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Abstract: Globally, road traffic collisions cause over a million deaths annually, with pedestrians
accounting for 23%. In developing countries, most pedestrian deaths occur on urban arterial roads,
particularly at midblock crossings. This study analyzes the factors influencing driver yielding
behavior at midblock crosswalks on urban arterial roads in Thailand. This study analyzed the factors
influencing driver yielding behavior at the midblock crosswalk before and after the upgrade from a
zebra crossing (C1) to a smart pedestrian crossing (C2), which is a smart traffic signal detecting and
controlling pedestrians and vehicles entering the crosswalk. Video-based observations were used
to assess driver yielding behavior, with multinomial logistic regression applied to develop driver
yielding behavior models. The results revealed that the chances of a driver yielding at C2 were higher
than at C1, and the yielding rate increased by 74%. The models indicate that the number and width
of traffic lanes, width and length of crosswalks, vulnerable group, number of pedestrians, pedestrian
crossing time, number of vehicles, vehicle speed, headway, post-encroachment time between a
vehicle and pedestrian, and roadside parking are the significant factors influencing yielding behavior.
These findings propose measures to set proper crosswalk improvements (e.g., curb extensions),
speed reduction measures, enforcement (e.g., parking restrictions), public awareness campaigns, and
education initiatives.

Keywords: driver yielding behavior; midblock crosswalk; pedestrian safety; multinomial logistic
regression

1. Introduction

Globally, pedestrian-involved traffic crashes present a significant road safety issue,
particularly in developing countries [1,2]. With a dramatic increase in urban traffic flow,
the primary threat to pedestrians occurs from conflicts between pedestrians and vehicles at
crosswalks. These conflicts become more likely and difficult to avoid when vehicle drivers
fail to yield to pedestrians, particularly in midblock crosswalks [3]. In road traffic collisions,
pedestrians are more vulnerable to harm than vehicles, as even a low-speed impact can
result in serious injuries or fatalities [3,4]. The recent report on the global status of road
safety [4] highlighted a staggering figure of approximately 1.19 million road traffic deaths
in 2021, corresponding to a rate of 15 deaths per 100,000 population. Notably, pedestrians
accounted for 23% of these fatalities, with over 90% of pedestrian deaths occurring in
low-income and middle-income countries [4].

In Thailand, road traffic crashes have a high human toll. In 2021 alone, 16,957 people
died as a result of road traffic crashes [4]. According to the statistics, the pedestrian
casualty rate accounts for 2.5 deaths per 100,000 individuals across the country. This figure
represents approximately 8% of all road crash casualties [4]. In addition, the number of
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pedestrian fatalities, especially on national highways, has increased dramatically from 2018
to 2022, with an alarming increase of 6.3% per year [5], resulting in an approximate toll of
350 pedestrian deaths per year [6]. This high casualty rate among pedestrians underscores
the vulnerability of this road user group. It is tragedy that almost all losses occur when
pedestrians cross the road. These losses include the case of a female medical doctor who
was killed while crossing a midblock crosswalk on an urban arterial road in 2022 [7]. From
the crash records [5,6], the top two contributing factors to vehicle-pedestrian collisions are
vehicles exceeding the speed limit (accounting for 70% of cases), followed by drivers not
complying with the crosswalk rules (e.g., yielding to pedestrians).

Following the Sustainable Development Goals (SDGs), particularly Goal 3: good
health and well-being, and Target 3.6: to halve the number of global deaths and injuries
from road traffic crashes by 2030 [8], Thailand aims toward zero road deaths [9], empha-
sizing the urgent need for pedestrian safety measures and encouraging drivers to yield to
pedestrians. These measures are expected to decrease the number of pedestrian crashes,
injuries, and fatalities. A focused intervention to reduce pedestrian incidents presents an
avenue through which it can positively influence both public health and the overarching
pursuit of sustainable development.

Among the array of driver-oriented engineering countermeasures, the following
can be listed: pedestrian-activated flashing beacons designed to warn and guide drivers,
high-visibility markings, optical speed bars (OSB), zig–zag lines, red-painted areas, curb
extensions, and raised pedestrian crosswalks. Additionally, applying various pedestrian
signals is crucial to enhancing pedestrian safety. A recent addition to the aforementioned
countermeasures is the implementation of smart pedestrian crossings, which can detect
both the traffic flow of vehicles entering the crosswalk and the movement of pedestrians
crossing [10,11]. The effectiveness of these countermeasures have demonstrated a positive
effect on reducing traffic speed and pedestrian crashes [12] and encouraging driver yielding
behavior [12–15].

The driver yielding behavior varies depending on the implemented countermea-
sures [12,15–17]. It is notably influenced by diverse factors such as the driver’s character-
istics, attitude towards yielding, and behavior-related factors [15–17]. Extensive research
has indicated the significance of driver non-yielding to pedestrians as a primary factor
contributing to pedestrian crashes [12,15–17]. In pedestrian crashes, more than 95% result
from traffic violations [15], and 19% of drivers disagree with yielding to pedestrians [12,15].
Unfortunately, drivers often fail to recognize pedestrian safety, and not complying with
crosswalk rules by yielding to pedestrians is one of the most dangerous driving behaviors
and a significant safety problem [12,14]. This risky behavior significantly undermines the
effectiveness of safety countermeasures at such locations. Therefore, an essential strat-
egy for achieving a safe pedestrian system is to encourage driver-yielding behavior and
minimize instances of drivers not complying with the crosswalk rules.

The Department of Highways has recently introduced a smart crosswalk system in
Thailand, particularly on urban arterial roads [10]. The previous research [12–15,18,19]
has primarily focused on evaluating the effectiveness, in terms of safety, of midblock
crosswalk improvements upgrading from a typical zebra crossing (C1) to a smart pedestrian
crossing (C2) in which a smart traffic signal is installed to detect and control the traffic of
pedestrian crossings and vehicles approaching the crosswalk. These studies have revealed
various positive safety impacts, in which the C2 led to a notable reduction in vehicle
speed owing to better visibility of the crosswalk and a significant increase in the rate of
drivers yielding to pedestrians [18,19]. The variation in the percentage of drivers yielding
to pedestrians between C1 and C2 highlights the necessity for a comprehensive exploration
into the factors influencing driver yielding behavior toward pedestrians, which has not
been investigated thoroughly and is, therefore, the primary focus of the current study.
Bridging this knowledge gap is crucial for addressing persistent challenges in pedestrian
safety and providing insights into the factors influencing driver behavior. Additionally,
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aspects related to vehicle headway and post-encroachment time (PET) between vehicles
and pedestrians have not been previously discussed in driver yielding behavior.

Regarding the driver yielding behavior models, most studies applied a binary logistic
framework [20,21], which allows yield or non-yield behavior. However, in Thailand, driver
behavior encompasses yielding, soft yielding, and non-yielding, with a predominance
of non-yield and soft yield behaviors and minimal instances of yield, especially at zebra
crossings. The current study applies multinomial logistic regression (MLR), which takes
these three types of yielding patterns to formulate driver yielding behavior models.

This study, therefore, aims to fill the existing research gaps by undertaking a compre-
hensive analysis of the factors influencing driver yielding behavior at midblock crosswalks
on urban arterial road in Thailand. The underlying research hypothesis is that a smart
pedestrian crossing impacts driver yielding behavior more than a zebra crossing. This
hypothesis incorporates the influence of physical roadway characteristics on the driver
yielding behavior. The contributions of this study can lead to an understanding of the
factors that influence driver yielding behavior in the safety of midblock crosswalks, and
can help propose guidelines for tailoring effective countermeasures to improve pedes-
trian safety and encourage driver yielding behavior in mixed traffic conditions between
pedestrians and vehicles, particularly in developing countries like Thailand.

The rest of this paper is structured as follows: following this introduction, Section 2
reviews previous research on the factors influencing yielding behavior. Section 3 presents
the research methodology used in this study, and Section 4 presents a comprehensive
discussion of the key findings based on this study. Finally, Section 5 summarizes the
significant contributions and suggests future research directions.

2. Literature Review

This section reviews the literature on driver yielding behavior and the factors influ-
encing driver yielding behavior at the midblock crosswalk. The details are explained in the
next subsections.

2.1. Driver Yielding Behavior

Driver yielding behavior is inconsistently defined both conceptually and operationally.
Much safety research has focused on treatments to improve vehicle yielding rates (using
varying definitions of yielding). Some studies strictly use yielding to mean that road
users follow traffic laws [20]. Alternatively, yielding is based on the road the user passes
first [21], sometimes accounting for the feasibility of a vehicle stopping based on speed and
distance [22]. Vehicle slowing or stopping has also been used to define yielding [23].

A pedestrian–driver interaction event is a pedestrian entering the crosswalk area
while a driver is approaching the crosswalk. The driver knows that an event sequence
will occur at the crosswalk from the onset of a pedestrian–driver interaction event. The
pedestrian intends to cross the road (waiting on the sidewalk and looking for a gap in
traffic to cross). The driver must discern the pedestrian’s intention and respond accordingly
(decide whether to slow down or continue through the crosswalk) [20]. Accordingly, the
driver behaviors can be grouped into two main behavior classes: non-yield and yield.

Not yielding to pedestrians (non-yield: NY): The driver decides not to yield to the
pedestrian when the driver goes through the crosswalk area or conflict zone without
yielding to the pedestrian, and keeping the speed unchanged [20–23].

Yielding to pedestrians (yield: Y): The driver yields to a pedestrian by adjusting the
speed, decelerating at a crosswalk area to accommodate the pedestrian, and waiting until
the pedestrian has cleared the lanes on the driver’s side of the street [20–23].

