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Abstract

The movement of pedestrians in an urban environment is vital for promoting safe

and comfortable sustainable transport witing the existing transportation system.

To enable a safe and comfortable walking experience, various at-grade facilities were

built, like crosswalks at mid-blocks and intersections with proper marking and sig-

nage. The inadequacy of intersection crosswalks in terms of design and dimensions

increases the woes of pedestrians. These impediments render the performance of

these facilities unsatisfactory to most pedestrians, leading to risk-taking behaviour

and subsequent exposure to danger. Thus it is very clear that understanding the

pedestrian need by investigating the existing road crossing behaviour is prime im-

portant for planners and policymakers to enable a safe, comfortable and convenient

pedestrian environment.

It is essential to understand the past research in pedestrian road crossing behavioural

studies in general and especially at signalised intersection crosswalks. Therefore,

the overview of existing pedestrian behaviour in the road environment was explored

by conducting a detailed review of pedestrian risk-taking behaviour. Past stud-

ies mostly explored various non-social level attributes, and few tried to understand

the influence of social level attributes on risk-taking behaviour. To overcome this

research gap, the current study tried to understand what motivates/forces pedes-

trians to take risks at signalised intersection crosswalks in the light of social and

non-social attributes. Real-world observational data were gathered from three one-

way crosswalks in Kolkata city to investigate various hypotheses. The study results

highlighted that, similar to non-social attributes, the social level attributes are also

crucial for understanding pedestrian risk-taking behaviour.

In the 21st century, a digital distraction like mobile use in road environment has

increased the number of injuries among the young population. There was very lim-

ited research available in developing countries like India that tried to understand

the behavioural differences induced due to various types of distractors like mobile

talking, texting, headphones use, group talking and eating/drinking/smoking while

crossing the road. To fill this research gap, the current study investigated the influ-

ence of different types of distraction on road crossing behaviour at three signalised

intersection crosswalks. Binary logistic regression has been utilised to understand

TH-2875_166104036



the behavioural difference between pedestrians with and without distraction. The

study results highlighted that various distractors had different influences on road

crossing behaviour regarding crossing speed, signal violation, conflict with opposing

pedestrians and traffic glance.

Longer red-phase lengths led to the long waiting time at intersection crosswalks.

The longer waiting duration often does not satisfy the threshold waiting time of

individual pedestrians, which leads to signal non-compliance. Understanding the

optimal waiting duration is essential for designing the pedestrian signal phase. Very

limited research is available that tries to understand the pedestrian waiting be-

haviour at intersections using duration data. Thus, the present study investigated

the waiting duration of pedestrians using the time-to-event approach (survival anal-

ysis) using data collected from eight two-way signalised intersection crosswalks in

Kolkata. From the study results, it was observed that the Log-normal (Log-normal

Accelerated Failure Time model) distribution best represented the waiting duration

of pedestrians at intersection crosswalks in Kolkata city. Further, a high danger

rate is shown by short waiting time (less than 3 s), while endurance towards waiting

was reflected in the span of 36.7 s. Further, pedestrian glance was the most crucial

predictor of waiting behaviour.

Conflict or interaction-based studies are preferred for pedestrian safety evaluation

due to the non-availability of historical crash data in developing countries. Thus,

the present study evaluated pedestrian crossing safety using the interaction-based

technique to obtain the Pedestrian Safety Margin (PSM). Two regression models

were developed for one-way (multiple linear regression model) and two-way (ran-

dom intercept regression model) crosswalks. From the PSM model, it was observed

that crossing speed, type and size of the vehicle, approaching direction, location of

interaction and number of traffic plying on the street affected the PSM.

The study results will be helpful for traffic engineers, planners and enforcement

agencies to formulate new policy guidelines to promote safe and comfortable pedes-

trian infrastructure. It will also help in assessing and prioritising the requirements

of pedestrians at existing intersections.
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Chapter 1

Introduction

1.1 Overview

Walking is the most effective and environment-friendly mode of transport for shorter

trips. Walking forms an integral part of urban transport. In India, approximately

1-2 km length of urban trips is performed on foot daily (IRC:103, 2012). Due to

the extensive demands of vehicular traffic, most of the researchers investigated the

operational condition of vehicular traffic and only very few of them have addressed

the issues related to non-motorised mode. In urban areas, significant attention is

being given to walking due to rising levels of congestion and pollution.

Walking is the fundamental mode used for commuting to shorter trips which involve

road crossing, which is a hazardous activity due to the interaction involved with

motorised traffic. To reduce this interactivity, sidewalks, crosswalks, intersections,

foot over bridges and skywalks are provided to pedestrians to encourage a safe

walking environment. Among all, intersections are considered the most important

elements of road transport networks. Though intersections were built to improve

the safety, convenience, travel speed, capacity and efficiency of the vehicular road

1
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network. They are also an integral part of non-motorised transport, especially for

pedestrians, as they provide a designated place for safe crossing.

The intersections are far more complex and involve high-risk elements for pedestri-

ans, as pedestrians and vehicles share the common road space for movement. The

intersections are divided into two categories, controlled and uncontrolled. It has

been observed that urban signalised intersections have high pedestrian and traffic

movement (e.g., Kolkata). However, a very minimal number of safety measures are

being allocated for pedestrian safety. Various types of control strategies, such as

fixed-time control signals, coordinated signals, dynamic control signals and adaptive

controls, are allocated based on traffic and pedestrian flow characteristics. Fixed

time signals are very common in Indian cities, while adaptive signals are rising in

metropolitan cities (e.g., Kolkata). Even though the signal control mechanism pro-

vides right-of-way to pedestrians for safe crossing during the pedestrian green phase,

still past studies highlighted that the road crossing risk involved is more severe in

a signal-controlled intersection than in uncontrolled intersections. This is because

drivers tend to break traffic rules in lower-middle-income countries. In addition, the

allowance of turning vehicles during the pedestrian green walk phase increases the

chances of conflicts. These circumstances might have contributed to a large number

of pedestrian-vehicle crashes in developing countries like India (Kumar et al., 2019;

Jensupakarn and Kanitpong, 2018; Yang and Najm, 2007; Koepsell, 2002).

In Lower-Middle-Income Countries (LMICs) like India, to fend off the interaction of

traffic and pedestrians, foot-over bridges and underpasses are being constructed in

pedestrian-concentrated areas to ensure safe movements while maintaining a smooth

flow of vehicular traffic. At first glance, this seems to have resolved the pedestrian

safety problem. However, studies showed that the desired effect has not been met yet.

Inappropriate standards, poor maintenance, presence of beggars and obscured safety
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due to shielding by advertisements were cited as the main reasons (Nukta Ramadani

et al., 2018). Dass et al. (2015) reported that the absence of proper lighting at

night, narrow stairs, absence of ramps and lifts, and absence of a rest staircase

discouraged pedestrians from using the overpass. Rankavat and Tiwari (2016) stated

that despite pedestrians having unsafe perceptions of safety while crossing at grade

(at crosswalks), they still prefer to use crosswalks more than over or underpass.

As most pedestrians prefer or are obliged to use crosswalks instead of foot over-

bridges, the inadequacy of crosswalks in terms of design or dimensions has reduced

pedestrian safety. The extended red phase and/or too-short green phase for pedes-

trians caused excessive delays for people. It appeared to be a key issue behind

the risk-taking behaviour (signal violation). Additionally, bad surface conditions,

improper crosswalk markings, poor association between crosswalks and sidewalks,

inappropriate provision of guardrails and refuge islands, and allowance of free left

turns at intersections contributed to inconvenience for pedestrians (Bansal et al.,

2018). The other peculiar challenges pedestrians face are on-street parking at or near

pedestrian facilities, and poor police enforcement adds to the users’ woes (Mukher-

jee and Mitra, 2020). These impediments render the performance of these facilities

unsatisfactory to most pedestrians, leading to risk-taking behaviour and subsequent

exposure to danger. A recent study conducted in Kolkata city confirmed that an

association does exist between pedestrian risk-taking behaviour (signal violation)

and fatal road crash frequency (Mukherjee and Mitra, 2020).

Safety concerns for pedestrians are severe in some Indian cities, where pedestrians

represent half of all fatalities (Mohan et al., 2020). The Indian official estimates re-

vealed that pedestrian fatalities constitute 15% of total Road Traffic Injuries (RTI)

(MoRTH, 2018), which is lower than other independent researchers’ estimates. Hsiao
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et al. (2013) studied MDS (Million Death Study) data of 1.1 million Indian house-

holds; these data were collected using a face-to-face interview (with a relative or

close acquaintance of the deceased). In this study, based on an enhanced version

of the verbal autopsy technique (known as the routine, reliable, representative, re-

sample household investigation of mortality with medical evaluation or RHIME),

about 37% of pedestrian RTIs were reported. Based on the time trends and varia-

tions among the Indian states for deaths due to road injuries, Dandona et al. (2020)

reported 76,729 (35.1%) pedestrian deaths of all road traffic deaths in 2017.

As per “The Road Accident Report 2018”, West Bengal (an Indian State) topped the

list of pedestrian RTI fatalities in 2018 with 2,618 deaths, followed by Maharashtra

with 2,515 reported deaths. The number of pedestrians killed on Indian roads has

risen by 84% between 2014 and 2018 (MoRTH, 2018). Current statistics highlighted

that 62 pedestrians die daily on Indian roads from road traffic-related injuries (Das,

2019). Further, past accidental investigations have reported that a significant por-

tion of vehicle-pedestrian collisions occurred at intersection crosswalks. In Charlotte,

North Carolina (USA), many crashes happen involving pedestrians at intersections

near Light Rail Transit (LRT) stations (Pulugurtha and Srirangam, 2021). In China,

for example, more than 50% of pedestrian crashes occur at signalised intersections

(Chen et al., 2017; Ren et al., 2011), while in Montreal, Canada, vehicle-pedestrian

collisions account for more than 60% of reported accidents (Brosseau et al., 2013).

In a developing country like India, accidents at the intersection have reached beyond

60% of all pedestrian-related accidents (Bansal et al., 2018; Priyadarshini and Mi-

tra, 2018) and pedestrian risk-taking behaviour, especially signal violation, has been

cited as one of the significant reasons (Mukherjee and Mitra, 2020). This clearly

highlights the need for more pedestrian safety studies to determine the reasons be-

hind pedestrians’ unsafe behaviour and the factors influencing their safety so that
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preventive steps can be taken to reduce fatal pedestrian-vehicle collisions.

1.2 Need of the Study

Enhancing pedestrian safety is one of the challenges faced by transportation planners

and traffic engineers worldwide. Most of the complexity arrives due to the variation

and uncertainty involved in the pedestrian road crossing behaviour. The complex-

ity and diverse nature of pedestrian crossing behaviour and driver’s behaviour are

described in the following paragraphs.

There are three types of signal phases for pedestrians at signalised intersections:

green phase, flashing green phase and red/do-not walk phase. During the green

phase, pedestrians are allowed to cross the street. During the flashing green phase,

pedestrians are not allowed to enter the crosswalk, but those who have already

entered the crosswalk are allowed to complete their crossing. Even though during

the green phase, pedestrian holds the right of way, they still face safety threats due

to drivers’ non-compliance with the stop signal. Further, the lack of enforcement

in developing countries like India increases pedestrians’ woes. For example, during

the pedestrian green phase, vehicles often occupy pedestrian crosswalks which force

pedestrians to walk outside the zebra crossing, which elevates the crossing risk.

In addition, the crossing risk increases further when pedestrians themselves decide

to cross the road illegally, taking risks (i.e., during the red/do-not walk phase).

Pedestrians decide to take the risk for two specific reasons: i) when there are very

few vehicles plying on the street and ii) when the waiting duration for safe crossing

(green phase crossing) exceeds pedestrian threshold waiting time due to longer red-

phase length. In such circumstances, pedestrians use their judgement and increase

their crossing speed to take safe gaps between vehicles to complete their manoeuvre.
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Moreover, turning vehicles make crossing difficulty much worse and unsafe for pedes-

trians. Further, unsafe behaviour displayed by pedestrians during road crossing in

the form of mobile phone distraction has raised concern for safety researchers.

