. Prev. 2007, 39, 638—647. [CrossRef]

THORN. Lightning for Pedestrian Crossings. Identification, Visibility, Safety. 2015. Available online: https:/ /www.thornlighting.
cz/PDB/resources/teaser/CS/TLG_IVS_LED.pdf (accessed on 9 March 2023).

U.S. Department of Transportation. NHTSA’s National Center for Statistics and Analysis. Traffic Safety Facts. Pedestrians, 2019.
Washington. Available online: https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication /812681 (accessed on 15 May 2023).
European Commission. Annual Statistical Report on Road Safety in the EU 2020; European Road Safety Observatory: Brussels,
Belgium, 2021.

Elvik, R.; Vaa, T. The Handbook of Road Safety Measures; Emerald Group Publishing Limited: Bingley, UK, 2004.

Beyer, ER.; Ker, K. Street lighting for preventing road traffic injuries. Cochrane Database Syst. Rev. 2009, 21, CD004728. [CrossRef]
Assum, T.; Bjernskau, T.; Fosser, S.; Sagberg, F. Risk compensation—The case of road lighting. Accid. Anal. Prev. 1999, 31, 545-553.
[CrossRef] [PubMed]

Bassani, M.; Mutani, G. Effects of environmental lighting conditions on operating speeds on urban arterials. Transp. Res. Rec.
2012, 2298, 78-87. [CrossRef]

Quaium, R.B.A. A Comparison of Vehicle Speed at Day and Night at Rural Horizontal Curves. Master’s Thesis, Virginia
Polytechnic Institute and State University, Blacksburg, VA, USA, 2010.

Ziotkowski, R. Drivers’ speed behaviour in the vicinity of additionally illuminated pedestrian crossings. Transp. Problems 2021, 16,
35-43. [CrossRef]

Jagerbrand, A.K,; Sjobergh, J. Effects of weather conditions, light conditions, and road lighting on vehicle speed. Springer Plus
2016, 5, 505. [CrossRef] [PubMed]

Uttley, J.; Fotios, S. The effect of ambient light condition on road traffic collisions involving pedestrians on pedestrian crossings.
Accid. Anal. Prev. 2017, 108, 189-200. [CrossRef]

Raynham, P.,; Unwin, J.; Khazova, M.; Tolia, S. The role of lighting in road traffic collisions. Light Res. Technol. 2019, 52, 485-494.
[CrossRef]

Stainbach, R.; Perkins, C.; Tompson, L.; Johnson, S.; Armstrong, B.; Green, ]J.; Grundy, C.; Wilkinson, P.; Edwards, P. The effect
of reduced street lighting on road casualties and crime in England and Wales: Controlled interrupted time series analysis. J.
Epidemiol. Community Health 2015, 69, 1118-1124. [CrossRef] [PubMed]


https://doi.org/10.1080/17489725.2018.1521010
https://doi.org/10.3390/app10051592
https://doi.org/10.1080/15389588.2019.1581925
https://doi.org/10.1016/j.trf.2016.05.002
https://doi.org/10.1016/j.amar.2020.100128
https://doi.org/10.1080/15389588.2021.1965590
https://www.ncbi.nlm.nih.gov/pubmed/34491872
https://doi.org/10.15288/jsa.2002.63.404
https://www.ncbi.nlm.nih.gov/pubmed/12160098
https://doi.org/10.1016/j.drugalcdep.2011.01.002
https://doi.org/10.1016/j.neulet.2021.135630
https://transport.ec.europa.eu/system/files/2019-04/2019-04-04-2018-road-safety-statistics_memo.pdf
https://transport.ec.europa.eu/system/files/2019-04/2019-04-04-2018-road-safety-statistics_memo.pdf
http://onlinepubs.trb.org/Onlinepubs/trr/1995/1485/1485-015.pdf
https://doi.org/10.1016/j.iatssr.2012.09.001
https://doi.org/10.1016/j.aap.2006.10.010
https://www.thornlighting.cz/PDB/resources/teaser/CS/TLG_IVS_LED.pdf
https://www.thornlighting.cz/PDB/resources/teaser/CS/TLG_IVS_LED.pdf
https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication/812681
https://doi.org/10.1002/14651858.CD004728.pub2
https://doi.org/10.1016/S0001-4575(99)00011-1
https://www.ncbi.nlm.nih.gov/pubmed/10440552
https://doi.org/10.3141/2298-09
https://doi.org/10.21307/tp-2021-058
https://doi.org/10.1186/s40064-016-2124-6
https://www.ncbi.nlm.nih.gov/pubmed/27186469
https://doi.org/10.1016/j.aap.2017.09.005
https://doi.org/10.1177/1477153519870857
https://doi.org/10.1136/jech-2015-206012
https://www.ncbi.nlm.nih.gov/pubmed/26219885

Land 2024, 13,2134 16 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

Bhagavathula, R.; Gibbons, R.B.; Edwards, C.J. Relationship between Roadway Illuminance Level and Nighttime Rural Intersec-
tion Safety. Transp. Res. Rec. |. Transp. Res. Board 2015, 2485, 8-15. [CrossRef]

Bullough, ].D.; Radetsky, L.C. Analysis of New Highway Lighting Technologies; Report No. 20-7/305; National Cooperative Highway
Research Program Transportation Research Board of The National Academies, Rensselaer Polytechnic Institute: Troy, NY,
USA, 2013.