Another specification can be made when a driver yields to the pedestrian by softly
slowing down (soft yield: SY). In this event, the driver slows down to a minimum speed
higher than 10 km/h to allow the pedestrian to pass [20]. On the other hand, hard slowing
down (Hard Yield: HY) represents an event when a driver slows down to a minimum
speed lower than 10 km/h to allow the pedestrian to pass [20].
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2.2. Contributing Factors to Driver Yielding Behaviors

The act of yielding, a behavioral factor inherent in the interactions among road users,
is consistently recognized as a pivotal component of pedestrian safety and comfort [24,25].
In recent years, there has been a notable surge in studies focusing on the driver yielding
behavior at midblock crosswalks under mixed traffic conditions, consisting of a mix of
pedestrians, cyclists, motorcycles, and other vehicles sharing the same roadway.

Table 1 summarizes a comprehensive review of the factors significantly influencing
driver yielding behavior and the methods used to identify them. These factors can be
systematically categorized into four components: (1) roadway factors, (2) pedestrian factors,
(3) traffic factors, and (4) environmental factors. The details are discussed in the next
subsections.

2.2.1. Roadway Factors

Regarding roadway factors, research has illuminated key insights into driver yield-
ing behavior on urban roads, revealing lower yielding on local roadways [40]. Notably,
locations where pedestrian-involved crashes are the most prevalent pose a heightened
risk, particularly in urban areas where 69% of pedestrian fatalities occur [41]. The width
of the roadway and number of traffic lanes have emerged as critical factors influencing
driver–pedestrian interactions [42,43]. The simultaneous circulation of vehicles in multiple
lanes can obscure areas of driver visibility, impeding their ability to detect pedestrians [26].
Furthermore, the increased sense of safety and comfort experienced by drivers on such
roads often leads to higher driving speeds [44].

In road user safety, the absence of crosswalks is a significant risk factor, with roads
lacking designated crosswalks being 1.5–2.0 times more likely to collide with pedestrians
than roads equipped with crosswalks [44,45]. However, the placement of crosswalks is
essential, and careful consideration ensures their installation at locations where pedes-
trians and drivers are more likely to adhere to crosswalks [45]. Drivers approaching a
crosswalk area with pedestrian refuge islands exhibited a 1.63 times greater likelihood
of yielding than those approaching a crosswalk area without refuge islands [27]. These
findings underscore the multifaceted impact of roadway characteristics on driver yielding
behavior and highlight the importance on thoughtful infrastructure design in promoting
pedestrian safety.

Numerous studies have focused on the driver yielding behavior associated with
specific design elements in examining various crosswalks. The effectiveness of different
crosswalks is contingent upon the complex interplay between pedestrian and driver behav-
iors [26,28–31]. Studies on zebra crossings indicate that drivers are more inclined to yield to
pedestrians within marked areas than unmarked sections (odds ratio: OR = 7.15) [31]. How-
ever, the overall willingness of drivers to yield at zebra crossings remains relatively low,
ranging from 4% to 40% [30,31]. Additionally, driver yielding behavior at zebra crossings
can occasionally lead to traffic disruptions, delays, and the risk of injury or fatality [32,33].
Enhancing pedestrian safety through the incorporation of design elements such as stripes,
colored/textured surfaces, optical lane narrowing, and ramps has demonstrated substantial
efficacy. Introducing these elements increases the likelihood of the first vehicle and any
subsequent vehicles coming to a stop, resulting in a significant surge in yielding rates from
20% to an impressive 97% [30]. Similarly, the presence of a raised crosswalk and overhead
flashing beacons led to a noteworthy 50% increase in the rate of yielding [43]. It significantly
elevated the rate of driver yielding (OR = 20.76) [31]. Also, installing a crosswalk with a
traffic signal boasted the highest driver yielding rate, averaging an impressive 98%. The
driver yielding rate for a rectangular rapid-flashing beacon (RRFB) stood at 86%, whereas a
pedestrian hybrid beacon (PHB) achieved a rate of 89% [26].
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Table 1. Summary of literature reviews on the factors influencing driver yielding behavior.

Authors

Methods

N
um

be
r

of
M

id
bl

oc
k

C
ro

ss
w

al
ks

Factors

Roadway Pedestrian Traffic Environmental

Li
ne

ar
R

eg
re

ss
io

n

B
in

ar
y

Lo
gi

st
ic

Lo
gi

st
ic

R
eg

re
ss

io
n

M
ul

ti
no

m
ia

lL
og

is
ti

c
R

eg
re

ss
io

n

M
od

el
in

g
th

e
V

eh
ic

le
-P

ed
es

tr
ia

n
In

te
ra

ct
io

ns
(v

pi
)

Ty
pe

of
C

ro
ss

w
al

k

N
um

be
r

of
Tr

af
fic

La
ne

s

W
id

th
of

a
Tr

af
fic

La
ne

W
id

th
an

d
Le

ng
th

of
C

ro
ss

w
al

k

Pr
es

en
ce

of
Pe

de
st

ri
an

R
ef

ug
e

Is
la

nd

G
en

de
r

A
ge

N
um

be
r

of
Pe

de
st

ri
an

C
ro

ss
in

gs

Po
si

ti
on

of
Pe

de
st

ri
an

W
ai

ti
ng

A
re

a

Pe
de

st
ri

an
W

ai
ti

ng
Ti

m
e

Pe
de

st
ri

an
C

ro
ss

in
g

Ti
m

e

Pe
de

st
ri

an
C

ro
ss

in
g

Sp
ee

d

Pe
de

st
ri

an
B

eh
av

io
r

W
hi

le
C

ro
ss

in
g

Ty
pe

of
V

eh
ic

le
s

Sp
ee

d
of

V
eh

ic
le

s

Tr
af

fic
V

ol
um

e

Tr
af

fic
D

en
si

ty

St
op

pi
ng

D
is

ta
nc

e

C
yc

le
Ti

m
e

of
Tr

af
fic

Si
gn

al

V
eh

ic
le

H
ea

dw
ay

Po
st

-E
nc

ro
ac

hm
en

tT
im

e
(P

et
)

Pr
es

en
ce

of
R

oa
ds

id
e

Pa
rk

in
g

Pr
es

en
ce

of
B

us
St

op
s

C
ro

ss
w

al
k

En
vi

ro
nm

en
t

Li
gh

ti
ng

C
on

di
ti

on

La
nd

U
se

Ti
m

e
of

D
ay

D
ay

of
W

ee
k

Fitzpatrick et al. [26] - -
√

- - 7 * * - * * - - - - - - - - - - - - - - - - - - * - - - -

Porter et al. [27] - -
√

- - 2 - * - * * * * * * - - - - * - * - - - - - - - - - - - -

Zheng et al. [28] - - - -
√

19 * - - * - - - * * - - * - - - * - - - - - - * * - - - -

Govindaa et al. [29]
√

- - - - 2 * - - * - * * * - - - * - - - * - - - - - - - - - * - -

Anciaes et al. [30] - -
√

- - 20 * - - - * * * * - - * - - * * * - - - - - - - - - - * *

Torres et al. [31] - -
√

- - 4 * - - - - * * * - - * - * - * - - - - - - - - - - - -

Kadali and Vedagir [32] -
√

- - - 8 - * - - * - - - - * - - * * - - - - - - - - - - - - - -

Olszewski et al. [33] - -
√

- - 1 - - * - - * * - - - - - - - * - - - - - - - - - * - * -

Bendak et al. [34] - -
√

- - 5 - * - - - * * * - * - * * - - - - - * - - - - - - - * *

Tezcan et al. [35] - - -
√

- 4 - * - - - * * - * - - - - - - * - - - - - * - - - - - -

Sucha et al. [36] - -
√

- - 4 - - - * - - - * - - - - * - * * * - - - - - - - - - - -



Sustainability 2024, 16, 4118 6 of 25

Table 1. Cont.

Authors

Methods

N
um

be
r

of
M

id
bl

oc
k

C
ro

ss
w

al
ks

Factors

Roadway Pedestrian Traffic Environmental

Li
ne

ar
R

eg
re

ss
io

n

B
in

ar
y

Lo
gi

st
ic

Lo
gi

st
ic

R
eg

re
ss

io
n

M
ul

ti
no

m
ia

lL
og

is
ti

c
R

eg
re

ss
io

n

M
od

el
in

g
th

e
V

eh
ic

le
-P

ed
es

tr
ia

n
In

te
ra

ct
io

ns
(v

pi
)

Ty
pe

of
C

ro
ss

w
al

k

N
um

be
r

of
Tr

af
fic

La
ne

s

W
id

th
of

a
Tr

af
fic

La
ne

W
id

th
an

d
Le

ng
th

of
C

ro
ss

w
al

k

Pr
es

en
ce

of
Pe

de
st

ri
an

R
ef

ug
e

Is
la

nd

G
en

de
r

A
ge

N
um

be
r

of
Pe

de
st

ri
an

C
ro

ss
in

gs

Po
si

ti
on

of
Pe

de
st

ri
an

W
ai

ti
ng

A
re

a

Pe
de

st
ri

an
W

ai
ti

ng
Ti

m
e

Pe
de

st
ri

an
C

ro
ss

in
g

Ti
m

e

Pe
de

st
ri

an
C

ro
ss

in
g

Sp
ee

d

Pe
de

st
ri

an
B

eh
av

io
r

W
hi

le
C

ro
ss

in
g

Ty
pe

of
V

eh
ic

le
s

Sp
ee

d
of

V
eh

ic
le

s

Tr
af

fic
V

ol
um

e

Tr
af

fic
D

en
si

ty

St
op

pi
ng

D
is

ta
nc

e

C
yc

le
Ti

m
e

of
Tr

af
fic

Si
gn

al

V
eh

ic
le

H
ea

dw
ay

Po
st

-E
nc

ro
ac

hm
en

tT
im

e
(P

et
)

Pr
es

en
ce

of
R

oa
ds

id
e

Pa
rk

in
g

Pr
es

en
ce

of
B

us
St

op
s

C
ro

ss
w

al
k

En
vi

ro
nm

en
t

Li
gh

ti
ng

C
on

di
ti

on

La
nd

U
se

Ti
m

e
of

D
ay

D
ay

of
W

ee
k

Figliozzi and
Tipagornwong [37] -

√
- - - 1 - - - - - - - * * - - * - * * * - * - - - - - - - - - -

Bella and Ferrante [38] - -
√

- - 2 * - - * - - - - * - - - - - * - - - - - - - - - - - - -

Avinasha et al. [39] -
√

- - 4 - * - - - - * - - - - * * * * * - - - - - - - - - * - -

This study - - -
√

- 4
√ √ √ √ √ √

-
√ √ √ √

- -
√ √

- - - -
√ √ √

- - - - - -

Note:
√

was considered in the study, - was not considered in the study, and * was a significant factor.