In addition, inconsistent infrastructure across the transport networks forces pedes-

trians to take risks during road crossing. For example, broken or non-functional

signal heads, unoptimised signal phases, unavailability of crosswalk markings and

refuse island also forces pedestrian to make risky crossing choices. It is important

to improve the pedestrian infrastructure quality and implement safety interventions

at intersection crosswalks. Hence, there is a need to study pedestrian crossing and

risk-taking behaviour at signalised intersection crosswalks under mixed traffic con-

ditions.

1.3 Problem Statement

In the previous section, the existing pedestrian crossing behaviour and its complexity

in Indian traffic conditions (which may lead to unsafe road crossing) are discussed.

Analysing pedestrian crossing behaviour could be challenging due to the complexity

and uncertainty involved in road crossing behaviour. Thus, there is a need to un-

derstand pedestrian crossing behaviour, especially the unsafe one in crosswalks at

signalised intersections, using real-world empirical data collected from Indian cities.

Road crossing is a daily activity for pedestrians; however, it is considered a threat if

caution is not practised. At uncontrolled intersections, pedestrians are often cautious

to avoid injury while crossing and take marginally safe gaps. Nevertheless, at a

controlled intersection, if the pedestrian signal is red, the chances of safe crossing

opportunities are very limited; some pedestrians may be willing to cross, whereas

others may wait for the green light. Past studies extensively studied signal violation
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behaviour using various non-social factors (such as traffic and road infrastructure).

But the risk-taking behaviour is far more complex as other factors may also motivate

pedestrians to make such risky decisions. Other key factors are social information

(like the number of pedestrians waiting in a group or attempting to cross during

the red-signal phase) and pedestrian characteristics (like gender, age, and walking

speed) which need further exploration to understand their influence on risk-taking

motive.

As vehicle drivers and pedestrians use a shared space for movement (especially at

intersections); thus, similar to driver distraction (Horrey and Wickens, 2006; Pekker

et al., 2011), the pedestrian could also engage in distraction, which reduces crossing

safety. Past studies have displayed the potential impact of distracted road crossing

behaviour on crossing safety risks. However, their conclusions were not validated

with accident statistics due to the paucity of such data availability/inventory. Ralph

and Girardeau (2020) raised similar concerns and pointed out that despite the lack of

field evidence in terms of accidents data, scholars tend to describe distracted walking

as a severe problem, which might misplace the key focus from the overall effort of

improving safety for all road users. Therefore, in developing counties like India in

the absence of distraction-related accident records, a questionnaire survey of a rep-

resentative sample could provide an overall accurate initial estimate of pedestrians’

distraction rate and its severity in daily commutes (while in a road environment).

Thus, it is also worth noting that in developing countries where road traffic rules

and regulations are lenient, it is unrealistic to expect that every road user will

comply with traffic rules and regulations and abstain from distraction. Thus, it is

essential to develop and deploy new strategies and countermeasures that minimise

distraction rather than attempt to eliminate such behaviour altogether. One of

the best strategies is to understand and assess the severity of such incidents in
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a naturalistic setting using an observational study framework. Thus, parallel to

collecting subjective data (questionnaire survey), it will also be worthwhile to explore

the manner in which pedestrian distractive engagement could be attributed to real-

world road crossing behaviour in a developing country, India in particular.

The risk-taking behaviour of pedestrians at intersection crosswalks is highly associ-

ated with waiting delays on arrival. The unoptimised signal phase, especially the

longer red-phase length, is mainly responsible for the extended waiting time. Identi-

fying the optimal red-phase length is a challenging task, as the intersections greatly

vary based on the traffic and signal configuration. Further, the dynamic nature of

signals increases the complexity of the analysis. Thus, traditional models often fail

to capture the influence of duration on unsafe events. Hence, further understanding

is required to understand the waiting duration of pedestrians in signal violation so

that optimal red-phase duration could be proposed to enhance signal compliance at

signalised intersection crosswalks.

Pedestrian unsafe risk-taking behaviour often leads to unsafe interaction with ap-

proaching vehicles. Modelling and quantifying such interaction is challenging, as an

enormous set of variables contribute to pedestrian-vehicle interactions. Therefore, it

is necessary to develop a robust pedestrian-vehicle interaction model using a broader

set of empirical data collected from many signalised intersection crosswalks.

1.4 Study Objectives

The main aim of the study is to explore and analyse pedestrian road crossing be-

haviour at signalised intersection crosswalks. To achieve this aim, the following four

research objectives are formulated:
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Research Objective I: Understanding the impact of social and non-social informa-

tion on pedestrian signal violation behaviour at signalised intersection crosswalks.

Under this, the following three hypotheses were investigated in the context of Low-

and Middle-Income Countries:

(i) Hypothesis 1 (H1): the crossing decision of an oncoming pedestrian depends

on whether the pedestrian is waiting alone at the curb or waiting with others

(other pedestrians are already waiting before the candidate pedestrian arrived

or joined later) standing nearby.

(ii) Hypothesis 2 (H2): the likelihood of crossing in the red-light phase increases

when one finds others (a significant number of pedestrians) crossing success-

fully in the red-light phase from the same or opposite direction.

(iii) Hypothesis 3 (H3): as the waiting time for safe crossing (time until the green-

signal phase start) increases, the likelihood of signal violation also increases.

Research Objective II: Understanding the impact of different types of distractions

in road crossing behaviour at signalised intersection crosswalks.

In this study, the following sub-objectives were investigated in the context of Low-

and Middle-Income Countries:

(i) Understanding the purpose and motivation behind mobile phone use by pedes-

trians while crossing the road using a representative questionnaire survey.

(ii) Assessing the rate at which pedestrians were subjected to a near-miss or an ac-

cident during distracted walking/crossing using a representative questionnaire

survey.

TH-2875_166104036



Chapter I. Introduction 10

(iii) Identifying the rate of different types of distraction in an observational study

setting using a video graphic survey.

(iv) Identifying the differences in road crossing behaviour (demographic, violation,

exposure, state of crossing and cautionary/glance) between pedestrians with

digital distraction (using mobile) and without any distraction.

(v) Identifying the impact of other types of distraction (such as pedestrians’ social

distraction when conversing in a group or consuming beverages/smoking, as

they cross the street) on road crossing behaviour.

Research Objective III: Modelling pedestrian waiting behaviour at signalised

intersections using time-to-event analysis (survival analysis).

The following sub-objectives were investigated under the study in the context of

Low- and Middle-Income Countries:

(i) To understand the pedestrian waiting behaviour at signalised intersection

crosswalks using a non-parametric Kaplan-Meier curve.

(ii) Understanding the impact of various covariates (especially traffic glance and

distraction) using a semi-parametric Cox Proportional Hazard regression and

parametric Accelerated Failure Time (AFT) model alongside the common co-

variates used in previous studies.

Research Objective IV: Modelling pedestrian-vehicle interaction at signalised

intersection crosswalks using safety margin approach.

In the current study, the following sub-objectives were investigated in the context

of Low- and Middle-Income Countries:
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(i) To understand the impact of pedestrian demographic and crossing character-

istics on Pedestrian Safety Margin (PSM).

(ii) To understand the impact of cautionary/glance and distraction behaviour on

Pedestrian Safety Margin (PSM).

(iii) Understanding the impact of vehicle characteristics on Pedestrian Safety Mar-

gin (PSM).

1.5 Scope of the Study

The scope of the current research is limited to the understanding of pedestrians’ risky

road crossing behaviour at marked signalised intersection crosswalks in Kolkata city.

The video graphic data collection was done only for off-peak hours (11 am — 2 pm)

to avoid any interference from traffic police. In addition, the data were extracted

for one-way crossing, i.e., towards the camera.

1.6 Thesis Organisation

This thesis consists of 9 chapters, including the present chapter (Chapter 1) of in-

troduction to the research topic. This chapter describes the need for the study,

the problem statement and objectives of the study and a brief outline of the thesis.

Chapter 2 provides a review of past literature related to pedestrian signal violation,

distracted road crossing, waiting behaviour at signalised intersection crosswalks and

safety margin. Chapter 3 presents a brief description of the methodology adopted

to fulfil the current objectives. Chapter 4 describes details of survey locations, data
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collection, data extraction and questionnaire survey. The pedestrian signal viola-

tion behaviour model is discussed in Chapter 5. Chapter 6 deals with distracted

road crossing models. Chapter 7 describes pedestrian waiting behaviour modelling.

Chapter 8 presents pedestrian-vehicle interaction modelling based on the safety mar-

gin approach. Chapter 9 summarises the conclusions and research contributions of

the current work and also presents practical implications for improving pedestrian

crossing safety at signalised intersection crosswalks.
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Chapter 2

Literature Review

2.1 Introduction

To encourage a safe walking environment in the transportation network, there is

a need for a clear understanding of pedestrian road crossing behaviour under var-

ious conditions. Understanding the pedestrians’ real requirements for safe road

crossings will help policymakers and planners develop better and more innovative

solutions that may enhance pedestrian safety. Many studies focused on pedestrian

road crossing behaviour at various types of facilities were conducted in developed

and developing countries. However, limited studies analysed pedestrian crossing

safety at intersection crosswalks in developing countries, such as India. Hence, it

is important to study pedestrian road crossing behaviour using observational and

empirical data to deploy up-to-date interventions.

Pedestrian road crossing behaviour significantly differs in developing countries (like

India) as compared to developed countries due to shared mixed traffic space, out-

dated traffic rules and regulations, and lack of enforcement. This chapter presents a

13
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detailed review of all the studies which were conducted on pedestrian road crossing

behaviour at signalised intersection crosswalks under the various heading presented

in Figure 2.1. The chapter ends by summarising the outcomes of the literature

review.

Figure 2.1: Literature review flow chart.

2.2 Pedestrian Signal Violation Behaviour at Sig-

nalised Intersections

Researchers have identified several key features (variables) that contribute to pedes-

trian risk-taking in previous studies. Non-social features (such as traffic and road

infrastructure) and social features (like the number of pedestrians in a group at-

tempting to cross during the red-signal phase) were among the potential features

which significantly contribute to pedestrian road crossing decisions (Rosenbloom,

2009; Zhou et al., 2009). Apart from non-social and social features, pedestrian
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characteristics (like gender, age, and walking speed) were also observed to influ-

ence risk-taking behaviour. The influence of all three features (non-social, social,

and pedestrian characteristics) has been discussed in detail in the subsequent para-

graphs.

2.2.1 Non-Social Information

Several past studies have explored how non-social factors influenced pedestrians’

road-crossing decisions. The non-social information source includes ‘day and time

of the week’, ‘pedestrian crossing’ characteristics, ‘vehicle and traffic’ characteristics

(speed, flow, and density), ‘infrastructures’, and ‘built environment’, i.e., road width,

type of street, availability of marking, and signalised or unsignalised roads (Faria

et al., 2010; Zhou et al., 2009).

(a) Day and Time of the Week: Previous studies revealed that the day of the

week, the period of the year, or the time of day impact the proportion of violations

(Wang et al., 2011), and they are essential predictors of a road collision. Based on the

Indian epidemiological data, Kumar and Toshniwal (2015) reported that pedestrian

accidents at night were more critical than daytime.

(b) Pedestrian Crossing Characteristics: Aside from personal characteristics,

the amount of time a pedestrian spends waiting at the red light signal has been found

to have a significant impact on their road crossing behaviour. The threshold waiting

time for pedestrians differs according to different parameters, such as urgency for

work (Guo et al., 2011), saving travel time (Forsythe and Berger, 1973; Ren et al.,

2011), age (Brosseau et al., 2013), red-light phase length (Brosseau et al., 2013;

Van Houten et al., 2007), availability of exclusive pedestrian signal, and whether

crossing as an individual or in a group/platoon (Rosenbloom, 2009). Past studies
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highlighted that males were the most significant risk-takers in a road environment

and had less patience upon waiting compared to female pedestrians (Rosenbloom,

2009). Tiwari et al. (2007) and Guo et al. (2011) used survival analysis and identified

that pedestrian crossing activity and the risk of traffic violation were time-dependent.

