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Abstract According to the WHO Global Road Safety Report [10] and the MoRTH
Accident Report [12], fatal road accidents involving pedestrians are increasing yearly.
The primary factor contributing to these rising statistics is vehicle speed, which calls
for a thorough examination of the overall situation. The current study compares the
interactions between vehicles and pedestrians on two separate roadway facilities in
Gujarat, India, with varying vehicle speeds and pedestrian behavior characteristics.
This study compares the severity of interactions at the two roadway facilities, which
is primarily based on speed and safety analysis. An automatic trajectory extractor is
used to retrieve the speeds and Time to Collision (TTC) of both the entities involved
in interactions. It was observed that the pedestrians keep a higher distance from
the interacting vehicle on National Highway (NH) because of the higher speed of
the interacting vehicles. The present study revealed that although Time-to-Collision
(TTC) is lower in urban settings, and higher on National Highways even than fatality
rates are significantly higher on National Highways due to elevated vehicular speeds.
This underscores the complex relationship between speed, collision risk, and outcome
severity. A new risk factor is introduced as the fatality risk Index to assess the overall
risk of different traffic facilities. This study can work as a means to measure the safety
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of different traffic facilities and develop safer options for the movement of pedestrians
across different facilities involving interaction between vehicles and pedestrians.

Keywords Speed - Risk index - Pedestrian - Vehicle—pedestrian interactions -
Safety - Surrogate safety measure

1 Introduction

Pedestrians and vehicles mostly share a common space while the pedestrian under-
goes road crossing maneuvers if a dedicated grade-separated pedestrian infrastructure
is not provided at the designated location. In such situations, it is inevitable for pedes-
trians and vehicular traffic to interact with one another. The vehicle and pedestrian
negotiate their way around each other by following the traffic control devices or by
social rules and understandings. These interactions, in many cases, lead to conflict
between the two interacting parties, which in some cases often leads to accidents or
other risky conditions. According to the Ministry of Road Transportation and High-
ways [1], it has been reported that in the year 2020, 31.8% of the total accidents
occurred on National Highways. Among the total fatal accidents, 35.9% were on
National Highways (NHs) [1]. At the same time, pedestrian accidents on NHs were
12%, out of which 16.3% resulted in fatalities. Road accidents are multi-casual and
often result from human error, road environment, and vehicular conditions. This study
presents a comparative analysis of the vehicle-pedestrian interactions on an Urban
(U) Road and a National Highway in mixed traffic conditions. Overall, 272 vehicle—
pedestrian interactions on the Urban Road are compared with 158 vehicle—pedestrian
interactions on the National Highway. It is observed that the decision of pedestrians
to undergo an illegal crossing is different at different facilities. Post Encroachment
Time (PET) and Time to Collision (TTC) are some of the frequently used Surrogate
Safety measures. A research work employed Surrogate Safety measures into groups
using the Time-To-Collision (TTC), the Post Encroachment Time (PET), and the
deceleration families, plus two extra groups for other and unspecified indicators and
found that Time to Collision is frequently used, followed by PET [2]. Conflict points,
pedestrian and vehicle velocity, vehicle class, conflict type, and Time to Collision
(TTC) are the parameters that have been identified and estimated. TTC is defined as
the time taken by the later entity, either pedestrian or vehicle, to arrive at the conflict
point, provided that the conflicting entity continues with its speed and direction [3].
This paper is presented in two sections, the first section summarizes the comparative
speed characteristics of the two roadway facilities, and the second section focuses on
the safety and severity levels of the identified interactions. The findings of this study
can augment current pedestrian safety recommendations and offer guidance to those
who design safe and effective traffic facilities. Lastly, the variability index (VI) and
severity level of the obtained vehicle—pedestrian interactions are used to provide a
new safety index to compare the risk of crossing at Urban and National Highways.
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2 Literature Review