Sustainability 2024, 16, 4118 7 of 25

2.2.2. Pedestrian Factors

Numerous studies have contributed to a more comprehensive understanding of pedes-
trian characteristics and their crossing behavior, which is a significant factor influencing
yielding behavior. Gender differentials have emerged, indicating that male pedestrians
exhibit a higher likelihood of unlawful crossing than their female counterparts [34,46].
Pedestrian fatalities constitute a higher proportion of all road crash fatalities among fe-
males than males [46]. Statistics reveal that females are primarily victims of pedestrians
and car passengers. In addition, females have a 47% higher risk of serious injury in car
crashes than males and are five times more likely to suffer from whiplash injuries [34,47].
This information demonstrates the vulnerability of females compared to males.

In contrast, mature pedestrians possess the highest proportion of illegal crossing
behavior within age groups compared to young and elderly individuals [35,47]. It is
noteworthy that drivers exhibit a higher likelihood of yielding to older pedestrians than
younger ones [48]. Additionally, the number of pedestrian crossings is a factor that increases
drivers’ willingness to yield [30]. Specifically, when a group of pedestrians, comprising
more than three individuals, is poised to cross the curb, drivers tend to yield in 46% of the
cases [36]. Considering the size of pedestrian crossing groups, drivers are more inclined to
yield when more than one person aims to cross (OR = 1.92) [31]. Furthermore, a significant
majority of drivers (77.1%) exhibited proximity to the crosswalk area when pedestrians
were either waiting at the curb, stopping to stay, or entering the street, resulting in drivers
yielding to pedestrians [27]. Drivers are 1.83 times more likely to yield when pedestrians
are still on the crosswalk compared to instances where pedestrians have already entered
the sidewalk [27].

2.2.3. Traffic Factors

Various studies have underscored the significant influence of traffic characteristics
on yielding behavior, where factors such as vehicle speed, vehicle type, and number of
vehicles approaching a crosswalk have emerged as crucial predictors of compliance with
pedestrian crosswalk laws and yielding behavior [37]. Recognizing that speed consti-
tutes a primary contributor to road fatalities [49] and pedestrian crashes [50–55], it is
well-established that pedestrian safety at crosswalks is positively correlated with lower
vehicle speeds [37,38,49–55]. Drivers traveling at higher speeds may need help detecting
pedestrians and diminishing their capacity to yield effectively [38]. A notable observation
is that only 17% of drivers yielded to pedestrians, even as approximately half of them
reduced their speed [36]. The likelihood of conflict escalates with higher vehicle speeds and
heavy traffic, with a substantial proportion of drivers (36%) failing to yield to pedestrians
under these conditions [36,39].

Conversely, relatively lighter traffic conditions empower drivers to be more confident
in yielding to pedestrians, resulting in an approximately 2.5 times increase in the likelihood
of yielding. This increased confidence is primarily attributed to the lower probability of rear-
end collisions in such scenarios [31]. Regarding vehicle type, motorcycles demonstrated a
lower propensity to yield pedestrians than passenger cars (OR = 0.63) [31]. Notably, drivers
of passenger cars revealed a 1.82 times higher likelihood of yielding than drivers of other
vehicle types, including trucks, vans, and SUVs [27].

2.2.4. Environmental Factors

Environmental and various contextual factors have been identified as influencing
yielding behavior, encompassing elements such as roadside parking, bus stops, crosswalk
distance, crosswalks with a history of vehicle-pedestrian crashes, land use, and time of
day [28–30,33,34,39]. The impact of land use on yielding behavior is particularly noteworthy,
with drivers demonstrating a heightened willingness to yield at crosswalks near bus
stops [29,39,41]. However, bus stops and roadside parking spaces may decrease yielding
behavior due to potentially obstructing the view of pedestrians and drivers [29,39].
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In summary, the previous research [26–39,42–55] primarily delves into the intricate
details of factors influencing driver yielding behavior. However, the aspects of vehicle
headway and the post-encroachment time (PET) between vehicles and pedestrians have
not been investigated. Regarding the methods for identifying the significant factors, the
previous studies relied on linear and binary logistic regressions. These techniques allow for
predicting the likelihood of a driver yielding or non-yielding. However, in Thailand, driver
behavior encompasses yielding, soft yielding, and non-yielding, with a predominance
of non-yield and soft yield behaviors and minimal instances of yield, especially at zebra
crossings. This study investigates this issue comprehensively by applying multinomial
logistic regression to formulate driver yielding behavior models. The model results would
help to understand more insightful information and could help design tailored countermea-
sures to improve pedestrian safety in mixed traffic conditions. The details of the research
methodology are presented in the next section.

3. Research Methodology

This study analyzed the factors influencing driver yielding behavior at crosswalks
before and after improvements from a zebra crossing to a smart pedestrian crossing. This
section presents detailed information on the research methodology.

3.1. Scope of This Study
3.1.1. Study Areas

This study was conducted at four midblock crosswalks on arterial urban streets in
three provinces across Thailand. As shown in Figure 1, the four crosswalks were upgraded
from a typical zebra crossing (C1) to a smart pedestrian crossing (C2), following the
guidelines on pedestrian crossing warrants [9,10].

In general, the study sites were crossings with a pedestrian volume of over 135 persons
per hour, average daily traffic (ADT) exceeding 12,000, and a posted speed limit greater
than 30 km/h on multi-lane roadways. Table 2 presents the details of the study areas with
observed pedestrian volume and traffic volume of motorcycles and passenger cars obtained
in both directions. For various traffic conditions, the traffic data were collected during
morning peak hours (7:00 a.m.–9:00 a.m.) and afternoon peak hours (4:00 p.m.–6:00 p.m.)
on weekdays and weekends under fair weather conditions. It was observed from all
sites that passenger cars comprise the majority (58%), followed by motorcycles (34%),
and other vehicles (8%), respectively. Thus, this study focused only on passenger cars
and motorcycles.

Table 2. The details of four study sites with traffic volume and pedestrian crossings.

Study Site Number
of Traffic Lanes

Width of
the Traffic

Lanes
(m/Lane)

Width of the
Crossing

Area
(m)

Presence of
Pedestrian

Refuge Island
(m)

Average Traffic
Volume

(Vehicles per
Hour)

Pedestrian
Crossings

(Persons per
Hour)

C1 C2 C1 C2

1. Hwy No. 306
Km. 4 + 970

4
(2 lanes per direction) 3.5 4.0 No 4638 3985 197 218

2. Hwy No. 3242
Km. 11 + 625

4
(2 lanes per direction) 3.0 5.5 Yes (1.3 m) 6124 4802 210 225

3. Hwy No. 3242
Km. 18 + 110

6
(3 lanes per direction) 3.5 3.0 Yes (1.8 m) 4228 5874 145 156

4. Hwy No. 407
Km. 24 + 700

4
(2 lanes per direction) 3.5 6.0 Yes (3.3 m) 4552 3863 190 184
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Figure 1. The study areas. (a) Typical zebra crossing (C1), (b) Smart pedestrian crossing (C2).

3.1.2. Types of Crosswalks

This study selected two types of crosswalks for the analysis: a typical zebra crossing
(C1) and a smart pedestrian crossing (C2). The first type, the zebra crossing (Figure 1a),
is characterized by longitudinal stripes on the road, alternating black and white stripes,
and white stop lines across the street. In contrast, a smart pedestrian crossing (Figure 1b) is
installed with more detailed markings and traffic signals. This layout includes additional
elements, such as OSB, zig–zag lines, a red-painted area, and flashing warning lights. More-
over, a smart pedestrian crossing system is implemented. The system detects pedestrian
and vehicle traffic flows. It uses these data to determine the optimal signal timing, allowing
pedestrians not to wait too long to cross safely and corresponding to vehicle traffic entering
the crosswalk.
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3.2. Data Collection
3.2.1. Driver Yielding Behavior

Field observations were conducted using video recordings to investigate pedestrian
and vehicle interactions at the crosswalk areas. The observations were conducted during
the morning and afternoon peak hours due to higher traffic exposure, which increases
conflicts (and crash risks) between pedestrians and vehicles. This study defines interactions
between pedestrians and drivers in vehicles, considering an event when a pedestrian starts
a crossing stage on the road, attempting to cross from the footpath to the first traffic lane,
and crossing the area to another footpath. This study investigated whether there was an
interaction in an event if the pedestrian crossed and at least one vehicle was approaching.
Therefore, the driver had to decide to yield. Subsequently, for each event with interaction,
it was recorded whether the first vehicle approached the crossing and if any car (the first or
any subsequent vehicles) yielded to pedestrians.