The results showed that the longer the time has passed since the waiting period

began, the more likely pedestrians are to end their wait quickly in the red-signal

phase. Two critical time points, 3 and 50 seconds were observed. The high danger

rate shown by the short waiting time (less than 3 seconds) suggests that certain

pedestrians crossed the street without waiting for a green light. When they arrived

at the crosswalk, these pedestrians crossed the street immediately if the traffic lanes

were clear of approaching vehicles. The pedestrian endurance towards waiting was

reflected in the span of 50 seconds. Dommes et al. (2015) observed that pedestrians

who were reluctant to wait (cross immediately after arrival) were more likely to

look at traffic than signal as their signal violation decision was predetermined, and

they needed to look for an adequate safe gap between vehicles. Further, few studies

have quantified the impact of waiting time on signal violations, which highlighted

that with an increase of 10% of the waiting time, the probability of violations and

dangerous violations had increased by 7.9% and 2.1%, respectively (Brosseau et al.,

2013; Chen et al., 2017).

(c) Vehicle and Traffic Characteristics: The pedestrian crossing also depends

on the number of vehicles plying on the road. High traffic rate, according to Dommes

et al. (2015), has mixed effects. On one side, the pedestrian green light may take

longer to activate, which might cause pedestrians to breach the signal. While on the

other side, crossing in heavy traffic is strenuous, which can minimise the number of

red-light violations. Also, it has been found that the presence of parked vehicles in

the immediate vicinity inhibited looking activities and increased the likelihood of
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crossing against the red light (Mukherjee and Mitra, 2020). Among the operational

traffic attributes, vehicle volume (Harrell, 1991; Sun et al., 2004), available gaps (Xu

et al., 2013; Koh and Wong, 2014) and vehicle speed (Hamidun et al., 2013; Retting

et al., 2002) are observed to have a significant impact on pedestrian conformity to

the signal timings.

(d) Infrastructure: Past studies highlighted that crosswalk marking, number of

traffic lanes, the length of pedestrian crossings and type of pedestrian signal head

impact pedestrians’ red-light running rate. The impact of crosswalk markings on

pedestrian signal violation was mixed. Koepsell (2002) studied the marked crosswalk

in six U.S. cities and reported that markings had minimal effect on older pedestri-

ans. Mukherjee and Mitra (2020) studied 55 potential signalised intersections in

Kolkata (India) and observed that the absence of a marked pedestrian crosswalk

was associated with a high share of illegal crossing. A significant number of studies

pointed out that the crosswalk length was also a significant factor in pedestrians’

violation behaviour, (Supernak et al., 2013; Yang and Sun, 2013; Afshari et al., 2021;

Iryo-Asano et al., 2015) showing that as the crosswalk length increases, the signal

violation behaviour significantly decreases. A one-meter increase in the crosswalk

length reduces the likelihood of pedestrian violation by 13.9% (Afshari et al., 2021).

Further, longer crosswalks force pedestrians to change speed more frequently as they

must complete the crossing manoeuvre quickly in the limited green time in the pres-

ence of turning traffic. Drivers cannot predict this type of sudden change in speed,

which can lead to safety hazards (Alhajyaseen and Iryo-Asano, 2017). Studies on

pedestrian signals with countdown timers showed an adverse impact on crossing be-

haviour. Wanjing et al. (2015) reported that countdown signals adversely increase

the possibility of collisions with unexpected right-turn vehicles and crossing vehi-

cles or bicycles. Biswas et al. (2017) reported that signal heads with countdown
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timers were responsible for higher vehicular stop line violations and pedestrian sig-

nal violations that put pedestrians exposed to the risk of getting hit by a vehicle.

Additionally, pedestrian crossing infrastructure such as physical layout, the pres-

ence of a refuge island, or pedestrian guardrail also significantly affects pedestrian

conformity to the traffic signals (Xu et al., 2013).

(e) Built Environment: Environmental factors such as weather and lighting con-

ditions can influence pedestrians’ proclivity to run at red-light signals at a macro

level. Li and Fernie (2010) reported that pedestrians’ walking speed and red-light

running rate were higher in cold and snowy conditions compared to warm weather

and when the pavement surface was dry. Further, pedestrians were observed to be

more careful when crossing in the dark and poor visibility conditions (Liu and Tung,

2014). Additionally, allowance of vehicle parking near the crosswalk was found to

impact road crossing behaviour. Mukherjee and Mitra (2020) studied the impact of

on-street parking near the crosswalks on risky road crossing behaviour and found

a 30% increase in violations. Similar observations were also reported in France by

Dommes et al. (2015) and Tom and Granié (2011). However, another study con-

ducted in Athens, Greece (Yannis et al., 2013) contradicts the above observations,

which revealed that pedestrians take more caution when vehicles are illicitly parked

near the crosswalks.

2.2.2 Social Information

The literature highlighted that, similar to non-social information, humans respond

to a wide range of social information disseminated from others (Cherry, 1978). In

the transportation domain, social information can be defined as information or cues

disseminated by road users, i.e., pedestrians or drivers (Faria et al., 2010). Studies

TH-2875_166104036



Chapter II. Literature Review 19

have shown that an individual can obtain information from others for processing de-

cisions. Based on the interpretation of the obtained information and its application

scenario, such information can be advantageous or disadvantageous. Some of these

studies are discussed below.

(a) Negative Implications of Social Information: Several studies highlighted

that the social information gathered during the road crossing process could be ad-

verse (Faria et al., 2010). An example of such a scenario is the sensation-seeking

tendency among adolescents. Researchers have shown that sensation seeking among

adolescents may be attributed to social information gained from peers. Rosenbloom

(2009) reported that sensation seeking could be a significant predictor of reckless

behaviour on the road. Zhang et al. (2016) studied sensation-seeking and pointed

out that social risk-taking was the most prominent predictor for sensation-seeking,

as adolescents have lower risk perception. School-going adolescents are likely to

show 5-6 times more high-risk behaviour when their peers did not set a good ex-

ample during road crossing (Holm et al., 2018). Faria et al. (2010) observed that

neighbours’ behaviour significantly influences the individuals’ crossing decisions and

further reported that a pedestrian’s likelihood to start crossing a road increases 1.5

to 2 times if their neighbours had already begun crossing in the red-light phase.

These findings indicate the crucial impact of social psychology on unsafe crossing

decisions.

Socio-cultural variables (such as the degree to which a country is considered “de-

veloped” and demographic input) were found to influence pedestrian behaviour

(Hamed, 2001). In the era of digital devices, researchers have pointed out another

form of social feature that contribute to unsafe road crossing known as “digital dis-

traction”, increasing dangerous road crossing behaviour and reducing caution. Dig-

ital distraction can be in the form of mobile phone talking, texting, and headphone
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usage. Young adults (aged between 16 and 30 years) were subjected to more digital

distraction-related injuries (Cooper et al., 2012; Nasar and Troyer, 2013; Vujanić

et al., 2014). Pedestrians involved in digital distraction were less likely to perform

cautionary behaviour, i.e., look left or/and right (Bungum et al., 2005; Pešić et al.,

2016), less likely to wait for traffic to stop (Hatfield and Murphy, 2007), therefore

increasing the crossing risk. Evidence from existing studies also suggested that dig-

ital distraction from electronic devices increased the likelihood of illegal crossing or

signal violation behaviour of the pedestrian (Mukherjee and Mitra, 2020; Nasar and

Troyer, 2013; Stavrinos et al., 2011; Zegeer and Bushell, 2012).

(b) Positive Implications of Social Information: In a social context, social

cues obtained from another’s actions (i.e., crossing a road) often play a pivotal role

in one’s crossing decision (Giraldeau et al., 2002). In human society, especially

in groups, norms, beliefs, rules, and moral standards determine individuals’ actions.

Rosenbloom (2009), studied single versus group road crossing behaviour, stated that

a group has the power of diffusion of responsibility and de-individuation as each

group member feels that the responsibility of violating the norm is shared with the

rest of the group members. Thus, individuals deter themselves from taking unsocial

steps that violate norms, rules, and regulations in a social context. Similar social

influence in road crossing was observed by Pele et al. (2017) in a comparative crossing

behavioural study of Japanese and French pedestrians. The findings highlighted that

the Japanese were more respectful of the rules than the French.

Further, people waiting for the green light were more committed to social order,

hence, stuck with social norms (Wang et al., 2011). Tyler T.R. (1990) reported

that the diverse types of motives (waiting/crossing) could be explained by the two

perspectives of obedience to laws; one is called the instrumental perspective, and

the other is called the normative perspective. People were influenced by gains and
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losses relating to obeying or disobeying the law as per the instrumental perspective.

For example, time-saving might be one gain from violating the law or crossing in

the red-light phase. The normative perspective explains the sense of duty to obey

traffic law as a function of personal values.

2.2.3 Personal Characteristics

Demographic characteristics such as age and gender are found to impact the risky

crossing decision. Most research found that male pedestrians were more likely to

violate the red-light signal than females (Guo et al., 2011; Mukherjee and Mitra,

2020; Rosenbloom, 2009). According to Mukherjee and Mitra, the risk of pedestrian

signal violations is significantly higher for people aged 16 to 49 in Kolkata, India

(Mukherjee and Mitra, 2017). Brosseau et al. (2013) found that the age group of

18 to 35 has a strong tendency to violate signals in Canada. The pedestrians’ trip

purpose could also determine their road crossing behaviour. Zhang et al. (2016) re-

ported that people who are on a stroll (walk for leisure) are more likely to have a safe

crossing action than those who are heading to work or school, as they are friendlier

with the conditions at that intersection. Further, studies showed that pedestrian

with vision impairment faces crossing difficulties at intersection crosswalks. Bentzen

et al. (2004) studied the crossing behaviour of blind pedestrians in Portland (USA)

and revealed that blind pedestrians had considerable difficulty determining the onset

of the walk signal phase, and more than 40% of them failed to begin crossing during

the walk signal, resulted in late entry and ended up crossing the road in red (do-not

walk) pedestrian-signal phase.
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2.3 Pedestrian Distracted Road Crossing Behaviour

at Intersections

To understand the impact of distraction on pedestrians’ road-crossing behaviour,

past studies have considered several types of distraction that may alter safe road-

crossing behaviour. The common distractors were talking on the phone, texting, use

of headphones for music listening or talking (Bungum et al., 2005; Praveen Kumar

N. et al., 2018; Russo et al., 2018; Thompson et al., 2013; Wells et al., 2017; Zhang

H. and Zhang C. and Chen F. and We IY., 2017), group talking (Praveen Kumar N.

et al., 2018), and eating/drinking/smoking (Wells et al., 2017). A summary of recent

distraction studies and the share of different distractions across different countries

are reported in Table 2.1.

Past studies have pointed out that different types of distractions have different effects

on safe road-crossing behaviour. There have been multiple studies in developed

countries and few in developing nations on distracted pedestrian crossing behaviour.

These past studies have been presented in two broad areas: (a) observational and

(b) lab-based experimental studies.

2.3.1 Observational Studies

Naturalistic observational studies aim to inconspicuously monitor the pedestrians’

road crossing behaviour in real-world settings (refer Table 2.1). The results sug-

gested a range of unsafe behaviour; distracted pedestrians using their mobile phone

was less likely to act in a cautionary way, i.e., look left and right (Bungum et al.,

2005; Pešić et al., 2016); they are less likely to wait for traffic to stop (Hatfield and

Murphy, 2007). Similar studies involving pedestrian distraction reported reduced
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Table 2.1: Observed share of pedestrian distraction across different countries

Authors
(year)

Study
Location

Location
Type

Observations on % distraction

Praveen Kumar
N. et al. (2018)

India Non-
signalised
intersection

Overall distraction (22.6%): mobile talking
(11.3%), texting (0.6%), listening to music (3%)
and group talking (7.7%).