Garder, PE. The impact of speed and other variables on pedestrian safety in Maine. Accid. Anal. Prev. 2004, 36, 533-542. [CrossRef]
Schroeder, B.J. A Behavior-Based Methodology for Evaluating Pedestrian-Vehicle Interaction at Crosswalks. Ph.D. Thesis,
Graduate Faculty, North Carolina State University, Raleigh, NC, USA, 2008.

Cui, Z.; Nambisan, S.S. Methodology for Evaluating the Safety of Midblock Pedestrian Crossings. Transp. Res. Rec. 2003, 1828,
75-82. [CrossRef]

Fayish, A.C.; Gross, F. Safety Effectiveness of Leading Pedestrian Intervals Evaluated by a Before-After Study with Comparison
Groups. Transp. Res. Rec. 2010, 2198, 15-22. [CrossRef]

Naznin, E; Currie, G.; Logan, D.; Sarvi, M. Safety impacts of platform tram stops on pedestrians in mixed traffic operation: A
comparison group before-after crash study. Accid. Anal. Prev. 2016, 86, 1-8. [CrossRef]

Hatfield, J.; Fernandes, R.; Job, R.E.S.; Smith, K. Misunderstanding of right-of-way rules at various pedestrian crossing types:
Observational study and survey. Accid. Anal. Prev. 2007, 39, 833-842. [CrossRef] [PubMed]

O’Hern, S.; Stephens, A.N.; Estgfaeller, N.; Moore, V.; Koppel, S. Self-reported pedestrian behaviour in Australia. Transp. Res. Part
F Traffic Psychol. Behav. 2020, 75, 134-144. [CrossRef]

Gitelman, V.; Balasha, D.; Carmel, R.; Hendel, L.; Pesahov, F. Characterization of pedestrian accidents and an examination of
infrastructure measures to improve pedestrian safety in Israel. Accid. Anal. Prev. 2012, 44, 63-73. [CrossRef]

Hummel, T. Dutch Pedestrian Safety Research Review; SWOV Institute for Road Safety Research: Leidschendam, The Netherlands,
1999; p. 38.

Police Headquarters. Traffic Department. Road Accidents in Poland. 2019. Available online: http://statystyka.policja.pl/st/ruch-
drogowy /76562, Wypadki-drogowe-raporty-roczne.html (accessed on 9 March 2023).

Olszewski, P.; Szagata, P.; Wolaniski, M.; Zielifiska, A. Pedestrian fatality risk in accidents at unsignalized zebra crosswalks in
Poland. Accid. Anal. Prev. 2015, 84, 83-91. [CrossRef] [PubMed]

Jamroz, K,; et al. Ochrona Pieszych—Podrecznik dla Organizatoréw Ruchu Pieszego (In Polish). National Road Safety Council
(In Polish). 2014. Available online: https://www.krbrd.gov.pl (accessed on 15 January 2023).

Jamroz, K.; Budzynski, M.; Jelifiski, L.; Gobis, A.; Guminska, L.; Zarembski, J.; Oskarbska, I.; Bytner, D.; Gaca, S.; Kie¢, M.
Metodologia Systematycznych Badani Zachowan Pieszych i Relacji Pieszy-Kierowca Wraz z Przeprowadzeniem Badan Pi-
lotazowych. Etap L. (In Polish). 2015. Available online: https://www.krbrd.gov.pl/wp-content/uploads/2020/12 /Metodologia-
systematycznych-badan-zachowan-pieszych-i-relacji-pieszy-kierowca.pdf (accessed on 15 January 2023).

Szagala, P.; Buttler, I.; Czajewski, W.; Olszewski, P. Safety Assessment of Pedestrian Crossings with Video Analysis. Transp. Res.
Procedia 2016, 14, 2044-2053. [CrossRef]

Tomczuk, P; Chrzanowicz, M.; Mackun, T. Methodology for assessing the lighting of pedestrian crossings based on light intensity
parameters. MATEC Web Conf. 2017, 122, 01008. [CrossRef]

Tomczuk, P; Jamroz, K.; Mackun, T.; Chrzanowicz, M. Lighting requirements for pedestrian crossings—Positive contrast. MATEC
Web Conf. 2019, 262, 05015. [CrossRef]