The data collection for before–after studies on driver yielding behavior was carried
out before crosswalk improvements, specifically in the case of zebra crossing (C1). After
upgrading to the smart pedestrian crossing (C2), the driver yielding behavior was collected
six months after the upgrade. These data collection allows for a comprehensive examination
of the changes in driver yielding behavior before and after the crosswalk upgrade.

Following the previous research [20–23], three yielding patterns, which include non-
yield (NY), soft yield (SY), and yield (Y), were examined in how a driver approached
crosswalks. However, in this study, the definitions of NY, SY, and Y were revised to ensure
clarity in characterizing the drivers’ actions in C1 and C2, as shown in Table 3.

Table 3. Definition of yielding behavior.

Yielding Behavior Crosswalks Description

Non-yield (NY)
C1 The driver keeps the speed unchanged without yielding to pedestrians crossing at the

crosswalk area.

C2 The driver keeps the speed unchanged during the yellow light and runs through the
crosswalk during the red light.

Soft yield (SY)
C1 The driver slows to less than 40 km/h and allows pedestrians to cross.

C2 The driver slows to less than 40 km/h, allows pedestrians to cross when the yellow light is on,
and runs through the crosswalk during the red light.

Yield (Y)
C1 The driver yields to the pedestrian by stopping before the stop lines.

C2 The driver yields to the pedestrian by stopping before the stop lines once the red light is on.

3.2.2. Roadway Characteristics

A comprehensive examination of the physical attributes of the four study road sections
was conducted. This investigation encompassed a detailed assessment of various factors.
Table 4 presents the variables considered in driver yielding behavior modeling. Regarding
roadway characteristics, the factors include the width and length of traffic lanes, median,
sidewalks, and shoulders. In addition, road surface conditions, road markings, width and
length of the crosswalk, condition of stop lines, warning signs, speed limit signs, pedestrian
refuge island, roadside parking, and surrounding land use were examined.



Sustainability 2024, 16, 4118 11 of 25

Table 4. Variables considered in driver yielding behavior modeling.

Variables Coding and Description Type
of Variables References

Dependent variable

Driver yielding behavior (Y)
2 = Yield
1 = Soft yield
0 = Non-yield (reference category)

Dichotomous [20–23]

Independent variable

Roadway characteristics

Number of traffic lanes (x1) Number of traffic lanes in each direction Continuous [27,32,34,35,42,43]

Width of a traffic lane (m.) (x2) Average width of traffic lanes in
each direction Continuous [26]

Width of the crosswalk (m.) (x3) The width of the crosswalk in the study
road section Continuous [27–29,36]

Length of the crosswalk (m.) (x4) Length of the crosswalk in each direction Continuous [28]

Presence of a pedestrian refuge island (x5) 1 = Yes
0 = No Dichotomous [27,32,33]

Pedestrian characteristics

Vulnerable group (x6)

1 = Vulnerable group (female, children,
and elderly)
0 = Non-vulnerable group (male
and adult)

Dichotomous [27,29–35,46–48]

Number of pedestrians
(persons/stop-yield) (x7)

The number of pedestrians crossing the
designated crosswalk area each time a
vehicle yields to them

Continuous [27–30,34,36,37]

Position of the pedestrian waiting area (x8) 1 = Sidewalk
0 = Others (shoulder or traffic lane) Dichotomous [27,28,35,37]

Pedestrian waiting time (s) (x9)
The total time when pedestrian(s) waits
at the curbside or median until the traffic
is clear for crossing

Continuous [32,34,36]

Pedestrian crossing time (s) (x10)

The total time it takes pedestrian(s) to
complete their crossing from one side to
the opposite side.
This duration does not include the
waiting time.

Continuous [30]

Traffic characteristics

Type of the first vehicle entering a
crosswalk area (x11)

1 = Passenger car (PC)
0 = Motorcycle (MC) Dichotomous [27,30–32,37,50]

Speed of the first vehicle entering a
crosswalk (km/h) (x12)

The spot speed of the first vehicle in the
platoon passed within 25 m of the stop
line at the crosswalk.

Continuous [30,33,36–39]

Number of vehicles entering a crosswalk
(vehicles) (x13)

The number of vehicles passing through
the crosswalk in each direction before a
pedestrian decides to cross the road

Continuous [27–31,35–37,49]

Headway between the first and second
vehicles (s) (x14)

The time between the first and second
vehicles entering the crosswalk area Continuous -

PET between the first vehicle and
pedestrian (s) (x15)

The time difference between a pedestrian
leaving the encroachment area and the
first conflicting vehicle entering this area

Continuous -

Roadside parking (x16) 1 = Yes
0 = No Dichotomous [35]
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3.2.3. Pedestrian Characteristics

The pedestrian characteristics of the study sections were investigated. As shown in
Table 4, this study divided the vulnerable groups into two categories: the non-vulnerable
group (male and adult) and the vulnerable group (female, children, and elderly), following
the previous research [34,35,46–48]. The other pedestrian characteristics included the
number of pedestrians crossing at the crosswalk area, the position of the pedestrian waiting
area, the pedestrian waiting times, and the pedestrian crossing time. Note that the number
of pedestrians was counted per vehicle stop (yield) for pedestrians. This process allows
individuals to distinguish whether they are alone or in a group.

3.2.4. Traffic Characteristics

Field observations were conducted to collect the traffic characteristics at each study
site. As shown in Table 4, the factors include the type of the first vehicle entering a
crosswalk area (motorcycle or passenger car), the spot speed of the first vehicle, the total
number of vehicles entering the crosswalk area, the headway between the first and second
vehicles entering the crosswalk area, and the post-encroachment time (PET) between the
first vehicle and pedestrian(s). Additionally, roadside parking was observed to assess its
effect on yielding behavior. In this study, the spot speed of a vehicle was examined 25 m
before the stop line because, beyond this distance, some entrances/exits and roadside
activities could affect the vehicle speed. Furthermore, roadside parking within the study
crosswalk area is prohibited; thus, this study observed roadside parking three meters away
from the crosswalk.

3.2.5. Summary of Variables in Driver Yielding Behavior Modeling

As shown in Table 4, the dependent variables consist of non-yield (NY), soft yield
(SY), and yield (Y), with NY serving as the reference category. On the other hand, most
explanatory variables are chosen following the significant factors from the previous re-
search [26–39,42–55], as depicted in Table 1. However, this study introduces the vehicle
headway and the PET between the first vehicle and pedestrian(s).

The variables incorporated into MLR modeling were categorized as dichotomous data
and continuous variables. When employed as independent variables, the dichotomous
variables were set to values of 0 or 1. On the other hand, the continuous variables were
directly integrated into the MLR model development. Note that this study involved
observing at least 400 vehicle drivers entering each type of crosswalk at a study site,
ensuring an ample dataset for thoroughly analyzing the variables considered in this study.

3.3. Data Analysis

The data analysis is divided into two parts: the descriptive statistics of variables and
yielding behavior modeling. The details are discussed in the next subsections.

3.3.1. Descriptive Statistics of Observation Variables

Descriptive statistics of the collected variables were employed to explain the likelihood
of driver yielding behavior and the distribution of observed variables. This summary
encompassed vital measures, including the frequency distribution, central tendency (mean),
and variability (standard deviation).

3.3.2. Yielding Behavior Modeling

In this study, a series of multinomial logistic regression (MLR) models was developed
to identify roadway, pedestrian, and traffic characteristics associated with driver yielding
patterns for two different types of crosswalks in the four study areas.

In MLR modeling, the dependent variable (Y) is categorized into three types: non-
yield, soft yield, and yield to pedestrians. These categories are coded numerically for
analysis: 0, 1, and 2, respectively. Interpreting the coefficients allows us to understand the
impact of each predictor variable on the log odds of being in a particular yielding behavior
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category compared to the reference category (i.e., 0 = non-yield). Following [56,57], the
MLR model describing the log odds of driver yielding, Y is defined as:

Logit[Pr(Y = 1)] = ln
[

Pr(Y = 1)
1 − Pr(Y = 1)

]
= β0 + β1x1i + β2x2i + . . . + βkxki + εi (1)

where Pr(Y = 1) is the probability of a driver i yielding to pedestrian(s), xki is the kth
independent variable for the ith observation (i.e., driver), β0 is the model constant, βk is a
parameter that defines the relationship between each independent variable in xki and the
probability of a driver yielding the right of way, and εi is the error term predictor variables
in the model.

The parameters in Equation (1) are typically determined using maximum likelihood
estimation. The following equation provides the probability estimates for the driver’s
yield response:

Pr(Y) =
exp(β0 + β1x1i + β2x2i + . . . + βkxki + εi)

1 + exp(β0 + β1x1i + β2x2i + . . . + βkxki + εi)
(2)

The model in Equation (2) allows for determining the effect of each predictor on the
odds of Y. More specifically, the odds ratio (OR) value represents the multiplicative factor
of the odds of Y when the independent variable xki increases by one unit, with all other
factors remaining constant. In other words, the odds ratio indicates the relative amount by
which the odds of an outcome increase (OR > 1) or decrease (OR < 1) when the value of the
corresponding independent variable increases by one unit [56,57]. The odds ratio of the
event or outcome is calculated using Equation (3).