Russo et al.
(2018)

USA

Signalized in-
tersections

Overall distraction (13.5%): mobile talking
(2.9%), texting (5.7%) and headphones (3.7%).

Barin et al.
(2018)

Intersection
and Mid-
block

Overall distraction (23%): mobile talking (3.4%),
texting (8.5%) and headphones (12%)

Ortiz et al.
(2017)

Intersections Overall distraction (49%): mobile talking (27%),
talking with others (46%), headphones (16%),
eating and drinking (6%), and other (5%)

Wells et al.
(2017)

Signalized in-
tersection

Overall distraction (35%): mobile talking:
(4.7%), texting (7.5%), headphones (19%) and
eating and drinking (2.6%).

Violano et al.
(2015)

Signalized in-
tersection

Overall distraction (19%): Out of which mobile
talking and texting (8%), head phones and ear
buds (9%) and eating and drinking (2%).

Lin et al.
(2015)

Intersections Overall distraction (19%)

Thompson et al.
(2013)

Signalized in-
tersection

Overall distraction (30%): listening to music
(11.2%), texting (7.3%), handheld phones (6.2%)
and looking left/ right (34.9%).

Bungum et al.
(2005)

Intersection Overall distraction (20.8%): phone and head-
phone use (5.7%), Of the total observation:
[looked left (54.8%), looked right (41.1%)].

Pešić et al.
(2016)

Serbia Non-
signalised
crosswalks

Phone use (10-15%)

Mohd Syazwan
et al. (2017)

Malaysia Signalized in-
tersection

Overall distraction (25.8%): mobile phone use
(84.8%), drinking/eating (4.5%), reading (4.8%)
and smoking/talking (5.9%)

Chen and Pai
(2018)

Taiwan Uncontrolled
intersection

Overall distraction (73.3%): mobile talking
(10.2%), texting (15.2%), listening to music
(6.6%), talking using an app (11.2%), web surfing
(4.6%) and gaming (25.5%)

Zhou et al.
(2019)

China

Signalized in-
tersection

Overall distraction 7.7%: mobile talking (2.5%),
texting (4.3%) and listening to music (0.9%)

Zhang H. and
Zhang C. and
Chen F. and
We IY. (2017)

Non-
signalized
intersections

Overall distraction (15.1%): mobile talking
(3.1%), watching mobile screen (11.1%) and lis-
tening to music (1.0%).
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situational awareness and increased ignorance of surroundings and even caused inat-

tentional blindness (Hyman et al., 2009). Thompson et al. (2013) analysed digital

and social distraction and observed that texting pedestrians were 3.9 times more

likely to exhibit at least one unsafe crossing behaviour. In contrast, pedestrians con-

versing in groups were 1.69 times more likely to exhibit unsafe crossing behaviour.

A meta-analysis of the experimental effects of mobile phone conversations, texting,

browsing, or listening to music on the behavioural measures of initiation duration,

missed opportunities, crossing duration, glance (left and right), and hits and close

calls showed that texting or browsing had the most detrimental effects causing hits

and close calls (Simmons et al., 2020). Additionally, pedestrians who talk or text

were subject to higher rates of near misses with vehicles. Talking on phones or

texting might not significantly influence crossing speed, but it may increase startup

time (mobile talking: 21%; texting 31%), (Gillette et al., 2016) and even crossing

delay (Chen and Pai, 2018). It is also observed that as the waiting time at an in-

tersection increases, most pedestrians are likely to use their mobile phones to kill

undue halt time, and contrarily, a significant portion of them miss the adequate

time of crossing (Zhou et al., 2019) and finish crossing late. Evidence from exist-

ing research also suggested that digital distraction from electronic devices increases

the likelihood of pedestrian signal violation behaviour (Mukherjee and Mitra, 2020;

Nasar and Troyer, 2013; Stavrinos et al., 2011; Zegeer and Bushell, 2012). Similarly,

pedestrians who primarily engaged in texting during crossing were found to commit

more crosswalk violations (Russo et al., 2018; Zhou et al., 2019).

In contrast to the unsafe behaviour displayed by mobile phone users overall, the find-

ing of gender-specific differences was mixed. It was observed that female pedestrians

were more likely to engage in mobile phone distraction compared to men (Baswail

et al., 2019; Cooper et al., 2012). They were also less likely to look at traffic before
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crossing, and wait for traffic to stop (at signalised crossings); however, they were

more likely to wait for a vehicle to stop at unsignalized intersections (Hatfield and

Murphy, 2007). Another study on distraction reported no significant gender dif-

ference (Hyman et al., 2009). Further, a pedestrian’s social status (single or in a

group) during road crossing influences distractive engagement. Studies showed that

pedestrians crossing by themselves were more likely to talk on their mobile phones

compared to crossing in a group (Cooper et al., 2012; Russo et al., 2018). Notably,

young adults aged between 16 and 30 years old were subject to more mobile phone

distraction-related injuries (Cooper et al., 2012; Nasar and Troyer, 2013). Neider

et al. (2010) explored the impact of distraction on older adults and found that older

adults were more vulnerable to dual-task impairments, especially when conversing

on their phones, than when listening to music or undistracted.

2.3.2 Experimental Observations

Experimental studies involve a controlled manipulation of different features, often

to mimic the real-world environment, and investigate the impact of such changes

on pedestrian road crossing behaviour. All such simulated studies have revealed

several negative impacts of mobile-related distraction. Haga et al. (2015) investi-

gated the impact of distraction in the virtual environment and reported a higher risk

of accidents among pedestrians who use mobiles specifically for gaming. Horberry

et al. (2019) also reported that pedestrians interacting with their phones were more

likely to get hit by a vehicle, hit opposite-directional pedestrians, and even miss sur-

rounding information. Based on an experimental investigation of outdoor crossing

behaviour, Jiang et al. (2018) reported that mobile talking increased crossing time,

while texting reduced visual attention span; similarly, listening to music increased

the chances of crossing late. Lichenstein et al. (2012) reported sensory deprivation
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(especially auditory loss) due to distraction. The use of headphones with hand-held

devices may present a safety risk amongst pedestrians in the presence of moving

vehicles. Simulation-based experimental studies involving young participants have

shown that the distracted pedestrians were relatively less successful in crossing a

road (distracted: 80% vs undistracted: 84%), (Neider et al., 2010) and took more

time (0.15 seconds more) to finish crossing (Banducci et al., 2016). Further, reading

or texting while crossing a road contributed to the highest perceived task workload,

rendering reduced roadside awareness (Banducci et al., 2016; Lin and Huang, 2017).

2.4 Pedestrian Waiting Behaviour at Signalised

Intersections

The influence of waiting time in signal violation behaviour has been discussed in

Section 2.2.1. Past literature showed that apart from demographic characteristics,

variables such as timestamps of different events (arrival, departure, and completion),

crossing characteristics (waiting duration, rolling effect, platoon and crossing speed),

violation (signal and crosswalk), traffic characteristics (volume) and infrastructure

(crosswalk length, signal phase length, width of refuse island) were extracted from

video graphic survey and frequently used for analysing unsafe crossing behaviour. In

the past decade, various studies have investigated the signal violation behaviour at

intersection crosswalks using various statistical approaches. A significant number of

them relate to the waiting time with the associated risks during the crossing. Various

modelling approaches have been used to model the signal violation behaviour. The

most commonly adopted method has been the logistic regression (refer Table 2.2)

to estimate the violation probabilities and classify whether a pedestrian will wait or

cross in red-light phase (Rosenbloom, 2009; Yang and Sun, 2013; Yang et al., 2015).
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Table 2.2: Various empirical study details focused on pedestrian signal violation
behaviour

Authors
and
Country

Type
of
Study

Type
and number
of sites studied

Sample
Size

Variable used
Model/
method used

Afshari et al.
(2021), Iran

V Crosswalk
(10)

1590 Traffic and pedestrian volume, the number of
violators, length of the crosswalk, red light du-
ration, physical movement problems, platoon,
waiting time and existence of a safe place after
violation.

Binary logistic regression

Dhoke et al.
(2021), India

V Signalized
intersection
crosswalk (4)

2653 Gender, age, luggage, pace, group size, arrival
and departure signal, crosswalk use and cross-
ing speed

Kaplan-Meier survival
curve, Cox Proportional
Hazard model and Ac-
celerated Failure Time
model

Mukherjee and
Mitra (2020),
India

V & Q Signalized
intersection
crosswalk
(55)

V:
65500;
Q: 3250

Gender, age, traffic and pedestrian volume,
crosswalk and signal violation, walking speed,
speed change, path change, rolling, waiting
time, overhead load and distraction (yes/no)

Beta regression

Russo et al.
(2018), US

V Signalized
intersection
crosswalk (4)

3038 Gender, age, group size, crossing from op-
posite direction, arrival and departure time,
waiting time, pedestrian signal on start and
end of crossing, push button, distraction (talk-
ing, texting, headphones and others)

Binary logistic regression

Cao et al.
(2017), China

V & Q Crosswalk (4) 1086 Gender, age, direction of crossing, width of
the refuge island, signal position, number of
pedestrian waiting, group size, entrance and
exit flow, V/C ratio and conflict

Random-effects ordered lo-
gistic regression and binary
logistic regression

Chen et al.
(2017), China

V Crosswalk
(13)

1075 Gender, age, arrival and departure time, wait-
ing time, crosswalk length, refuge island, con-
flicting traffic volume, clearance time, red time
and countdown

Binary logistic regression

Biswas et al.
(2017), India

V Signalized
intersection
crosswalk (2)

943 with
& 860
without
timer

Gender, age, arrival and departure signal,
countdown timer, cycle time, crosswalk length,
violation, waiting time and arrival pattern

Non-linear regression

Alexandre
and Ruggiero
(2015), UK

V Signalized
crosswalk (1)

2455 Gender, luggage, group size, waiting time,
location of the sidewalk, crossing direction,
crossing in two steps, traffic, gap size, vehi-
cle type, vehicle lane, number of pedestrians
violated the signal since arrival and number of
pedestrians waiting at sidewalk

Binary logistic regression

Yang et al.
(2015), China

V & Q Signalized
intersection
crosswalk (5)

V: 1181 Gender, age, arrival time, departure time, left-
turn phase upon arrival, traffic light status,
traffic volume, number of people waiting upon
arrival and number of people crossing upon ar-
rival

Logistic regression and
Accelerated Failure Time
model

Brosseau
et al. (2013),
Canada

O & V Crosswalk
(13)

2518 Gender, age, number of pedestrians waiting,
arrival and departure time, group size, cross-
ing speed, violation and dangerous crossing,
and waiting time

Logistic regression
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Table 2.2: Continued from previous table

Authors
and
Country

Type
of
Study

Type
and number
sites studied

Sample
Size

Variable used
Model/
method used

Yang and Sun
(2013), China

V & Q Signalized
crosswalk
(10)

V: 1518,
Q: 356

Signal violation, waiting time, red and green
time, crossing distance, crossing lanes, time
gap, space gap, vehicle speed and vehicle vol-
ume

Logistic regression

Guo et al.
(2011), China

V & Q Signalized
crosswalk (7)

V: 1497,
Q: 356

Gender, age, safety awareness, group size,
conformity psychology, red-time, safety gap,
pedestrian and traffic volume, travel time and
trip purpose

Kaplan-Meier es-
timate, Cox Pro-
portional Hazard
regression

Tom and
Granié (2011),
France

V Crosswalk (4) 400 Tempo while approaching curb, number of
pedestrians waiting, tempo at curb, before and
during crossing glance, departure signal, start-
ing and ending on zebra markings, and type of
crossing

Kaplan-Meier estimate
and Cox Proportional
Hazard regression

Faria et al.
(2010), UK

V Crosswalk (1) 365 Social information and neighbour behaviour Nearest neighbours