Budzynski, M.; Gobis, A.; Guminska, L.; Jelinski, L.; Kiec, M.; Tomczuk, P. Assessment of the Influence of Road Infrastructure
Parameters on the Behaviour of Drivers and Pedestrians in Pedestrian Crossing Areas. Energies 2021, 14, 3559. [CrossRef]
Budzynki, M.; Guminska, L.; Jamroz, K.; Mackun, T.; Tomczuk, P. Effects of Road Infrastructure on Pedestrian Safety. IOP Conf.
Ser. Mater. Sci. Eng. 2019, 603, 042052. [CrossRef]

Zalesinska, M.; Wandachowicz, K. On the Quality of Street Lighting in Pedestrian Crossings. Energies 2021, 14, 7349. [CrossRef]
Szagala, P.; Brzezinski, A.; Kiec, M.; Budzynski, M.; Wachnicka, J.; Pazdan, S. Pedestrian Safety at Midblock Crossings on Dual
Carriageway Roads in Polish Cities. Sustainability 2022, 14, 5703. [CrossRef]

Guidelines of the Organization of Safe Pedestrian Traffic. In Guidelines for Correct Lighting Pedestrian Crossing; Ministry of
Infrastructure, Secretariat of the National Road Safety Council: Warsaw, Poland, 2018.

Ziotkowski, R. Investigations of driver’s speed at unsignalised pedestrian crossings. MATEC Web Conf. 2019, 262, 05018.
[CrossRef]

Pérez-Acebo, H.; Ziolkowski, R.; Linares-Unamunzaga, A.; Gonzalo-Orden, H. A series of vertical deflections, a promising
calming measure: Analysis and Recommendations for Spacing. Appl. Sci. 2020, 10, 3368. [CrossRef]

Ziotkowski, R. Influence of traffic calming measures on drivers’ behaviour. In Proceedings of the 9th International Conference:
Environmental Engineering, Vilnius, Lithuania, 22-24 May 2014; Selected papers. Vilnius Gediminas Technical University Press
Technika: Vilnius, Lithuania, 2014; Volume 4, ISBN 978-609-457-640-9. [CrossRef]

Pérez-Acebo, H.; Zidtkowski, R.; Gonzalo-Orden, H. Evaluation of the Radar Speed Cameras and Panels Indicating the Vehicles’
Speed as Traffic Calming Measures (TCM) in Short Length Urban Areas Located along Rural Roads. Energies 2021, 14, 8146.
[CrossRef]


https://doi.org/10.3141/2485-02
https://doi.org/10.1016/S0001-4575(03)00059-9
https://doi.org/10.3141/1828-09
https://doi.org/10.3141/2198-03
https://doi.org/10.1016/j.aap.2015.10.007
https://doi.org/10.1016/j.aap.2006.12.005
https://www.ncbi.nlm.nih.gov/pubmed/17258163
https://doi.org/10.1016/j.trf.2020.10.002
https://doi.org/10.1016/j.aap.2010.11.017
http://statystyka.policja.pl/st/ruch-drogowy/76562,Wypadki-drogowe-raporty-roczne.html
http://statystyka.policja.pl/st/ruch-drogowy/76562,Wypadki-drogowe-raporty-roczne.html
https://doi.org/10.1016/j.aap.2015.08.008
https://www.ncbi.nlm.nih.gov/pubmed/26322732
https://www.krbrd.gov.pl
https://www.krbrd.gov.pl/wp-content/uploads/2020/12/Metodologia-systematycznych-badan-zachowan-pieszych-i-relacji-pieszy-kierowca.pdf
https://www.krbrd.gov.pl/wp-content/uploads/2020/12/Metodologia-systematycznych-badan-zachowan-pieszych-i-relacji-pieszy-kierowca.pdf
https://doi.org/10.1016/j.trpro.2016.05.172
https://doi.org/10.1051/matecconf/201712201008
https://doi.org/10.1051/matecconf/201926205015
https://doi.org/10.3390/en14123559
https://doi.org/10.1088/1757-899X/603/4/042052
https://doi.org/10.3390/en14217349
https://doi.org/10.3390/su14095703
https://doi.org/10.1051/matecconf/201926205018
https://doi.org/10.3390/app10103368
https://doi.org/10.3846/enviro.2014.180
https://doi.org/10.3390/en14238146

Land 2024, 13,2134 17 of 17

67. Salas, M.A.; Pérez-Acebo, H.; Ziolkowski, R.; Gonzalo-Orden, H. Are panels indicating vehicles” speed an efficient traffic calming
measure in short urban areas, when they are placed alone? Transp. Res. Procedia 2023, 71, 371-378. [CrossRef]

68. Pérez-Acebo, H.; Otxoa-Mufoz, X.; Marquina-Llaguno, M.; Gonzalo-Orden, H. Evaluation of the efficiency of traffic lights turning
red in case of exceeding speed limit with previous panels indicating the speed. Transp. Res. Procedia 2021, 58, 45-52. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.trpro.2023.11.097
https://doi.org/10.1016/j.trpro.2021.11.007

	Introduction 
	Research Site and Methodology 
	Results and Discussion 
	Conclusions 
	References