OR(Pr(Y) = e(β0+β1x1i+β2x2i+...+βkxki+εi) (3)

The modeling was completed in two stages. In the first stage, predictors that should
be used to develop an MLR model were identified through hypothesis testing. Pearson
Chi-square tests assessed associations between the factors and driver yield behavior. The
factors with significance at 0.05 were selected for further regression analysis.

Predictors found to be significant, at least at the 95% confidence level (p < 0.05) in
hypothesis testing, were considered for the MLR model estimation in the second stage.
After developing the model, the model’s fitness with the data was checked by examining
the results of the model statistics and the Hosmer–Lemeshow test [58–60].

This study developed the MLR models for the four study sites: MLR1 for Site 1 (Hwy
No. 306 Km. 4 + 970), MLR2 for Site 2 (Hwy No. 3242 Km. 11 + 625), MLR3 for Site 3
(Hwy No. 3242 Km. 18 + 110), and MLR4 for Site 4 (Hwy 407 Km. 24 + 700). The data
from all four study sites were combined to formulate the MLR5 model for a comprehensive
analysis. At each site, the MRL model was divided into two submodels: MRL(C1) for the
case of zebra crossing and MRL(C2) for the case of smart crossing. Thus, a total of 10 MRL
models were formulated in this study.

4. Results and Discussion

This section is divided into three subsections. The first part presents the distribution
of driver yielding behavior. The second part presents the results of the descriptive statistics
of the observed variables. The last part presents the factors influencing driver yielding
behavior. The details are explained in the next subsections.

4.1. Distribution of Driver Yielding Behavior

Figure 2 presents the results of the descriptive statistics of driver yielding behavior. The
results reveal a statistically significant difference in yielding behavior between the crosswalk
layouts. For C1, over 70% of drivers do not yield at the crosswalk, less than 12% yield softly,
and fewer than 9% yield. In contrast, C2 exhibits a notable improvement trend, signifying
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a substantial positive impact on drivers’ yielding behavior across diverse locations. The
findings show a nearly 100% increase in the percentage of drivers yielding, accompanied
by a considerable decrease in drivers non-yielding before reaching the crosswalk. This
observed improvement underlines the effectiveness of interventions associated with C2
and emphasizes its potential to positively influence yielding behavior at various locations.
This finding implies that the differences in yielding behavior at the two crosswalk types are
due to the different perceptions that might prompt the drivers to be more cautious. These
differences are caused exclusively by the driver’s behavior at the approach to the crosswalk,
especially when the timing of the traffic signal plays a significant role in influencing driver
behavior. If the signal provides sufficient time for pedestrians to cross safely and is well
coordinated with the traffic flow, drivers are more likely to yield.
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Figure 2. Descriptive statistics of driver behaviors.

The results also indicate that a minority of drivers in C2 still engage in risky behaviors.
These behaviors include disobeying traffic rules before reaching the crosswalk area and
accelerating during the yellow light or at the beginning of the red-light phase. During the
initial phase of the red light, a subset of vehicles exhibited behaviors that enhanced pedes-
trian safety, particularly during peak hours. Some drivers opted to slow down and wait for
pedestrians to cross the road to a pedestrian refuge island. Subsequently, they carefully
assessed for a safe gap at the signal stage before proceeding through a crosswalk. These
results aligned with our previous study [18]. We evaluated the effectiveness of improving a
midblock zebra crossing to a zebra crossing with traffic markings and warning signs, and
finally to a smart pedestrian crossing. The results revealed a statistically significant increase
of approximately 40% in drivers’ yielding behavior after improving the zebra crossing, with
an even more substantial difference of approximately 96% observed after upgrading to the
smart crossing. These results underscore the importance of upgrading zebra crossings to
smart pedestrian crossings.

Moreover, this study determined the 85th percentile speeds of MC and PC to describe
the different driving behaviors while entering a crosswalk before and after upgrading
from C1 to C2. As presented in Table 5, for C1, the 85th percentile speeds of MC were 78,
72, and 65 km/h in the cases of NY, SY, and Y, respectively. Similarly, for PC in C1, the
85th percentile speeds were 93, 82, and 75 km/h for NY, SY, and Y, respectively. After the
installation of C2, enhancements such as traffic markings, traffic signs, and traffic signal
lamps improved drivers’ visibility. Consequently, drivers consistently and significantly
reduced their vehicle speeds. The 85th percentile speeds of MC were 65, 58, and 50 km/h
in the cases of NY, SY, and Y, respectively. Similarly, for PC, the 85th percentile speeds
consecutively were 77, 69, and 61 km/h for NY, SY, and Y. However, these 85th percentile
speeds were still high. Notably, the minimum speed drivers adopt to yield to a pedestrian
(calculated from the 15th percentile speed) in the cases of C1 and C2 were still far from the
safe speed for pedestrians (i.e., 30 km/h). These high speeds were due to various factors,
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including drivers’ non-compliance with the posted speed limit, shortcomings in enforcing
traffic regulations, and insufficient implementation of traffic-calming measures.

Table 5. 85th percentile speeds of vehicles.

Sites
Vehicle
Types

85th Percentile Speeds (km/h)

Typical Zebra Crossing (C1) Smart Pedestrian Crossing (C2)

NY SY Y NY SY Y

Site 1
MC 70 65 58 66 55 41
PC 89 81 70 74 67 53

Site 2
MC 72 67 60 64 58 45
PC 85 77 68 71 64 60

Site 3
MC 75 70 64 60 50 44
PC 95 87 79 72 69 55

Site 4
MC 71 66 61 68 53 47
PC 90 84 71 70 64 59

All four sites
MC 78 72 65 65 58 50
PC 93 82 75 77 69 61

4.2. Results of Descriptive Statistics of Observed Variables

The results of the descriptive statistics of observed variables presented in Table 6 show
that the percentage of the vulnerable group (female, children, and elderly) was considerably
higher than the non-vulnerable group (male and adult). Examination of the distribution of
pedestrian waiting areas on sidewalks revealed proportions ranging from 58.2% to 78.6%.
The proportion of vehicles at all sites showed that PCs accounted for more than 60% of the
vehicles, followed by MCs. Additionally, in the case of C1, most drivers exhibited behavior
indicating that roadside parking near a crosswalk was expected, with more than 52.4%
of drivers engaging in this practice. Subsequently, after the upgrade to C2, the impact on
driver behavior, particularly their adherence to traffic laws and regulations, was evident.
There was a significant reduction in the percentage of roadside parking, ranging from 28.6%
to 31.7%.

Table 6. Descriptive statistics of dichotomous variables.

Variables
MLR1 MLR2 MLR3 MLR4 MLR5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

Vulnerable group (x6)

Vulnerable group 59.1% 54.8% 65.2% 60.3% 51.6% 59.8% 62.8% 63.8% 59.7% 59.7%
Non-vulnerable group 40.8% 45.2% 34.8% 39.7% 48.3% 40.2% 37.1% 36.2% 40.3% 40.3%

Position of the pedestrian waiting area (x8)

Sidewalk 66.5% 70.4% 69.2% 76.5% 75.9% 77.1% 58.2% 78.6% 67.4% 75.7%
Others (shoulder or

traffic lane) 33.5% 29.6% 30.8% 23.5% 24.1% 22.9% 41.8% 21.4% 32.5% 24.3%

Type of the first vehicle entering a crosswalk area (x11)

MC 33.3% 36.3% 36.8% 33.1% 30.8% 37.8% 39.1% 35.2% 34.7% 35.6%
PC 66.7% 63.7% 63.2% 66.9% 69.2% 62.2% 61.9% 64.8% 65.2% 64.4%

Roadside parking (x16)

Yes 52.4% 29.9% 63.3% 31.7% 64.3% 28.6% 64.5% 30.4% 61.1% 30.2%
No 47.6% 70.1% 36.7% 68.3% 35.7% 71.4% 35.5% 69.6% 38.8% 69.8%

The results of the temporal distribution of continuous variables presented in Table 7
show that the average number of pedestrians crossing at crosswalks each time ranges from
2.1 to 3.7 persons/stop-yield. The longer pedestrian waiting time and crossing time in the
case of C1 increase the trend of risky crossing behavior. The C2 includes sensors that detect
pedestrians waiting, optimize pedestrian signal phases, and significantly reduce waiting
times. The results of average vehicle speed for MCs and PCs in the C1 and C2 indicated
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that they decreased substantially after the C2 improvements. The number of vehicles
approaching and traversing the crosswalk decreased, ranging from 2.5 to 4.5 vehicles.
This reduction enhances drivers’ visibility and ability to monitor traffic flow, resulting in
more orderly vehicle movement. The results of headway between the first and second
vehicles in the case of C2 were higher than those in the case of C1, posing decreased
challenges for drivers in terms of identifying suitable gaps and times to yield to pedestrians.
Regarding the post-encroachment time (PET) between the first vehicle (i.e., MC or PC) and
pedestrian(s), the higher PET after C2 implementation contributed to a reduction in the
crash risk and the severity level in the case of a collision.

Table 7. Descriptive statistics of continuous variables.