Rosenbloom
(2009), Israel

O Signalized
crosswalk (1)

1392 Gender, age, number of pedestrian waiting
and joining on red, someone crossing in the
red-light phase and traffic

Binary logistic regres-
sion

Tiwari et al.
(2007), India

V Signalized
intersection
crosswalk (7)

827 Gender, age, waiting time, signal violation, cy-
cle time, green and red-phase, delay and cross-
walk width

Survival analysis
(Kaplan-Meier esti-
mate)

Yagil (2000),
Israel

Q Signalized
intersection
crosswalk (7)

205 Gender, age, normative motive, situation mo-
tive, instrumental motive and situational fac-
tors

Regression

Note: V: Video graphic survey, Q: Questionnaire survey, O: Observational survey

Even though this method is useful for identifying the significant factors, it does not

account for the heterogeneity of the waiting time factor, which is observed to be an

essential factor in signal violation behaviour. Recently, safety researchers started

applying hazard-based duration models to explore pedestrians’ street-crossing be-

haviour. A hazard-based duration model is a probabilistic approach that is well

suited to analyse time-to-event observations. Pedestrian crossing behaviour has

been studied using non-parametric, semi-parametric, and parametric models. For

example, Tiwari et al. (2007) explored the pedestrian’s probability of risk exposure

at signalised intersections in Delhi (India) using the non-parametric Kaplan–Meier

(KM) process. However, it did not reflect the effects of various internal and external

factors. Hamed (2001) also studied pedestrians’ violation risks and waiting times at
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intersections in Jordan using fully parametric hazard models. The study, however,

did not consider the censored data on waiting times. Guo et al. (2011) investigated

pedestrian red-light crossing activity in China using semi-parametric and fully para-

metric hazard models to determine the effects of personal characteristics, traffic

characteristics, and trip features on signal violation behaviour. Similarly, Dhoke

et al. (2021) scrutinised the impact of waiting time on violation at three signalised

intersections and reported that the Weibull Accelerated Failure Time (AFT) model

could be best suited for modelling violation behaviour.

2.5 Pedestrian-Vehicle Interaction at Signalised

Intersections

As per the literature discussed in the section 2.2, signal violation compromises

pedestrian road crossing safety. Studies showed that crossing safety is further com-

promised when pedestrian starts accepting unsafe gaps against fast-moving traffic.

Safety margin estimation remains the most popular dummy measure to quantify

the risky crossing behaviour at different crossing locations across road networks. A

variety of slightly deferring definitions have been adopted by different researchers

(Chu and Baltes, 2001; Lobjois and Cavallo, 2007; Jain et al., 2014). However, fun-

damentally, they wish to convey a common interpretation that if the pedestrian is

slower by a time equal to the safety margin, the conflict is bound to happen. The

time interval between the instance at which the pedestrian crosses the intersection

point of the path of the pedestrian and the path of a vehicle, also called the conflict

point, and the instant at which the next vehicle crosses the point is called the safety

margin. This measures the level of safety or the extent of risk a pedestrian is willing

to take under existing conditions.
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To work out the effect of location on the safety perception of pedestrians, safety

margin studies have been conducted on different sections of roads. Onelcin and

Alver (2017) and Koh and Wong (2014) have considered signalised intersections as

study areas in their respective cities. Many studies have also been conducted at

unsignalized intersections (Boroujerdian and Nemati, 2016; Vasudevan et al., 2020).

Mid-block locations, being prone to comparatively severe accidents, have been given

special attention, and many studies are based on this (Kadali et al., 2015; Chaudhari

et al., 2020).

2.5.1 Safety Margin Models used in Past Studies

For safety margin and gap acceptance studies, the most common model used till

now is Multiple Linear Regression (MLR), where many variables can be included

in a single model simultaneously, and their coefficients help to translate the effects

on the model (Shaaban et al., 2019; Kadali et al., 2015; Kadali and Vedagiri, 2013).

With the advancement in soft computing techniques, an advanced model such as

Artificial Neural Network (ANN) model was developed by researchers to overcome

the limitations of linear regression (Kadali et al., 2015). The non-linear nature of

the ANN model is efficient in predicting the effects of variables on gap acceptance in

mixed traffic conditions but lacks model interpretability. However, MLR is easier to

quantify the effects of significant variables on gap selection. Further, the log-normal

regression model has also been used by researchers to examine how various variables

play their part in pedestrian gap acceptance (Yannis et al., 2013).
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2.5.2 Factors Influencing Safety Margin

Several factors have been known to impact the safety margin left by pedestrians

and the gaps they accept, contemplating them to be safe for crossing the streets.

These factors can be broadly grouped into pedestrian demographic characteristics,

behavioural characteristics, vehicular characteristics, traffic characteristics, and en-

vironmental factors.

(a) Pedestrian Demographics: Pedestrian demographics significantly shape the

way people react to signals, which strongly correlates with the safety adopted by

them. Numerous researchers have come up with studies demonstrating how these

factors drive pedestrian behaviour. Gender is one of these factors. Males are mostly

seen as risk-takers than females, (Mukherjee and Mitra, 2020; Rosenbloom, 2009;

Tiwari et al., 2007; Moyano Diaz, 2002). Pele et al. (2017) quantified this result

through their study in France as well as Japan, indicating that men are more likely

to cross a red light (40.6% breaking of rules) than women (correspondingly 25.7%).

Zhu et al. (2021) conducted a study in Hong Kong and found that males are more

likely to run red-light compared to females and expose themselves to smaller safety

margins (Zhuang and Wu, 2011, 2012). Onelcin and Alver (2017) observed that the

mean safety margin of males (7.43 s) had been found to be lower than females (8.25

s). But they did not find gender to be a significant variable in determining the safety

margin. These findings are also in line with the inferences drawn by Boroujerdian

and Nemati (2016).

Age has been found to be the major factor impacting pedestrian safety (Chu and

Baltes, 2001; Oxley et al., 2005; Lobjois and Cavallo, 2007; Holland and Hill, 2007).

Experiments conducted by Oxley et al. (2005) in a virtual environment reported

that young people are capable of making judgements based on distance, as well as
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time gap and vehicular speed, which are a little difficult for older people to process

in a limited time. Contrasting results were obtained in a similar study by Lobjois

and Cavallo (2007), where all the age groups seemed to take an equal risk (5.8% for

20 to 30, 8.2% for 60 to 70, and 5.9% for 70 to 80 age groups). Here, it appeared

as if older people were aware of their slow mobility. They selected a larger time gap

compared to other groups.

Group size is another important demographic factor. It denotes the number of

pedestrians together. Henceforth, whether waiting and crossing alone or in groups

also has an impact on illegal crossing. In a study by Rosenbloom (2009) in Israel,

she found that pedestrians waiting alone are more likely to end the wait and cross-

compared to those waiting with other people. This can be attributed to the theory of

social control. Similar observations were made by Koh and Wong (2014) & Brosseau

et al. (2013). It was concluded more conclusively by Zhuang and Wu (2012) through

a study in Hangzhou, China, that the safety margin was higher for pedestrians in

bigger groups. As the group size grows, pedestrian flow increases and drivers become

more alert, approaching these groups at lower speeds, thus improving safety. Even in

India, Avinash et al. (2020) supported this conclusion, and as per them, an increase

in group size adds to safety, due to the alertness of drivers and subsequent yielding.

(b) Pedestrian Behavioural Characteristics: Similar to pedestrian demograph-

ics’ role in their safe crossing characteristics, their behavioural characteristics are

equally pivotal. Behavioural attributes such as pedestrian speed, waiting time en-

durance, looking towards vehicles before and during crossing, distractions, and the

nature of crossing (perpendicular or oblique) are the chief influencers. The crossing

speed of male pedestrians (1.168 m/s) is almost always higher than female pedes-

trians (1.061 m/s) (Chaudhari et al., 2020). This has been in line with the study

of Onelcin and Alver (2017), who emphasised crossing speed exclusively, and found
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that females, people with luggage, older pedestrians, and people in groups of two

or more had lower crossing speeds. While studying 254 pedestrians in Hangzhou,

China, Zhuang and Wu (2011) concluded that the safety margin tends to follow a

log-normal distribution, indicating that majority of people leave a smaller safety

margin while crossing. Running people mostly fall in this category. This means that

higher crossing speeds lead to reduced safety for pedestrians. Inadequate reaction

time available for drivers to yield is the main reason behind it. Chaudhari et al.

(2020) stated that pedestrians maintain higher speeds when crossing in oblique di-

rections than when crossing perpendicularly. More specifically, people tend to leave

smaller margins when crossing in an oblique manner.

Another important aspect of pedestrian behaviour is their frequency of looking at

vehicular traffic before and during the crossing. When a person is looking at the

traffic more often, it suggests that he/she is more concerned about safety. This

has been depicted by Zhuang and Wu (2012) through their study in China that

a higher frequency of looking before crossing meant that pedestrians are exhibiting

safer behaviour which increased safety. This happens partly by reducing the running

frequency and returning back to look for safer gaps.

Endurance to the waiting time explains the critical gap from the approaching vehicles

accepted by pedestrians in order to avoid conflicts. In a study in Athens, Yannis

et al. (2013) found that if people get a time gap of 6 seconds or more, the crossing

probability is almost 100%. In Singapore, Koh and Wong (2014) found that people

were more cautious when violating the red signal at the near end than at the median,

and usually accepted longer time gaps (6.3 s) at the near end than when at the

median or far end crossing (5.2 s). This means that once they start crossing by

accepting a gap, there is an urge to finish the task and feel safe at the other end;

and in the process, they are open to accepting smaller gaps in the second phase. A
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similar observation was made by Zhao et al. (2019), who also explained the effect

of waiting time on gap acceptance. More than 50% of the pedestrians are expected

to cross after a waiting time of 33 seconds while at the kerb side, whereas the same

proportion of people could wait only for 12 seconds before they start accepting gaps

when they have reached the median. At the same time, the probability of accepting

the available gaps increases with the increase in waiting time whether the pedestrian

is at the kerb or at the median, because of the diminishing patience of those waiting

for their turn to cross. Hence, gap size decreases with an increase in waiting time

(Kadali et al., 2015).

The usage of handheld media has escalated in recent times and has driven a large

proportion of the public to hinge on these continuously. This has had its conse-

quences. Pedestrians are no exception. Their behaviour is significantly modified.

Hence, this has been one of the factors researchers have keenly studied. Distractions,

in the form of using mobile phones, and also because of smoking, drinking and eat-

ing, individually or coupled, have proven to be setbacks for the safety of pedestrians,

according to Zhuang and Wu (2012). An interesting observation by them was that

pedestrians who settled their hair or clothes during crossing had a bigger safety mar-

gin than those who did not. Vasudevan et al. (2020) analysed that when distracted

by smartphones or other devices, the critical gap of pedestrians increased. These

distractions can leave pedestrians busy or engaged, and prevent them from getting

impatient and choosing dangerous gaps. This was not consistent with an earlier

study by Schwebel et al. (2012), where, in a virtual street environment, they found

that distracted pedestrians had almost equal safety margins as that of undistracted

ones. Nevertheless, college students texting or listening to music while crossing the

street were hit more often by vehicles, thereby having their safety compromised.

(c) Vehicular Traffic Characteristics: The safety of pedestrians is not solely
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dependent on them. The running traffic also has a big role in it. The effect multiplies

when there is poor lane discipline in traffic, which is mostly the case in developing

countries. Vehicle type is one of the most crucial determinants for safety margin

(Zhuang and Wu, 2011, 2012). Interactions with heavier vehicles lead to pedestrians

accepting larger gaps. People maintain less margin for two-wheelers and three-

wheelers as compared to heavy vehicles. In Malaysia, Hamidun et al. (2016) marked

that in all situations, higher approaching speed presents a higher potential of an

accident; hence it is a nemesis of safety for pedestrians. In a simulation-based study

in France, Lobjois and Cavallo (2007) found that the safety margin of elderly people

reduced with an increase in vehicular speed. However, in general, as per Avinash

et al. (2020), as speed increases, the safety margin also increases, which may be due

to the pedestrians increasing speed accordingly. But this may lead to more severe

accidents. Similar conclusions were made by Demiroz et al. (2015). Further, Pawar

and Patil (2015) observed that the speed of the conflicting vehicles was significant

in the spatial gap but not in temporal gap acceptance.