Previously, researchers have employed the idea of surrogate safety measures utilizing
one or a combination of characteristics for the interaction between pedestrians and
vehicles. It is advantageous to use TTC as a Surrogate Safety Measure (SSM) because
of its ability to quantitatively capture the severity of interaction [4]. Researchers
have studied the vehicle—pedestrian interactions on Urban Roads with mixed traffic
conditions by extracting trajectory data [3]. It was observed that the ratio of aggres-
sive to non-aggressive behavior was more prominent in the case of vehicles, while
pedestrians were seen to exhibit less aggression. A distance-based surrogate safety
metric known as Safe Distance (SD) is established which is identified based on
vehicle—pedestrian interactions [5]. The findings demonstrated that SD rises as
vehicle size and speed increase. A study was conducted to analyze the behavior
of vehicle—pedestrian interactions on midblock crossings with a High-resolution
LiDAR [6].

A study that was conducted to determine the severity levels of vehicle—pedes-
trian interactions concluded that due to male pedestrians’ tendency to take more
risks, interactions involving male pedestrians had a higher severity level while for
the same pedestrian gender and vehicle type, the severity level falls as pedestrian
crossing speed increases [7]. Conflict risk evaluation models and their thresholds are
developed based on the vehicle—pedestrian interaction data to be used in real-time
risk evaluation models [8].

Few studies have also focused on the studies done to improve the existing pedes-
trian facilities. Some researchers have re-examined the pedestrian crossing warrants
by analyzing pedestrian safety and vehicle delays at vehicle—pedestrian intersections
at urban midblock sections [9]. The study suggested using PV? values (where P is
the volume of pedestrians crossing the roadway facility per hour and V is per-hourly
vehicular traffic volume) to define thresholds for various types of pedestrian crossing
facilities. In Global Status on Road Safety 2018 by WHO, it was mentioned that over
1.35 million people die each year in traffic crashes, and about 50 million are injured.
Road accident is the eighth leading cause of death for people of all age groups, while
it stands first for children and young adults in the age group of 5-29 years. In addition
to this, low-income countries have three times higher death rates when compared to
high-income countries [10].

As per the Ministry of Road Transportation and Highways [1] report, for the third
consecutive year [11], the fatal road accident victims largely constitute young people
in the productive age groups [1]. Young adults aged 18—45 years accounted for 69%
of victims in 2020. Regarding road user categories, the share of Motorized 2-Wheeler
(2W) riders in total fatality has been the highest (43.5%) during 2020, followed by
the Pedestrian road users with 17.8% of persons killed in road accidents, as shown
in Table 1.

As per the MoRTH Accident Report—2020, it was reported that pedestrian fatali-
ties are increasing by 0.5-2.0% every year, as shown in Fig. 1, which is of significant
concern and shows the gravity of the problem [12]. Also, it is important to mention
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Table 1 Pedestrians killed in accidents classified by the type of impacting vehicles in 2020 [1]

Victim Impacting vehicle category
Bicycle | 2W | 3W | Cars, | Trucks/ | Buses | Non-motorized | Others | Total
taxis, |lorries vehicle
vans
&
LMV
Pedestrian | 107 6489 | 954 | 5511 |4142 1161 |305 4808 | 23,477
% Share in | 8.4 183 |16.8 |17.5 |15 158 |144 23.2 17.8
total
fatalities
o 18
&
g 17
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=
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=
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Fig.1 Yearly pedestrian fatalities rate

that in the year 2020, traffic was constrained due to the lockdowns; even then, the
fatalities were relatively high for pedestrians, which shows the need to study the
safety aspects of vehicle—pedestrian interactions.

This study aims to present the vehicle—pedestrian interactions with the severity
levels, which can be used in favor of pedestrians to reduce the number of accidents
and provide solutions for the safer movement of pedestrians. The critical situation of
vehicle—pedestrian interactions is studied using the data collected using Unmanned
Aerial Vehicles (UAVs) to get accurate and precise analysis.

3 Methodology

Traffic conflict is generally defined as the event in which at least one of the interacting
entities has to deviate from its path to avoid a collision. To study conflicts, proactive
techniques like the use of surrogate safety methods have been followed by various
researchers at different traffic facilities [13, 14].
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The study presented in this paper is divided into two sections, with one section
dedicated to comparative speed study and the second to the safety and severity anal-
ysis, which presents certain conditions that can be used to determine the severity
levels of a particular interaction at a particular road type. The concept of surrogate
safety measures is used in the present study to perform the safety analysis. The
methodology adopted for the present study is shown in Fig. 2.