Variables

Average (SD)

MLR1 MLR2 MLR3 MLR4 MLR5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

Number of
pedestrians (persons/
stop-yield) (x7)

2.8 (0.8) 3.1 (0.6) 3.5 (0.7) 3.7 (0.5) 2.5 (0.6) 2.1 (0.8) 3.6 (0.9) 3.2 (0.3) 3.6 (0.7) 3.3 (0.8)

Pedestrian waiting
time (s) (x9) 30.4 (12.1) 22.1 (10.2) 25.2 (9.6) 19.5 (11.6) 38.5 (10.3) 30.5 (13.1) 40.6 (8.9) 35.2 (13.1) 29.7 (10.2) 25.2 (11.7)

Pedestrian crossing
time (s) (x10) 45.5 (13.2) 40.6 (10.7) 51.8 (12.6) 53.4 (14.6) 44.6 (15.2) 40.1 (12.3) 48.4 (11.2) 43.9 (14.4) 49.6 (13.1) 44.8 (12.9)

Speed of the first
vehicle entering a
crosswalk (km/h)
(x12)

70 (9.5) 65 (11.2) 75 (10.1) 60 (8.4) 68 (9.3) 59 (10.2) 69 (11.5) 55 (12.4) 71 (10.8) 63 (11.7)

- For the case of MC
(km/h) 65.9 (10.2) 58.1 (15.6) 63.4 (10.9) 55.2 (14.7) 69.5 (10.1) 60.5 (12.5) 64.2 (11.4) 59.7 (10.8) 65.7 (10.6) 57.4 (11.9)
- For the case of PC
(km/h) 79.8 (12.3) 65.4 (14.6) 75.5 (11.4) 66.8 (12.8) 85.6 (14.5) 69.1 (15.6) 83.7 (11.5) 68.5 (13.2) 79.4 (12.4) 67.5 (13.1)

Number of vehicles
entering a crosswalk
(vehicles) (x13)

3.5 (0.7) 2.7 (0.5) 2.9 (0.6) 3.4 (0.3) 2.5 (1.0) 2.8 (0.7) 4.5 (1.1) 3.6 (0.9) 3.4 (0.8) 3.1 (0.5)

Headway between the
first and second
vehicles (s) (x14)

9.7 (8.4) 10.5 (4.6) 8.8 (5.8) 13.5 (4.2) 4.9 (5.1) 6.9 (3.9) 6.0 (3.4) 8.5 (4.1) 7.4 (5.6) 9.2 (4.4)

PET between the first
vehicle and pedestrian
(s) (x15)

2.1 (0.8) 3.2 (0.5) 2.5 (0.7) 3.6 (1.0) 2.8 (1.1) 3.6 (0.9) 2.0 (0.7) 3.5 (0.6) 2.7 (0.9) 3.7 (1.1)

- For the case between
MC and pedestrian(s) 2.4 (0.8) 3.5 (0.2) 2.1 (0.9) 3.3 (0.5) 3.1 (1.5) 3.0 (1.0) 2.6 (1.6) 3.6 (1.1) 2.6 (1.2) 3.5 (0.4)
- For the between PC
and pedestrian(s) 1.5 (0.6) 2.9 (0.3) 1.4 (0.7) 3.1 (0.5) 1.2 (0.8) 3.2 (0.6) 1.8 (1.0) 2.9 (0.8) 1.4 (0.8) 3.2 (0.6)

4.3. Factors Influencing Driver Yielding Behavior

This section presents the significant factors influencing driver yielding behavior, and a
comparative analysis of the results sheds light on the influence of factors across two different
types of crosswalks (C1 and C2). Tables 8 and 9 present the p-value, obtained from the
Pearson Chi-square test, of all factors considered in the 10 proposed MLR models. Notably,
each study site was divided into two sub-MLR models for the cases of C1 and C2.

In general, regarding MLR5 models, the significant influencing factors include the
number of traffic lanes (x1), traffic lane width (x2), crosswalk width (x3), crosswalk length
(x4), vulnerable group (x6), the number of pedestrians (x7), the speed of the first vehicle
entering a crosswalk (x12), the number of vehicles entering a crosswalk (x13), headway
between the first and second vehicles (x14), the PET between the first vehicle and pedes-
trian(s) (x15), and the presence of roadside parking (x16). These factors were identified as
the most influential factors affecting driver yielding behavior, demonstrating statistical sig-
nificance in predicting the probability of drivers yielding (Y) and soft yield (SY) compared
to non-yield (NY).
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Table 8. Factors influencing drivers’ yielding behavior compared to non-yield.

Variables

Y vs. NY

MLR1 MLR2 MLR3 MLR4 MLR5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value

x1 0.002 * 0.001 *
x2 0.003 * 0.005 *
x3 0.005 * 0.002 *
x4 0.005 * 0.008 *
x5 0.147 0.138
x6 0.005 * 0.009 * 0.004 * 0.003 * 0.010 * 0.005 * 0.006 * 0.005 * 0.002 * 0.006 *
x7 0.001 * 0.000 * 0.004 * 0.000 * 0.097 0.104 0.066 0.114 0.002 * 0.001 *
x8 0.047 0.087 0.125 0.214 0.185 0.118 0.068 0.105 0.124 0.091
x9 0.145 0.548 0.227 0.077 0.114 0.214 0.098 0.254 0.274 0.314
x10 0.004 * 0.102 0.113 0.078 0.205 0.119 0.089 0.095 0.007 * 0.098
x11 0.074 0.087 0.102 0.127 0.098 0.091 0.075 0.102 0.110 0.096
x12 0.001 * 0.003 * 0.002 * 0.001 * 0.005 * 0.003 * 0.002 * 0.001 * 0.001 * 0.002 *
x13 0.004 * 0.001 * 0.079 0.088 0.103 0.115 0.003 * 0.007 * 0.004 * 0.001 *
x14 0.005 * 0.003 * 0.004 * 0.001 * 0.001 * 0.000 * 0.007 * 0.009 * 0.002 * 0.001 *
x15 0.000 * 0.001 * 0.001 * 0.001 * 0.005 * 0.001 * 0.002 * 0.001 * 0.001 * 0.000 *
x16 0.001 * 0.010 * 0.001 * 0.008 * 0.003 * 0.009 * 0.001 * 0.002 * 0.009 * 0.007 *
N 400 400 400 400 400 400 400 400 1600 1600

The description of the variables (X) are presented in Table 4. The reference category is non-compliance with
law-obeying (i.e., non-yielding). N is the sample size. * Statistically significant is set at a 5% level.

Table 9. Factors influencing drivers’ soft yielding behavior compared to non-yield.

Variables

SY vs. NY

MLR1 MLR2 MLR3 MLR4 MLR5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value

x1 0.005 * 0.001 *
x2 0.006 * 0.010 *
x3 0.010 * 0.008 *
x4 0.009 * 0.004 *
x5 0.116 0.168
x6 0.003 * 0.005 * 0.010 * 0.010 * 0.003 * 0.003 * 0.008 * 0.001 * 0.004 * 0.001 *
x7 0.000 * 0.001 * 0.000 * 0.001 * 0.085 0.097 0.110 0.091 0.001 * 0.005 *
x8 0.214 0.106 0.154 0.089 0.116 0.163 0.211 0.162 0.109 0.151
x9 0.224 0.314 0.105 0.325 0.098 0.241 0.196 0.228 0.152 0.332
x10 0.008 * 0.125 0.006 * 0.154 0.224 0.174 0.096 0.104 0.005 * 0.116
x11 0.078 0.107 0.096 0.124 0.108 0.213 0.075 0.103 0.082 0.077
x12 0.002 * 0.001 * 0.000 * 0.001 * 0.001 * 0.000 * 0.003 * 0.000 * 0.001 * 0.005 *
x13 0.006 * 0.009 * 0.085 0.064 0.094 0.101 0.001 * 0.005 * 0.004 * 0.001 *
x14 0.001 * 0.002 * 0.007 * 0.001 * 0.002 * 0.005 * 0.001 * 0.007 * 0.001 * 0.005 *
x15 0.000 * 0.001 * 0.001 * 0.003 * 0.000 * 0.001 * 0.000 * 0.000 * 0.003 * 0.002 *
x16 0.008 * 0.009 * 0.004 * 0.001 * 0.005 * 0.007 * 0.002 * 0.001 * 0.008 * 0.004 *
N 400 400 400 400 400 400 400 400 1600 1600

The description of the variables (X) are presented in Table 4. The reference category is non-compliance with
law-obeying (i.e., non-yielding). N is the sample size. * Statistically significant is set at a 5% level.

Moreover, the resulting factors demonstrate a distinction in pedestrian crossing time
(x10) as a significant factor influencing the yielding behavior of C1 but showing insignifi-
cance in the case of C2. The design and timing of signalized crosswalks can be optimized
to facilitate efficient traffic flow. When pedestrian crossing time is well-coordinated with
traffic signal phases, drivers may not perceive it as a significant factor influencing their
yielding behavior and, as a result, may not alter their behavior based on this factor.

Tables 8 and 9 also reveal that most observed factors correlate significantly with yield
behavior occurrences. These factors were further used to describe the chance of NY, SY, and
Y occurrences by applying the MLR technique. To ensure the consistency of the model, the
driver yielding behavior of MLR1–MLR5 models was validated. The data extracted from
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the obtained model were evaluated. A comparison of the results from the prediction by the
model and the actual observation showed that the model of the driver yielding behavior
could correctly predict over 85% of the data. The coefficient estimates, their t-statistics, and
the parameters for the utility functions confirmed that the model was well-fitted. Moreover,
the ρ2 values in the tables indicated strong models regarding the overall goodness of fit.
The results of MLR models are presented in Tables 10 and 11.

Table 10. Coefficient and odds ratio of the factors significantly influencing yielding behavior.