(d) Environmental Condition: Environmental factors include both the natu-

ral (time of day and weather conditions) and man-made (road geometry, crosswalk

markings, signals, land-use, etc.) settings around which pedestrian-vehicle interac-

tion is studied. Past studies revealed that day of the week, time of the day influences

pedestrian crossing behaviour. Liu and Tung (2014) observed that the safety mar-

gin at dusk was remarkably larger than that at midday. This shows cautionary

behaviour from the pedestrian’s side when the visibility is low. Road geometry is

another influencing factor which may increase or decrease the safety of a crossing

pedestrian. Chaudhari et al. (2020), in their study of urban mid-block road sections,

found that pedestrians were increasing their speed in the farther lane to reach the

median (safe zone) quickly. Similar behaviour is also observed during the second
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stage (from the median to the other end of the road) of crossing, which shows the

urge to finish the crossing process to reach the other end, the so-called safe zone.

Further, vehicles parked illegally near the vicinity of the crosswalk were found to

influence pedestrian crossing behaviour. Yannis et al. (2013) observed that illegally

parked vehicles drove pedestrians to choose larger gaps, discouraging them from

taking risks while crossing. Here, hindered visibility seemed to make them more

cautious. In contrast to the observation made by Yannis et al. (2013), another

study conducted in Kolkata by Mukherjee and Mitra (2019) highlighted an increase

in risk-taking behaviour in the presence of parked vehicles.

2.6 Research Gaps from the Literature Review

The existing studies on pedestrian signal violation, distracted road crossing, waiting

behaviour and safety margin were discussed in this chapter. The identified research

gaps from the literature review are listed as follows:

• Only a handful of studies were conducted in Lower and Middle-Income Coun-

tries (LMICs) to understand the pedestrian risk-taking behaviour at signalised

intersection crosswalks, India in particular.

• A limited number of papers addressed the impact of non-social factors (such

as signal phase length and waiting time) in India. Studies investigating the

impact of social factors on risky crossing behaviour were conducted in de-

veloped nations, considering a smaller sample size, which necessitates further

exploration in LMICs, especially in India.

• Several studies have been carried out in developed nations displaying the po-

tential impact of distracted road crossing behaviour on crossing safety risk.
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However, their conclusions were not validated with accident statistics due to

the paucity of such data availability/inventory. Ralph and Girardeau (2020)

raised similar concerns and pointed out that despite the lack of field evidence

in terms of accidents data, scholars tend to describe distracted walking as a

severe problem, which might misplace the key focus from the overall effort of

improving safety for all road users. Therefore, in the absence of distraction-

related accident records in LMICs, a questionnaire survey of a representative

sample could provide an overall accurate initial estimate of pedestrians with

distraction and its severity in daily commutes (while in a road environment).

• Majority of the researchers investigated the impact of digital distraction on

unsafe crossing behaviour, and very limited studies considered the influence of

social distraction (group talking).

• The traffic glance and its importance in road crossing behaviour has been

extensively studied in the context of distracted road crossing, but very few

studies investigated its impact on pedestrians’ waiting behaviour at signalised

intersections. The unsafe behaviour displayed by pedestrians while crossing

the road under distraction (digital and social distraction) was not extensively

analysed to understand the pedestrian waiting behaviour, especially using the

time-to-event analysis (survival analysis) approach. This raises the future

scope for investigation.

• Researchers have explored pedestrian gap acceptance (in terms of safety mar-

gin) extensively on mid-block sections. The majority of the studies were con-

ducted considering common pedestrian and traffic level attributes. A limited

number of studies investigated the impact of pedestrian level attributes such as

crossing speed, traffic glance and distraction, and traffic level attributes such
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as type of vehicle, location of gap acceptance, the direction of approaching

vehicle and number of traffic plying on the road.

2.6.1 Summary

In this chapter, most of the existing studies related to pedestrians’ road crossing

behaviour were discussed and presented. The literature review was carried out in

four stages.

In the first stage, existing studies on pedestrian signal violation behaviour were

reviewed and also highlighted the influence of social and non-social factors at sig-

nalised intersection crosswalks.

In the second stage, the studies related to pedestrian distraction were reviewed.

The influence of different types of distractors and their influence on safe/unsafe

road crossing behaviour was presented. It was also been highlighted those past

study findings were not validated with accident statistics due to the paucity of such

data availability/inventory in developing countries.

In the third stage, pedestrian waiting behaviour at signalised intersection cross-

walks was presented. Existing models studying pedestrian waiting behaviour were

reviewed in this chapter. Further, studies that used a time-to-event analysis ap-

proach were evaluated, and their gaps were presented.

In the fourth stage, studies that quantified the risky crossing behaviour using

the safety margin approach were reviewed. From the literature review, a variety of

critical setbacks were identified and quantified.

For solving the stated problems, a suitable study framework is proposed in the

following chapter. To address some of the research gaps highlighted in Section 2.6,
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a detailed systematic study was conducted on the evaluation of pedestrian signal

violation behaviour at signalised intersection crosswalks.
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Chapter 3

Study Methodology

3.1 Introduction

Studies related to pedestrian risky crossing behaviour at signalised intersections are

very limited in Lower and Middle-Income countries, especially in India. Inappropri-

ate standards and poor maintenance of the foot over bridges and underpasses forced

pedestrians to cross at grade level. As most pedestrians prefer or are obliged to

use crosswalks instead of foot over-bridges, the inadequacy of crosswalks in terms of

design or dimensions has reduced pedestrian safety. In addition, unoptimised and

extended red-phase lengths and higher motor vehicle priority at intersections add to

the inconvenience for pedestrians that force them to take unnecessary risks. Existing

deficiencies in the infrastructure point out that more understanding of pedestrian

risky crossing behaviour at intersection crosswalks is required to propose effective

interventions and improve road crossing safety. This chapter presents the details of

the study methodology used for developing the pedestrian signal violation model,

distraction model, waiting behaviour model and safety margin model.

41
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3.2 Overall Study Framework

To improve pedestrian road crossing safety, understanding their road crossing be-

haviour at signalised intersections is essential. To achieve the objectives discussed

in Chapter 2, a simple research methodology is developed and presented in Figure

3.1

Figure 3.1: Flow chart of study methodology.
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The research begins with a review of the existing literature to identify the state-of-art

in modelling pedestrian signal violation, distracted road crossing, waiting behaviour

and safety margin. Consequently, real-world field data was gathered from three

one-way and eight two-way intersection crosswalks located in Kolkata, India. The

collected data were extracted in a laboratory setting by trained research associates.

Next, the extracted data were used to develop models. The model development and

analysis are divided into four modules. In the first module, the pedestrian signal

violation behaviour model was developed to understand the risk-taking behaviour

at intersection crosswalks, the second module presented pedestrian distracted road

crossing behaviour, and the third module explained the pedestrian waiting behaviour

using survival analysis. The fourth module quantified the pedestrian crossing risk

exposure using the safety margin approach.

Overall study framework illustrated in Figure 3.2 to 3.5 are briefly described in this

chapter. Detailed explanations are provided in the individual chapters.

3.2.1 Selection of Survey Location

For site selection, initially, a preliminary survey was conducted in Kolkata city across

the north and south stretch. The intersections with high pedestrian and traffic

flow, marked crosswalks, and pedestrian signal heads on both sides of the road

were given priority. A detailed description is provided in Chapter 4. Three one-

way and eight two-way crosswalks are identified for the video data collection and

to conduct a distraction-themed questionnaire survey. To capture the variability

across Kolkata, sites were selected randomly across the north and south stretch.

All the intersection crosswalks were installed with time-dependent signals where the

signal’s phase length was updated by the traffic regulator based on traffic flow. All
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the selected intersections are situated in the urban region of Kolkata city. The

one-way crosswalks were located at Central Business District (CBD) location, and

two-way crosswalks were located in mixed zones like residential, educational and/or

commercial. The two-way crosswalks had no dedicated refuse island, but pedestrians

can stand there in an unsafe manner while waiting to cross safely (i.e., from median

to end).

3.2.2 Data Collection, Extraction, and Analysis

Data Collection

The data collection process requires careful planning to gather the required data

for study analysis and model development. The data collection involved capturing

pedestrian and traffic movement at intersection crosswalks precisely. Video graphic

data were collected at the selected intersections to reduce the tedious manual data

collection process. Simultaneously, a distracted-themed questionnaire survey was

conducted to gather evidence on pedestrians subject to near-miss and accidents due

to mobile use in road environments. In addition, geometric data were collected using

the measuring wheel.

Data extraction

Data were extracted in a laboratory setting by well-trained research associates using

video editing software. A total of 2360 pedestrians and their crossing behaviour were

observed in one-way crosswalks. Additionally, 2800 pedestrian crossing behaviour

was observed from two-way crosswalks. Further, 570 questionnaire survey responses
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were collected from eight survey locations. All possible pedestrian and traffic char-

acteristics were extracted from the data to achieve the stated study objectives.

Data analysis

The extracted data were used for modelling pedestrian signal violation, distraction,

waiting time and safety margin at signalised intersection crosswalks. The primary

exploratory analysis and summary statistics were estimated to get an important

insight into the data characteristics, which helped to choose appropriate analysis

methods for further analysis. The following tools were used for the entire data

analysis and model development process:

• R Statistical Programming Language (version 4.1.1): R programming

language was utilised for Exploratory Data Analysis (EDA), summary statis-

tics estimation and model development (multiple linear regression and logistic

regression). The following libraries have been utilised for the data analysis:

– dplyr : Data manipulation (data preparation).

– ggplot2 : Data visualisation.

– forcat : Factor data manipulation.

– margins : To compute Average Marginal Effects (AME).

– nagelkerke : To estimate McFadden pseudo R-squared measure, along

with p-values, for estimated models.

• Python Programming Language (version 3.8): Python language was

used to model the time-to-event analysis. The following libraries have been

utilised for the data analysis:
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– numpy : Array data manipulation.

– pandas : Data manipulation (data preparation).

– matplotlib and seaborn : Data visualisation.

– lifelines: Survival analysis (COX Proportional Hazard and Accelerated

Failure Time model estimation).

• Stata 17: Stata was used for model variable selection, generating marginal

plots, Kaplan-Maier (K-M) curve and survival plots for best fitted Accelerated

Failure Time (AFT) model.

3.2.3 Methodology for Modelling Pedestrian Signal Viola-

tion Behaviour

Enhancing pedestrian convenience and road crossing safety requires an understand-

ing of pedestrian unsafe road crossing behaviour. Understanding the question of why

a pedestrian takes risk or what force a pedestrian to act in a certain way would help

policy-makers and planners to propose interventions that would make road crossing

safe and comfortable. The current understanding of pedestrian risky road cross-

ing behaviour especially, the red-light crossing behaviour was extensively studied in

developed countries considering non-social attributes of the transportation system

such as infrastructure and traffic.

Only a few studies focused on the aspect of social factors that encourages unsafe

crossing behaviour. Hence, this section has been undertaken with the aim of devel-

oping a suitable model accounting for various social and non-social factors to un-

derstand pedestrian signal-violation behaviour at signalised intersection crosswalks.

Data extraction, including both social and non-social factors, is a time-consuming
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task. Thus, the current study is conducted based on the data gathered from three

one-way crosswalks only. The one-way crosswalks were selected to simplify the data

extraction, analysis, and understanding of the outputs. The complete methodology

of the signal violation model has been illustrated in Figure 3.2.

Figure 3.2: Module I – Analysis framework for modelling pedestrian signal
violation behaviour.