The analysis results of Speed, Time to collision (TTC) analysis (surrogate safety
measure for the study), and Severity are then used to compare and give recommenda-
tions which the field engineers can use to plan for improving the present infrastructure
facilities for pedestrians to reduce the risk levels and fatalities. Different planning
approaches should be adopted for both Urban roads and National highways as the
severity of vehicle—pedestrian interaction is different in both cases.

IDENTIFICATION OF STUDY SITE AND DATA COLLECTION
* Reconnaissance survey for site selection
*  Spot speed determination through radar gun
*  Videography Method using UAVs

k4

*  Speed
*  Vehicle-Pedestrian _,[ DATA EXTRACTION ]

interactive pairs

¥
{ DATA ANALYSIS ]

SAFETY
*  Time to Collision (TTC) analysis

SPEED

*  Speed analysis

*  Severity analysis

‘

‘ STUDY OUTCOMES

Safety comparison between Urban section and National Highway

4

[ CONCLUSION & RECOMMENDATION ]

Fig. 2 Methodology adopted for the present study
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4 Data Collection

Videography data was collected from the selected study sections under clear weather
conditions using a UAV. The required pedestrian and vehicle data, including the type
of interaction (Vehicle Passing First (VPF) or Pedestrian Passing First (PPF)), the
speeds of vehicles and pedestrians during their interaction, and the distance between
them, were extracted from video using automatic trajectory extractor software. TTC
was determined based on the noted distances.

The two interaction cases of vehicle passing first and pedestrian passing first have
been shown in Fig. 3. Past studies have mentioned that UAVs’ advantages include
time and money savings, enhanced data measurement accuracy, and improved data
recording security [15]. Hence, the use of UAVs was preferred for data collection
over static data collection.

The spot speed data were collected through a radar gun for a short period of
different vehicle classes (Fig. 4), which was later used to validate the speeds obtained
from the UAV video through an automatic trajectory extraction tool. Vehicles’ spot
speeds in urban and NH study sections were extracted from video using DataFromSky
software.

The significance of the difference between both the spot speed data is checked
using the F-Test for all the vehicle classes separately. It was observed that there is
no significant difference between them at 5% level of significance as the P-value for
all the vehicle classes came to be less than 0.05 as shown in Table 2. Thus, the spot
speeds extracted from UAV data resemble the actual spot speeds on the field and can
be used for analysis.

Conflict Point

(a)

Conflict Point

(b)

Fig. 3 Vehicle passing first (VPF) and pedestrian passing first (PPF) interaction observed in NH
study section
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Fig. 4 Spot speed data
collection through radar gun

Table 2 F-test results

Vehicle type Fyalue Fcritical p-value Remark

2W 0.504 0.603 0.014 Statistically insignificant difference
3w 0.795 0.837 0.017 Statistically insignificant difference
Car 0.555 0.661 0.010 Statistically insignificant difference
HV 1.214 1.199 0.039 Statistically insignificant difference

5 Data Processing and Analysis

5.1 Speed Analysis

Different drivers choose different speeds depending on various factors such as vehicle
limitations, roadway conditions, and driver ability. A single speed value cannot
correctly represent all the speeds at a specific location. Different drivers react differ-
ently to the same driving conditions, and these differences also affect their choice of
speed. Hence, it is important to study speed as a separate entity. The vehicle classes
considered in this study were Motorized 2-Wheeler (2W), Motorized 3-Wheeler
(3W), Car, and Heavy Vehicles (HV), which include LCV, Bus, and Heavy commer-
cial vehicle (HCV)) are the majority of vehicles in the overall traffic composition.
Figure 5 shows the heat map in the NH study section at different speeds.

To have confidence that the speed difference is there at U and NH sections, F-test
is conducted, and it is observed that there is a significant difference between speeds
at both sections for different vehicle categories at 5% level of confidence (Table 3).