Variables

Y vs. NY

MLR1 MLR 2 MLR 3 MLR 4 MLR 5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

β OR β OR β OR β OR β OR β OR β OR β OR β OR β OR

x1 0.15 0.402 0.35 0.433

x2 0.10 0.296 0.41 0.397

x3 0.07 0.478 0.29 0.568

x4 0.03 0.503 0.18 0.517

x6

Vulnerable group 0.11 0.616 0.21 0.531 0.17 0.441 0.20 0.663 0.24 0.714 0.11 0.695 0.21 0.589 0.19 0.522 0.28 0.533 0.18 0.648

Non-vulnerable
group 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

x7 0.21 0.783 0.27 0.335 0.20 0.882 0.22 0.714 0.35 0.552 0.27 0.639

x10 0.18 0.528 0.28 1.225 0.11 0.684

x12 0.16 0.485 0.14 0.669 0.11 0.524 0.08 0.448 0.22 0.389 0.11 0.536 0.28 0.217 0.19 0.543 0.30 0.496 0.17 0.742

x13 0.20 0.797 0.25 0.574 0.19 0.558 0.21 0.668 0.33 0.509 0.41 0.633

x14 0.10 0.658 0.11 0.723 0.09 0.865 0.13 0.882 0.11 0.693 0.38 0.417 0.13 0.691 0.10 0.701 0.28 0.452 0.31 0.692

x15 0.31 0.517 0.33 0.662 0.36 0.721 0.47 0.761 0.22 0.521 0.32 0.585 0.19 0.774 0.29 0.609 0.39 0.582 0.41 0.625

x16

Yes 0.38 0.114 1.00 0.663 0.30 0.396 1.12 0.528 0.27 0.721 0.38 0.663 0.26 0.554 1.07 0.654 0.28 0.482 0.31 0.658

No 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Intercept −2.21 −2.19 −2.34 −2.47 −2.15 −2.34 −2.33 −2.15 −2.43 −2.25

−2LL 1124.41 1044.32 1109.63 1120.54 1098.52 1077.45 1147.22 1103.41 1058.23 1266.20

ρ2 0.15 0.13 0.15 0.14 0.12 0.14 0.11 0.13 0.16 0.19

N 400 400 400 400 400 400 400 400 1600 1600

The reference category is non-compliance with the law-obeying (non-yielding). The intercept is the predictor
variable for the outcome probabilities. −2LL is the −2 log likelihood. ρ2 is a measure of pseudo-R-squared. N
is the sample size. β is the coefficient of the variables, and OR is the odds ratio. The variables presented are
statistically significant at a 5% level.

The factors that consistently influence predicting driver yielding behavior across all
MLR1–MLR4 models include the vulnerable group (x6), the speed of the first vehicle (x12),
vehicle headway (x14), the PET (x15), and roadside parking (x16). This potential influence
is mainly derived from perception and the display of similar behavioral characteristics.
However, there are differences in the result of factors such as the number of pedestrians
(x7), pedestrian crossing time (x10), and the number of vehicles (x13). One likely reason
for these differences is the roadway characteristics (i.e., the number of traffic lanes, traffic
lane width, crosswalk length, and the presence of refuge island) and environmental factors
(i.e., roadside activities and land use of the road section).

The factors significantly correlated with yield behavior occurrences across all MLR1–
MLR4 models were consistent with the MLR5 model. MLR5 can be considered represen-
tative for explaining overall behavior at all sites due to its consistency and comparability
of data. This conclusion is supported by the results of the coefficient estimates and the
parameters for the utility functions, all of which confirmed that the model was well-fitted.
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Table 11. Coefficient and odds ratio of the factors significantly influencing soft yielding behavior.

Variables

SY vs. NY

MLR1 MLR 2 MLR 3 MLR 4 MLR 5

MLR1(C1) MLR1(C2) MLR2(C1) MLR2(C2) MLR3(C1) MLR3(C2) MLR4(C1) MLR4(C2) MLR5(C1) MLR5(C2)

β OR β OR β OR β OR β OR β OR β OR β OR β OR β OR

x1 0.11 0.452 0.21 0.617

x2 0.19 0.553 0.28 0.652

x3 0.14 0.407 0.17 0.574

x4 0.21 0.362 0.24 0.563

x6

Non-vulnerable
group 0.18 0.358 0.17 0.452 0.21 0.392 0.15 0.448 0.19 0.641 0.25 0.520 0.21 0.440 0.20 0.351 0.25 0.459 0.33 0.667

Vulnerable group 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

x7 0.17 0.524 0.34 0.471 0.18 0.338 0.10 0.525 0.35 0.471 0.32 0.574

x10 0.12 0.587 0.23 1.825 0.18 0.506

x12 0.13 0.669 0.19 0.741 0.22 0.771 0.10 0.779 0.35 0.711 0.19 0.881 0.11 0.659 0.39 0.574 0.31 0.685 0.35 0.774

x13 0.10 0.632 0.09 0.582 0.09 0.669 0.11 0.603 0.30 0.445 0.38 0.587

x14 0.11 0.509 0.11 0.552 0.13 0.505 0.13 0.471 0.09 0.679 0.10 0.702 0.14 0.801 0.12 0.596 0.24 0.357 0.19 0.557

x15 0.19 0.582 0.19 0.334 0.18 0.320 0.18 0.441 0.13 0.503 0.25 0.369 0.10 0.548 0.19 0.452 0.26 0.674 0.33 0.752

x16

Yes 0.14 0.665 0.14 0.745 0.15 0.521 0.10 0.632 0.10 0.407 0.18 0.433 0.13 0.663 0.12 0.479 0.28 0.441 0.39 0.570

No 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Intercept −2.18 −2.20 −2.18 −2.32 −2.19 −2.34 −2.13 −2.28 −2.33 −2.41

−2LL 1121.36 1103.69 1064.58 1123.02 1096.57 1077.25 1147.20 1109.33 1085.41 1259.36

ρ2 0.12 0.13 0.15 0.14 0.12 0.16 0.14 0.13 0.15 0.16

N 400 400 400 400 400 400 400 400 1600 1600

The reference category is non-compliance with the law-obeying (non-yielding). The intercept is the predictor
variable for the outcome probabilities. −2LL is the −2 log likelihood. ρ2 is a measure of pseudo-R-squared. N
is the sample size. β is the coefficient of the variables, and OR is the odds ratio. The variables presented are
statistically significant at a 5% level.

The results of the MLR5 model revealed that factors related to roadway characteristics,
such as the number of traffic lanes (x1), the width of a traffic lane (x2), the width of the
crosswalk (x3), and the length of the crosswalk (x4), are significantly associated with driver
behavior. In the case of C1, the positively signed coefficients are statistically significant in
relation to driver Y and SY behaviors compared to NY. These results were expected and
proved the hypothesis of this study. In urban areas, arterial roadways provide multiple
lanes and overly wide lane widths (more than 3.0 m). Similarly, the C2, the positively signed
coefficient, is statistically significantly associated with driver Y and SY behaviors compared
to NY. The presence of OSB and zig–zag lines may serve as a visual cue for drivers to yield
to pedestrians, and red-painted areas on the crosswalk lead to an improvement in clear
driving visibility when approaching the crosswalk area. Implementing C2 significantly
and positively impacts driver yielding behavior across various locations. It was designed
to manage multi-lane traffic and the physical characteristics of the crosswalk, which are
effective in accommodating mixed traffic conditions. These findings align with previous
studies’ conclusions regarding the number of traffic lanes [27,32,34,35,42,43]. The width of
traffic lanes (as indicated by previous research [26]), along with the width and length of the
crosswalk [27–29], were identified as factors that affect drivers’ inclination to yield.

The presence of pedestrian refuge islands (x5) did not significantly influence predicting
driver yielding behavior, which could be attributed to drivers perceiving refuge islands
as a standard feature of crosswalks, and their presence may not considerably alter driver
behavior. The effectiveness of a pedestrian refuge island in influencing driver behavior
may depend on its visibility and design. If the island is not visible or well integrated
into the road environment, drivers may not recognize it as a significant factor affecting
their yielding behavior. This finding is inconsistent with previous studies conducted in
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the United States [27], India [32], and Poland [33]. The inconsistency may be due to the
differences in enforcement practices and adherence to traffic rules across countries.

The key findings highlight three pedestrian characteristics, namely, the vulnerable
group (x6), the number of pedestrians (x7), and pedestrian crossing time (x10), which
are statistically significantly associated with yielding behaviors. The vulnerable group
tended to perform Y (compared to NY) at 0.533 and 0.648 times in the cases of C1 and
C2, respectively. At the same time, the vulnerable group tended to perform SY at 0.459
and 0.667 times in the cases of C1 and C2, respectively. This finding is consistent with the
results of previous studies [34,46].

Meanwhile, the number of pedestrians (x7) significantly influenced the probability of
yielding behavior. It tended to perform Y (compared to NY) at 0.552 and 0.639 times in the
cases of C1 and C2, respectively. The number of pedestrian crossings tended to perform
SY at 0.471 and 0.574 times in the cases of C1 and C2, respectively. It was observed that
pedestrians crossing in a group tended to walk slower than when crossing alone. This
finding is consistent with that of a previous study [27–31,34,36,37]. Thus, drivers exhibited
a higher tendency to yield when there were multiple pedestrians waiting to cross. A
pedestrian group of more than one person and the significant distance between the vehicle
and the pedestrian reduce the likelihood of conflicts between them.