In the current study, two types of data were extracted. One is related to non-social

factors such as signal phase and cycle length to compute the waiting duration for

safe crossing. The other is related to social factors, such as how many pedestrians

were waiting on the subject pedestrian’s arrival and how many pedestrians joined

later. Further, the number of pedestrians crossing during the red-signal phase from

the same and opposite directions was also observed. The estimated model presented

in this study divulges the importance of social and non-social factors in pedestrian

safe/unsafe road crossing decision-making.
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3.2.4 Methodology for Modelling Pedestrians’ Distracted

Road Crossing Behaviour

The past studies cited that pedestrian risk-taking behaviour at intersection cross-

walks is one of the major factors that contribute to a large number of fatal pedestrian-

vehicle crashes. The improper pedestrian infrastructure has been cited as one of the

reasons that forced pedestrians to take such risks. In the 21st century, due to the

digital revolution, mobile phone use has increased, especially among the young pop-

ulation. This led to another type of risk-taking behaviour that has reduced road

crossing safety at intersection crosswalks. Mobile phone dependency has prolifer-

ated the use of such devices in the road environment, even when crossing through

intersection crosswalks. This led to many injuries and admission to the ERs (Emer-

gency Departments). Statistics revealed that developing country like India possesses

more than 50% young (<25 years old) population (Commissioner, 2011; Ministry

of Statistics and Programme Implementation, 2017). Thus, it is expected that par-

allel to traits observed in developed nations, young Indian pedestrians, also prone

to excessive mobile use, perform similar unsafe crossing behaviour. Thus, proper

investigation of distracted road crossing behaviour has to be done to quantify the

behavioural differences between pedestrians with distraction and without distrac-

tion.

This study investigates the influence of different types of distraction on road cross-

ing behaviour at signalised intersection crosswalks. The complete methodology of

distraction models has been illustrated in Figure 3.3. In the absence of accident

records-based validation, which is often noticeable in developing countries due to

the lack of data inventories, a two-step approach has been adopted here. Initially, a

field-based distraction-themed questionnaire survey was conducted at eight locations
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across Kolkata city (India) to investigate the severity of pedestrians’ distracted road

crossing in terms of near-misses and traffic collisions. Based on the evidence, a video

graphic field-based observational study was proposed, and data was gathered from

three signalised intersection crosswalks (one-way). In addition to digital distrac-

tions such as mobile phone talking, texting, using headphones, and holding a phone

in hand, which have been extensively studied in the past (especially in developed

countries), the present study also investigated the influence of social distraction (like

group conversation) to understand the type of distraction (digital vs social) which

encourages unsafe road crossing behaviour using binary logistic regression models.

Figure 3.3: Module II – Analysis framework for distraction modelling.
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3.2.5 Methodology for Modelling Pedestrians’ Waiting Be-

haviour

In the past decade, various studies have investigated the signal violation behaviour at

intersection crosswalks using various statistical approaches. A significant number of

studies relate the waiting time with the associated risks during the crossing. Various

modelling approaches have been used to model the signal violation behaviour. The

most commonly adopted method was logistic regression to estimate the violation

probabilities and classify whether a pedestrian will wait or cross in the red-light

phase. Even though this method is helpful in identifying the significant factors, it

does not account for the heterogeneity of the waiting time factor, which is an essential

factor in signal violation behaviour. Thus, the current study investigates the waiting

duration of pedestrians using time-to-event analysis (survival analysis) using data

collected from eight two-way signalised intersection crosswalks from Kolkata. The

complete methodology of the waiting duration model using survival analysis has

been illustrated in Figure 3.4.

In this study, initially, a Kaplan-Meier curve (non-parametric) was plotted using the

estimated survival probabilities (waiting), which gives an overview of the duration

to which a certain proportion of observed pedestrians will wait for the oncoming

green light. Though the KM estimate is informative, it still can’t be used for check-

ing the impact of covariates. To cope with the problem, a semi-parametric Cox

Proportional Hazard model was used to understand the different factors influencing

waiting behaviour. However, the proportional hazard assumption was not satisfied.

Therefore, the parametric Accelerated Failure Time (AFT) model was used to un-

derstand the covariates affecting the waiting duration. Based on the results, several

practical interventions were proposed.
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Figure 3.4: Module III – Analysis Framework for waiting duration modelling.

3.2.6 Methodology for Modelling Pedestrian Safety Margin

(PSM)

Pedestrians exhibit higher risk-taking behaviour while crossing the road compared

to walking on the sidewalk. The pedestrian-vehicle conflict measure is a useful

technique to estimate different types of pedestrian-vehicle conflicts with variations

in pedestrian and driver behaviour at signalised intersections. In this view, the safety

margin is an appropriate technique to evaluate pedestrian road crossing safety at

signalised intersection crosswalks. The Pedestrian Safety Margin (PSM) is defined

as the marginal value maintained by pedestrians while accepting the vehicular gap

during the road crossing process. The decrease in PSM value indicates a higher

interaction with vehicles, which can lead to conflict with vehicles.
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Figure 3.5 shows the process involved in PSM estimation. In the first step, a pedes-

trian arrives at an intersection crosswalk and observes for a gap. Once the pedestrian

identifies a gap, he/she starts crossing at a time T1. In the second step, the pedes-

trian reaches the second lane at the trajectory of an oncoming vehicle (conflicting

point) at a time T2. Once the pedestrian crosses the conflicting point of the vehicle,

the vehicle arrives at the conflicting point at the time T3. The difference between

the time T3 and T2 is known as the PSM. A pedestrian might have multiple safety

margins (one safety margin for each lane) until he/she reaches the median. The

minimum of the three is the critical safety margin. For a two-way crosswalk, the

PSM can be estimated using the same technique for the next crossing phase, i.e.,

median to end.

Figure 3.5: Pedestrian Safety Margin (PSM) estimation process.

In the current study, the PSM values are extracted at each stage of crossing, i.e.,

start to median and median to end for the two-stage crossing process. The least of

all extracted values is considered for the PSM model development.

The majority of the studies in developed countries were conducted on well-designated

signalised crosswalks. Furthermore, pedestrian-vehicle conflicts were few under uni-

form traffic flow conditions. On the contrary, in developing countries, heterogeneous

traffic and non-lane discipline encourage a wide variety of road crossing behaviour,

resulting in a higher rate of pedestrian interaction with the oncoming traffic.
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Figure 3.6: Module IV – Analysis framework for Pedestrian Safety Margin
(PSM) modelling.

The PSM is a good measure of pedestrian-vehicle interaction at intersection cross-

walks. Thus, the current study focused on the factors influencing the PSM with

consideration of pedestrians at signalised intersection crosswalks. The complete

methodology of the PSM study has been illustrated in Figure 3.6. The multiple Lin-

ear Regression (MLR) model is often used to model continuous data and explore the

influence of various covariates. In the current study, the MLR modelling approach

(for one-way crosswalks) and random intercept linear mixed-effects modelling ap-

proach (for two-way crosswalks) are utilised to understand the influence of different

pedestrian and traffic level attributes on PSM.
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3.3 Summary

The complete step-by-step structure of the adopted study methodology is presented

in this chapter. An overall general methodology and study framework have been

presented. Four separate frameworks were described in Modules I, II, III and IV.

In Module I, the details of pedestrian signal violation behaviour are described. In

Module II, pedestrian risky crossing behaviour in terms of distraction (digital and

social) is explained. The various approach used for understanding pedestrian waiting

behaviour is discussed in Module III. Module IV discusses the process for quantifying

pedestrian-vehicle interaction using the Pedestrian Safety Margin approach. The

location selection, data collection, extraction, and analysis procedure are explained

in detail in the next chapter.
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Chapter 4

Data Collection and Analysis

4.1 General

The previous chapter presented a brief overview of the methodology adopted to fulfil

the study objectives, which include pedestrian signal violation behaviour, distracted

road crossing, waiting behaviour and safety margin.

Accurate and reliable data is necessary to improve the safety, comfort, and conve-

nience of pedestrians at signalised intersections. The data collection method requires

a standard scientific procedure to ensure accuracy and reliability. Manual data col-

lection is expensive, inaccurate, and time-consuming. To overcome these limitations,

a video graphic data collection is recommended to collect required parameters at sig-

nalised intersections. This chapter describes the detailed process of data collection,

extraction, and descriptive statistical analysis of extracted variables at signalised

intersections.

55
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4.2 Overview of Data Collection, Extraction, and

Analysis Process

Identifying pedestrian crossing characteristics, traffic, and intersection geometry is

essential for the crossing safety evaluation of pedestrians at intersection crosswalks.

The overview of the data collection process (including site selection, data collection,

extraction, and analysis) is presented in Figure 4.1 and explained in the following

sections. The data was collected and extracted between 2018-2020.

Figure 4.1: Step-by-step process of data collection and extraction.
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4.3 Identification of Survey Location

The inventory exercise is conducted for survey site selection. As per the literature

section, West Bengal (Indian State) has the highest number of pedestrian fatalities

reported in 2018. Thus, Kolkata (the capital of West Bengal) was selected for the

current study observation. After obtaining ethical approval from traffic agencies,

a team of researchers conducted a reconnaissance survey in Kolkata city in June

2018, and more than 25 intersections were visited to assess suitability. Different

intersection and crosswalk characteristics were noted, such as location name, GPS

coordinates, type of intersection, number of lanes, availability of pedestrian signal

head and signal phase length. It was noted that in Kolkata, the intersections con-

sisted of T, four and six-legged types. The intersection crosswalks are spread on

three-lane undivided, four-lane divided and six-lane divided roads to serve various

land use facilities on either side, such as building access points, shopping malls and

transportation facilities (bus stops and metros). It is observed that most of these

locations lack pedestrian signal heads, markings and signboards, which makes them

unsafe for pedestrians. This research focuses on crosswalks with varied roadway

characteristics with a wide range of pedestrian behaviour and mixed traffic condi-

tions (two-wheelers, three-wheelers [auto ricksaws], cars and buses).

4.4 Site Selection

During the reconnaissance survey, ten-minute video footage of locations was col-

lected to identify the best-suited sites for the study. The traffic and pedestrian flow

and crossing characteristics have been identified. For the site selection, suitable in-

tersections with minimum friction (roadside parking and traffic jam) are selected
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based on pedestrian and traffic flow. The site selection is limited to the signalised

intersections in Kolkata city, with varied roadway characteristics from three-lane

undivided one-way crosswalks to six-lane divided crosswalks. The variation in road-

way characteristics is deemed essential to the range of traffic and pedestrian flow

that directly affects pedestrian road-crossing behaviour. The intersection crosswalks

were selected based on their moderate pedestrian and traffic volume and the avail-

ability of pedestrian signal heads. Based on the above criteria, 11 intersections were

selected for data collection. The location name and number of crosswalks observed

at each selected intersection are shown in Figure 4.2.

From all observed crosswalks, only three one-way and eight two-way crosswalks were

selected (from 10 intersections) for the current study. The selected one-way inter-

sections are BB Ganguly Street, General Post Office (GPO) and Dalhousie Square.

All these intersections were situated in Central Business District (CBD) zone. The

two-way intersections were Deshapriya Park, Jadavpur Thana More, Shobhabazar,

Central, Chandni Chowk, Gariahat, General Post Office (near HSBC bank)) and

Kalighat. The Central, Chandni Chowk, Gariahat, General Post Office and Shob-

habazar intersections are located in the commercial area. Similarly, Deshapriya

park and Kalighat are located in a mixed zone of commercial cum residential, while

Jadavpur is located in a residential cum educational zone. The General Post Of-

fice intersection comprised of a one-way and a two-way crosswalk, and both were

observed for the current study. All crosswalks were equipped with pedestrian exclu-

sive signals with a countdown timer and had mixed traffic movement. None of the

observed intersections had a pedestrian push button. The traffic comprised cars,

two-wheelers, light commercial vehicles, and buses.
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Figure 4.2: Kolkata study location site map.