Figure 6 shows the cumulative frequency distribution of speed on the Urban (U)
road section and National Highway section (NH) for different vehicle classes. Table 4
shows that the mean speed of cars is highest for both the road sections and the mean
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Fig. 5 Heat map showing speed variation across the NH study section

Table 3 F-test results for speed difference at the U and NH for different vehicle classes

Vehicle type F Fcritical P-value Remark

2W 1.101 1.698 0.394 Significant result
3w 0.632 0.537 0.111 Significant result
Car 0.599 0.537 0.087 Significant result
HV 1.738 1.861 0.071 Significant result

speed of 3W is the least in the case of NH and HVs have the least speed in U section.
It can be because the 3Ws drove mostly near the curb lanes and constantly picked up
and dropped pedestrians near the NH study section. The variation in speed is high in
cars on urban roads and NH.

The 15th, 85th, and 98th percentile speeds are determined by analyzing the spot
speeds of different vehicle classes, as shown in Table 4. The maximum observed
speed is 77 km/h for 2W on the NH. The 15th percentile speed, which signifies
slow-moving vehicles, for cars is 27.5 km/h and for HV is 20.63 km/h for U road
section, whereas for NH, the same for cars is 46.16 km/h (67.85% higher) and for
HV is 34.81 km/h (68.73% higher). For 2W on the U road section, the 15th percentile
speed is 43.31% lower than on NH. Also, the 98th percentile speed of cars for the
Urban Road Section is 34.89% lower than in NH. The mean speed of 3W for the U
road section is 24.12% lower than in NH, whichh is the least among all vehicles due
to its repetitive stop-and-go conditions.

Table 5 depicts that the vehicles traveling with speeds greater than or equal to the
85th percentile speed for the interacting vehicles in NH are 59.32% higher than in the
Urban road section. It shows higher aggression in driving style in NH as compared
to the urban road section.
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Table 4 Speed characteristics for different vehicle classes
Speed 2W 3w Car HV
characteristics U NH U NH U NH U NH
(km/h)
Max 58.00 |77.00 |54.00 |55.00 |54.00 |83.00 |50.00 |65.00
Min 11.00 | 38.00 13.00 |25.00 13.00 | 39.00 11.00 | 25.00
Mean speed 3458 |52.77 |31.61 41.66 |36.12 |58.08 [29.13 |45.65
15th percentile | 24.43 |43.10 |25.17 |33.38 |27.50 |46.16 |20.63 |34.81
85th percentile | 44.74 | 62.45 |38.05 4995 4474 |70.01 37.64 | 56.51
98th percentile | 54.71 7195 4437 |58.08 5320 |81.72 4599 |67.16
Table 5 Descriptive statistics of vehicles involved in interactions
Categories Number of vehicles
2W 3w Car HV
U NH U NH U NH U NH
Speed <15th percentile speed 17 4 13 24 18
Speed >85th percentile speed 15 10 5 22 12
Speed >98th percentile speed 1 2 2 1 3
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5.2 Variability Index

To predict the variability of Spot Speed data, a parameter known as Variability Index
(VD) is used [16]. It is the ratio of the difference between the 90th percentile and 10th
percentile to 50th percentile speed. It signifies the given data is how much variable
between 10 and 90th percentile speed to 50th percentile speed shown in Eq. 1.

Py — Py
Psg

A (D

According to Table 6, the highest variability index in urban roads is about 0.74
for 2W, which is 60.81% more than NH, and the lowest is 0.57 for 3W. Whereas in
NH, the highest variability index is 0.59 for HV, which is 18.05% less than Urban
Road because lane changing operation is more in urban roads than in NH. Another
reason can be that the value of the variability index is lower on NH than on Urban
Road because the speed of vehicles on NH is more consistent as fewer obstruction
to traffic is observed there.

Figure 7 shows the cumulative frequency distribution of the variability index on
the Urban (U) road section and National Highway section (NH) for different vehicle
classes.