Regarding the pedestrian crossing time (x10) of C1, it significantly influenced the
probability of yielding behaviors and tended to perform Y and SY at 0.684 and 0.506 times,
respectively. If a pedestrian crosses quickly, drivers may perceive the crossing as less risky,
potentially leading to a higher likelihood of yielding. Moreover, on average, pedestrians
crossing in a large group walked at a slower crossing time than those crossing with a
small group or alone. This finding is consistent with the previous research [30], which
observed an increase of 50% in yielding behavior. However, it is essential to consider
the various factors that impact pedestrian crossing time, as it is a complex interplay of
multiple variables, including traffic conditions, the age and physical ability of pedestrians,
the specific circumstances of the crossing, and long crosswalks that may disrupt the traffic
flow, potentially leading to differences in yielding behavior.

The position of the pedestrian waiting area (x8) did not significantly influence the
prediction of driver yielding behavior. The unmarked area and visibility in the pedestrian
waiting area, possibly obscured by any barriers, may render its specific position less critical.
Drivers are more inclined to respond to visible signals, such as traffic lights and pedestrian
signals, rather than placing significant importance of the pedestrian waiting area. This
finding is inconsistent with previous studies [27,28,35,37]. It is possible that the locations in
the earlier studies had specific design elements and regulations that were more effective in
shaping driver conduct. The lack of influence in Thailand may be due to a combination of
factors, including insufficiently compelling design elements in the pedestrian infrastructure
and different behavioral norms among drivers.

The pedestrian waiting time (x9) did not significantly influence the prediction of
driver yielding behavior. The pedestrian waiting area is not highly visible; drivers may
not be aware of the time when pedestrians have been waiting. This lack of awareness
can reduce the impact of waiting time on driver behavior. Drivers may prioritize other
immediate factors, such as road conditions, the presence of different vehicles, and the
traffic flow, which may have influenced the importance of pedestrian waiting time. This
result is inconsistent with a previous study in India [32], the United Arab Emirates [34],
and the Czech Republic [36]. Longer pedestrian waiting times can trigger impatience and
frustration, prompting risky behaviors like crosswalking or disregarding traffic signals.
This increase in pedestrian violations due to prolonged waits can heighten safety concerns
and impact driving behaviors, potentially leading to more pedestrian–vehicle conflicts
and a higher risk of crashes. Drivers may react by becoming more cautious, anticipating
unpredictable pedestrian movements, or feeling pressured to yield quickly, which could
result in abrupt maneuvers or last-minute braking, increasing the risk of rear-end collisions.
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Regarding traffic characteristics, the type of first vehicle entering a crosswalk area (x11)
did not significantly influence the driver yielding behavior. Regardless of their vehicle type,
drivers tend to exhibit similar compliance with traffic rules. Also, the overall behavior of the
driver, rather than the specific vehicle type, may be more noticeable in their perception. This
finding is inconsistent with previous research [27,30–32,37,50], which attributed variations
in the level of compliance among drivers, the prevalence of different vehicle types in mixed
traffic conditions, and differences in the perceived roles of various vehicles in traffic.

One worrying and widespread behavior observed in the current study was that
the predictors related to the primary cause of vehicle-pedestrian collisions and yielding
behavior are the speed of vehicles entering a crosswalk (x12). As expected, positive signed
coefficients of the speed tended to perform Y at almost 0.750 times and SY at nearly
0.775 times. At higher speeds, drivers may have a limited reaction time, leading to a
reduced stopping sight distance for safe detection and reaction to pedestrians and an
increased stopping distance required for vehicles. This finding aligns with previous studies’
conclusions [30,33,36–39]. A vehicle moving at high speeds can make it difficult for the
driver to perceive their surroundings, including pedestrians at crosswalks.

The number of vehicles entering a crosswalk (x13) significantly influenced the probabil-
ity of Y at 0.509 and 0.633 times in the cases of C1 and C2, respectively. This finding implies
that drivers may be able to give way to pedestrians in congested traffic due to the slow
movement of traffic. Drivers may be more willing to Y (or SY) pedestrians. In situations
with more vehicles, drivers are more confident in yielding to pedestrians, mainly because
it would lessen the likelihood of rear-end crashes. Higher yielding was observed when
another vehicle followed the leading vehicle. For instance, when the first vehicle’s driver
yielded, it caused the vehicle behind it to stop. This finding is consistent with previous
studies [27,28,30,31,35,37], which illustrate that the number of vehicles approaching cross-
walks can impact driver yielding behavior. In areas with a higher concentration of vehicles,
drivers may face traffic congestion or slower traffic flow. Under such circumstances, drivers
may be more inclined to stop and let pedestrians cross the road.

An exciting discovery of this study is that new factors were not previously identified
in previous studies. Among these newly identified factors are the headway between the
first and second vehicles (x14) and the PET between vehicles and pedestrians (x15). The
vehicle headway (x14) influences the probability of Y and SY behaviors by performing Y
at 0.452 and 0.692 times in the case of C1 and C2, respectively. The headway of vehicles
tended to perform SY at 0.357 and 0.557 times, respectively. This finding suggests that
maintaining a longer headway between vehicles enables drivers to maintain safe distances
and respond effectively, thus increasing the likelihood of yielding to pedestrians. Con-
versely, when vehicles are closely spaced with shorter headways, drivers may struggle to
find opportunities to yield, feeling pressured to maintain traffic flow. A longer headway
gives drivers more time and space to notice pedestrians, fostering increased awareness and
safer yielding behaviors.

A general look at the PET between vehicles and pedestrians (x15) showed that it
influenced the proximity and interaction between pedestrians and vehicles by performing
Y at 0.582 and 0.625 times in the case of C1 and C2, respectively. This finding may be
associated with a conflict that reflects the level of pedestrian safety at a crosswalk area.

Our results also hold implications for roadside parking (x16) as one of the main factors
influencing the drivers’ tendency toward Y and SY behaviors at the crosswalk area. The
MLR models’ results revealed that the drivers without roadside parking at the crosswalk
areas of C1 and C2 tended to perform Y at almost 0.660 times and SY at nearly 0.570 times,
higher than those with roadside parking. This result is consistent with the previous
research [35]. One likely reason for the absence of roadside parking at the crosswalk area is
associated with improved visibility for drivers observing pedestrians crossing.
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5. Conclusions and Recommendations

This study investigated the impact of upgrading midblock crosswalks on urban arterial
roads in Thailand from zebra crossings (C1) to smart pedestrian crossings (C2) on driver
yielding behavior. The findings reveal a significant positive influence of the C2 upgrade on
drivers yielding. The probability of drivers yielding at C2 increased by 74% compared to C1.
The upgrade led to a reduction in vehicle speeds. The 85th percentile speeds of motorcycles
(MC) and passenger cars (PC) approaching the crosswalk decreased by 18 km/h and
14 km/h, respectively, before yielding to pedestrians.

This study also found that drivers were more likely to yield to pedestrians crossing
in groups (platoons). Additionally, lower vehicle speeds, vehicles traveling in platoons,
increased headway (distance between vehicles), and longer post-encroachment time (PET,
time between pedestrians entering a crosswalk and vehicle stopping) were all associated
with a higher probability of driver yielding.

These findings suggest that upgrading midblock crosswalks to smart pedestrian cross-
ings can significantly improve pedestrian safety by promoting driver yielding behavior.
Additionally, this study highlights the importance of factors such as vehicle speed, pedes-
trian behavior, and traffic flow characteristics in influencing driver yielding decisions.

This study explores countermeasures to improve pedestrian safety at midblock cross-
walks. For C1 zebra crossings, this study emphasizes traffic lane design as a primary factor
influencing driver yielding behavior. Reducing lane width and incorporating red-painted
areas are proposed to encourage “soft yielding” and complete stops. Additionally, physical
improvements such as warning lights, street furniture, rumble strips, and clear pavement
markings are recommended to enhance driver awareness of crosswalks.

Pedestrian safety can be further improved by reducing crossing distance. The report
suggests implementing curb extensions and lowering curbs to shorten the time pedestrians
spend exposed to traffic. Optimizing pedestrian crossing times can be achieved through
curb extensions, tactile warnings, improved lighting, and staged crossings.

Traffic-calming measures are also recommended for C1 crosswalks. Raised pedestrian
platforms and radar speed signs are proposed to reduce vehicle speeds, while stricter
enforcement of existing roadside parking regulations can improve visibility and reduce
conflicts. This study advocates for exploring road design changes, such as narrowing lanes
and managing roadside parking through driveway restrictions near crosswalks, to create a
safer pedestrian environment.

While C2 crossings use smart technology, this study highlights the importance of
complementary physical upgrades. Signs and rumble strips can further emphasize lane
narrowing for drivers, while dropped curbs and curb extensions can physically guide
pedestrians and encourage driver yield.

The report emphasizes combining physical changes with additional traffic-calming
measures. Raised pedestrian platforms equipped with traffic signals, pedestrian hy-
brid beacons (PHB), pelican crossings, and puffin crossings are all recommended for
enhanced safety.

Enforcement strategies are crucial for C2’s effectiveness. This study suggests utilizing
violation detection cameras, radar speed signs, license plate recognition (LPR), and other
monitoring tools to ensure driver compliance with traffic regulations, particularly regarding
yielding to pedestrians. The strict enforcement of existing roadside parking regulations is
also emphasized to maintain optimal visibility and minimize pedestrian–vehicle conflicts.

This study only accounted for typical weather and daylight conditions. Further
research may explore other factors, such as day/night variations, a more comprehensive
range of weather conditions, and land use. Additionally, the impact of non-peak hour
traffic and other safety issues should be examined, including rear-end collisions, the
presence of advertising panels, different traffic signal controls, and pedestrian behavior at
midblock crosswalks.
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