Speed Spread Ratio (SSR) is used to check the normality of speeds [17]. It is the
ratio of the difference between the 85th percentile and 50th percentile to the difference
between the 50th percentile and 15th percentile speed. As per the SSR, the vehicles
having an SSR range between 0.86 and 1.1 follows the normal distribution. In the
present case, SSR for all the vehicle classes on both Urban Road and NH is almost
equal to 1, signifying it follows a normal distribution.

Table 6 Variability index for different vehicle types

Categories Vehicle type Spot speed (Percentile) Variability index
10th 50th 90th
National highway (NH) 2W 40.81 52.71 64.74 0.45
3w 31.42 41.67 51.91 0.49
Car 43.34 58.09 72.84 0.51
HV 32.24 45.66 59.07 0.59
Urban road (U) 2W 22.03 34.59 47.74 0.74
3w 21.64 31.61 39.57 0.57
Car 25.46 36.12 46.77 0.59
HV 18.61 29.13 39.65 0.72
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Fig. 7 Cumulative distribution function (CDF) of variability index for a Car. b HV

5.3 Time to Collision (TTC)

The safety analysis of any traffic facility should be done through proactive techniques.
One of these techniques is the use of surrogate safety measures. In the present study,
time to collision is taken as the surrogate safety study. The time taken by the later
entity (pedestrian or vehicle) to arrive at the conflict point provided that the conflicting
entities continue with their speed and direction is known as the time to collision
(TTCO).

It should be observed that the calculations are based on the assumption that the
driver and the pedestrian, respectively, are not distracted while driving a vehicle and
crossing a roadway.

As shown in Fig. 8, Time to collision (TTC) is less for Urban roads compared to
the NH as the pedestrians take a higher risk due to the lower speeds of vehicles in the
urban sections. However, due to the higher speeds of vehicles at the NH, pedestrians
keep a higher distance from vehicles while crossing roads to ensure safety, leading
to higher TTC values.

As observed from the box plots presented in Fig. 9, it can be said that the variation
in TTC is less on the Urban road in both the cases—VPF and PPF as compared to that
on the NH as the decision of pedestrians to cross the roadway facility is more rigid for
an Urban road because of the less vehicular speeds which is just an opposite scenario
to that observed on an NH. It can also be observed that the mean TTC values for
pedestrians passing the first case are higher for both road sections. It can be attributed
that while pedestrians pass the first case, pedestrians maintain a higher distance from
the interacting vehicle but for vehicles passing the first case, pedestrians respond
quickly and start crossing the road as soon as the vehicle passes the point of conflict
as he feels safe afterward.

As observed from the distribution plots shown in Fig. 10, it can be said that the
mean TTC lies in the range of 0—1 s for the Urban road, whereas for NH, it can
be observed between 2 and 4 s. Because the vehicular speeds are high on NH and
pedestrians try to keep larger gaps with the interacting vehicle while crossing the



222 R. Chouhan et al.

=
S

80

60

40

20

Cumulative Frequency (%)

Cumulative Frequency (%)

=

7 0 1 13 5 6 7
TTC (sec) TTC (sec)
(a) (b)

Fig. 8 Cumulative distribution frequency (CDF) for a VPF and PPF for U and NH. b TTC for U
and NH

7.00

6.00 1 I

5.00 1 = s
E T W ver-u
Z 4.00 1 o
o W rer

3.00 1
t ] ver-nu

2.00 1

. PPF - NH
]‘m - + a
0.00

Fig. 9 Box plot for TTC for different road sections

road; thus, higher values of TTC are observed for such cases. The analysis indicated
that it is difficult to assess the risk just by observing the TTC as different speeds are
observed for both sections. Hence, further analysis is carried out to evaluate the risk
and severity of vehicle—pedestrian interaction.

5.4 Severity Analysis

Speed is a major factor that is related to the safety of pedestrians on roads. It
mainly depends on factors like roadway conditions, vehicle limits, and driver’s ability
or experience. The probability of pedestrian deaths resulting from various vehicle
speeds, as shown in Table 7, is given in Speed Concepts: Informational Guide by
the Federal Highway Administration. Higher operating speeds result in more severe
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crashes. If pedestrians are involved in crashes, the fatality risk increases as the impact
speed increases. Cars and HV have a major impact on pedestrian collisions.

From Fig. 11, it can be observed that vehicle speed varies between 25 and 50 km/h
on the Urban road, and the average value of TTC varies in the range of 0—1 s, whereas
on NH, it is 3—4 s. If speeds are, then the average speed on interaction varies in the
range of 40-60 km/h, which is quite high as compared to urban sections. Hence,
the risk of crossing also depends on the speeds of vehicles involved in the crossing
event. To study the probability of a pedestrian getting into a fatal conflict a new risk
index is proposed in this study as the Fatality Risk Index (FRI).

No.of probable fatal interactions

Fatality Risk Index = 2)

Total no.of interactions

FRIis the ratio of the number of probable interactions that could lead to fatality to total
interactions between all classes of vehicles and pedestrians. In the present study, 272
and 158 vehicle—pedestrian interactions on the Urban Road and the National Highway
respectively are considered. Total number of fatal interactions are calculated based
on vehicular speeds involved in the vehicle—pedestrian interactions as per Speed
Concepts: Informational Guide by the Federal Highway Administration.

Table 7 Probability of . o . .
pedestrian fatality based on Vehicle speed (km/h) | Probability of pedestrian fatality (%)

vehicle speed [18] 35-50 5
50-65 45
>65 85
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Table 8 Fatality risk index for U and NH

85

Category | Vehicle | No. of vehicles Fatality risk

type Speed less Speed Speed Speed more index

than 35 km/h | between 35 | between 50 | than 65 km/h
and 50 km/h | to 65 km/h

National |2W 0 13 15 3 0.27
highway | 3y 8 18 5 0
(NH)

Car 0 13 20 13

HV 5 24 14 1
Urban 2W 47 45 6 0 0.06
roads (U) | 3y 70 30 1 0

Car 71 84 6 0

HV 73 26 1 0

From Table 8, it can be concluded that the chances of pedestrians being involved
in fatal accidents on NH are 4.5 times higher than on the Urban road as the number
of vehicles with speed greater than 65 km/h is higher in the case of NH. The number
of vehicles with a speed lower than 35 km/h is more in the case of Urban roads. So,
the Urban road has a lower risk with less Fatality Risk Index when compared to NH.

6 Conclusion and Way Forward

This paper includes a comparative study of vehicle—pedestrian interactions on an
Urban Road and an NH. The conclusions and recommendations are based on the
speed and safety analysis by introducing specific useful parameters and a risk index
that give reasonable insights about the present study.
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The Conclusions made from the study are as follows:

It is found that there is a significant difference between the speeds of vehicles on
Urban Road and NH, which further yielded that the 15th percentile speed of 2W
on Urban Road is 43.31% lower than that on the NH while the 98th percentile
speed of Car on Urban Road is 34.89% lower than that on NH.

Based on the 85th percentile speed, it is deduced that the drivers are 59.32%
more aggressive on Urban Road than on NH.

From the CDFs, it was concluded that the variation in the speeds of HV is high
compared to other vehicle classes. It is then validated using the term Variability
Index which resulted that HV was possessing a greater Variability Index with
NH having 18.05% less variability than that on the Urban Road.

Pedestrians maintain a mean TTC of 0-1 s on the Urban Road as the vehicular
speeds are less, while it is 2—4 s in the case of NH as the vehicular speeds are
high on the NH and pedestrians act more cautious while traversing on NH.
Chances of accidents are high on Urban Roads as the TTC values observed are
lower, but the severity will be less, and the fatality rate will also be lower. But
as the speeds observed for NH are high, thus the chances of meeting a fatal
accident are higher at NH. Thus, NH can be said to be riskier than the Urban
road.

The study’s future scope includes a comparison of vehicle—pedestrian interactions

on expressways and the formulation of policies that can be used for the development
of pedestrian-friendly infrastructure in order to lower the number of fatal accidents
resulting from such interactions.
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