4.5 Brief Details of the Selected Intersection Cross-

walks

4.5.1 BBG Street Location

The site consists of one-way roads with approximately 1,100 vehicles per hour (aver-

age hourly volume for the observed period) and 1,120 pedestrians per hour (average

hourly volume for the observed period) passing through the selected crosswalk. This

intersection is located in the commercial CBD location. The selected crosswalk was

adequately marked and equipped with pedestrian signals on both sides, as shown in

Figure 4.3.
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(a) Crosswalk view (b) Location map

Figure 4.3: Location and overhead map view of BBG crosswalk.

4.5.2 General Post Office (GPO) Crosswalk Location

The site consists of one-way and two-way intersecting roadways, as shown in Figure

4.4. The selected one-way road serves approximately 665 vehicles per hour and 825

pedestrians per hour. The two-way road serves 3,300 vehicles per hour and 1,820

pedestrians per hour. This intersection is located in the commercial CBD location.

The selected crosswalk was properly marked and equipped with pedestrian signals

on both sides.

(a) Crosswalk view (b) Location map

Figure 4.4: Location and overhead map view of GPO crosswalk.
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4.5.3 Dalhousie Square Location

The site consists of a one-way roadway with approximately 1,400 vehicles per hour

(average hourly volume for the observed period) and 1,600 pedestrians per hour

(average hourly volume for the observed period). The intersection is situated on the

major road that connects the administrative zone of Kolkata, as shown in Figure

4.5. The crosswalk location is marked and equipped with signboards and pedestrian

signals.

(a) Crosswalk view (b) Location map

Figure 4.5: Location and overhead map view of Dalhousie Square crosswalk.

4.5.4 Jadavpur Crosswalk Location

Jadavpur site comprised of roads with a four-lane divided roadway configuration.

The selected road serves approximately 2,020 vehicles per hour and 360 pedestrians

per hour. The intersection crosswalk provides access to the major residential and

educational areas on both sides of the crosswalk (see Figure 4.6). At this site, major

pedestrian movements occur during morning and evening peak hours. The selected

crosswalk was marked and well-equipped with pedestrian signals.
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(a) Crosswalk view (b) Location map

Figure 4.6: Location and overhead map view of Jadavpur crosswalk.

4.5.5 Deshapriya Park Crosswalk Location

Deshapriya Park site comprised of roads with a six-lane divided roadway config-

uration. The selected road serves approximately 2360 vehicles per hour and 530

pedestrians per hour. The intersection crosswalk serves as access to the residential

and commercial zone on both sides of the crosswalk. The crosswalk is marked in

Figure 4.7.

(a) Crosswalk view (b) Location map

Figure 4.7: Location and overhead map view of Deshapriya Park crosswalk.
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4.5.6 Gariahat Market Crosswalk Location

Gariahat Market site comprised of roads with a six-lane divided roadway configu-

ration. The selected road serves approximately 2,130 vehicles per hour and 2,020

pedestrians per hour. The intersection crosswalk serves as access to the major mar-

ket areas on both sides of the crosswalk. This crosswalk is marked and well-equipped

with pedestrian signals. A crosswalk view is shown in Figure 4.8.

(a) Crosswalk view (b) Location map

Figure 4.8: Location and overhead map view of Gariahat crosswalk.

4.5.7 Chandni Chowk Crosswalk Location

Chadni Chowk site comprised of main roads with a six-lane divided roadway con-

figuration. The selected road serves approximately 1,780 vehicles per hour and 410

pedestrians per hour. The intersection crosswalk serves as access to the major mar-

ket area (commercial) on both sides of the crosswalk. The crosswalk is marked in

Figure 4.9. Moreover, the selected crosswalk was properly marked and equipped

with pedestrian signals on both sides.
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(a) Crosswalk view (b) Location map

Figure 4.9: Location and overhead map view of Chandni Chowk crosswalk.

4.5.8 Kalighat Crosswalk Location

Kalighat site comprised of roads with a four-lane divided roadway configuration.

The selected road serves approximately 2,400 vehicles per hour and 460 pedestrians

per hour. The intersection crosswalk provides access to the major residential and

commercial areas on both sides of the crosswalk, as shown in Figure 4.10. This

crosswalk also serves significant tourist attractions such as shrines and altars. The

selected crosswalk was adequately marked, and it was well-equipped with pedestrian

signals.

(a) Crosswalk view (b) Location map

Figure 4.10: Location and overhead map view of Kalighat crosswalk.
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4.5.9 Shobhabazar Crosswalk Location

Shobhabazar site consists of roads with a six-lane divided roadway configuration.

The selected road serves approximately 3,150 vehicles per hour and 860 pedestrians

per hour. The intersection crosswalk provides access to the Shobhabazar Sutanuti

metro station, as shown in Figure 4.11. The selected crosswalk was marked and

well-equipped with pedestrian signals.

(a) Crosswalk view (b) Location map

Figure 4.11: Location and overhead map view of Shobhabazar crosswalk.

4.5.10 Central Crosswalk Location

Central site consists of roads with a six-lane divided roadway configuration. The

selected road serves approximately 4,730 vehicles per hour and 650 pedestrians per

hour. The intersection crosswalk provides access to the CBD location (commercial)

on both sides of the crosswalk, as shown in Figure 4.12. The selected crosswalk was

properly marked and equipped with pedestrian signals on both sides. The summary

of all selected crosswalks is given in Table 4.1.
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(a) Crosswalk view (b) Location map

Figure 4.12: Location and overhead map view of Central crosswalk.

4.6 Data Collection

4.6.1 Pilot Survey

The pilot survey was conducted at each location to observe pedestrians as well

as vehicular traffic flow and roadway characteristics. The collected pilot survey

data was used to identify the appropriate intersections for the video graphic survey.

Roadway characteristics (roadway width) were measured using a measuring wheel.

Further, the pedestrian and traffic flow were measured in a laboratory setting from

the recorded video. The video-based recording was selected as the primary method

of data collection, which includes pedestrian and traffic characteristics.

4.6.2 Video Graphic Survey

After obtaining ethical approval from traffic agencies, a team of researchers recorded

video footage using two high-definition fields mounted video cameras to gather pedes-

trian and traffic-related information inconspicuously. One camera was installed at a

high elevation to get an overall view of the crosswalk. Another camera was fitted on
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a pole facing the crosswalk using a custom-built camera set-up installed at 12 feet

above the ground to observe pedestrian demographics (gender and age), crossing

characteristics, and vehicle movements accurately (see Figure 4.13). The video cov-

erage included the pedestrian waiting area on the opposite side, the zebra crossing,

and the pedestrian exclusive signal. This type of video-based data collection is ad-

vantageous over manual observations as video can be paused and rewound whenever

needed, and many additional features can be later retrieved frame by frame in a

laboratory setting. The footage was captured from 10 am to 2 pm (non-peak hours)

for a single weekday (September 2018) during bright, dry weather conditions. In the

current study, the peak hour time window (8:30 am – 10:00 am) was not considered

for the study observation, as this time window exhibited high traffic and pedes-

trian volume, leading to frequent traffic jams at intersections. Additionally, Kolkata

traffic police enforced special measures during peak hours at major intersections to

reduce crashes, introducing interference in the independent observation. At busy

intersections during the pedestrian red-light phase, traffic police pull out a rope to

forcibly stop pedestrians from red-light jumping.

Figure 4.13: Pole camera setup for data collection.
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Table 4.1: The roadway and signal characteristics of the selected crosswalks.

Crosswalk
No.

Name of the
intersection

Type of
road

Land use
type

Total number
of lanes

Crosswalk
dimention

(m)

Mean
cycle time

(s)

Mean
green time

(s)

Mean
red time

(s)

1 Dalhousie OW C Three 10.5 × 3 126 (32.7∗∗) 82.7 (27.2) 42.9 (11.3)

2 BBG OW C Three 10.6 × 3 141 (34.8) 85.3 (30.4) 55.2 (17)

3 GPO OW C Three 11.7 × 3 90.9 (7.55) 48.5 (4.27) 42.4 (6.36)

4 GPO TWD C Four 14 × 3 94.5 (20) 45.5 (11.7) 49 (10.8)

5 Central TWD C Six 26 × 3 196.9 (55) 76.1 (32.6) 120.8 (38.6)

6 Chadni Chowk TWD C Six 19 × 3 180 (15) 8.29 (1.24) 171.7 (15.2)

7 Deshapriya Park TWD C & R Six 23 × 3 127.9 (28) 7.53 (1.36) 120.4 (27.6)

8 Gariahat TWD C Four 17 × 3 190.2 (46) 14.6 (11.7) 175.6 (45.5)

9 Jadavpur TWD R & E Four 17 × 3 136 (45) 9.73 (13.9) 126.3 (42.6)

10 Kalighat TWD C & R Four 20 × 3 196.3 (61) 8.53 (2.79) 187.7 (59.2)

11 Shobhabazar TWD C Six 19 × 3 103 (42) 47.3 (22.9) 55.7 (25.8)

Note:

OW: One-Way; TWD: Two-Way Divided; C: Commertial; R: Residential and E: Educational

∗∗indicates Standard Deviation (SD) under each parenthesis.

4.6.3 Questionnaire Survey for Pedestrians’ Distraction Ex-

posure

4.6.3.1 Survey method and sampling

As vehicle drivers and pedestrians use a shared space for movement (especially at

intersections); thus, similar to driver distraction (Horrey and Wickens, 2006; Pekker

et al., 2011), the pedestrian could also engage in such distraction, which reduces

crossing safety. The literature review highlighted that several studies had been

carried out in developed nations displaying the potential impact of distracted road

crossing behaviour on crossing safety. However, their conclusions were not validated

with accident statistics due to the paucity of such data availability/inventory. Ralph

and Girardeau (2020) raised similar concerns and pointed out that despite the lack of

field evidence in terms of accidents data, scholars tend to describe distracted walking

as a severe problem, which might misplace the key focus from the overall effort of

TH-2875_166104036



Chapter IV. Data Collection and Analysis 69

improving safety for all road users. Therefore, in the absence of distraction-related

accident records, a questionnaire survey of a representative sample could provide

an overall accurate initial estimate of pedestrians’ mobile phone engagement and its

severity in daily commutes.

Thus, before collecting video-based evidence, a questionnaire survey was conducted

across Kolkata to understand the impact of pedestrian distraction on daily com-

mutes. A questionnaire was prepared, including two broad sections (A & B), where

Section A covered demographic characteristics, including gender, age and profes-

sion. Likewise, Section B focused on understanding the type of phone a pedestrian

use daily and the situation and motivation behind digital distraction. Additionally,

pedestrians’ past exposure to accidents or near misses due to digital distraction while

walking/crossing a road was also included (refer Appendix A). Before conducting

the survey, the designed questionnaire set was tested locally to optimise the number

of questions and the time taken to complete the questionnaire. The questionnaire

set (with closed-ended questions with multiple-choice options) was prepared in three

languages (Bengali, Hindi, and English) to select participants from a wider spectrum

of different cultural backgrounds. Seven undergraduates who could speak Bengali,

Hindi, and English were trained to perform conversational-styled interviews. The

conversational-style interview method was opted compared to the standardised in-

terview method (constant worded) as this clarifies the intended meaning (Schober

et al., 2004).

After finalising the survey locations, an interviewer-administered questionnaire sur-

vey of the pedestrians (those who are crossing through intersection crosswalks) was

conducted in the intersection neighbourhood at each survey location (Figure 4.14).

The survey took place during clear, dry weather conditions for a single weekday in

each survey location between 11 am to 4 pm. The overall survey took eight days (for
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eight locations), and the survey dates were picked randomly over September month

in 2018 (the start of winter). During the survey, participants were randomly selected

(using a random sampling technique) and asked for participation, and those willing

to undergo the interview process were finally interviewed. Due to the massive rush,

the participation rate was low (i.e., 5-7% only). A ball-pen was given as a reward

to all participants. In total, 570 pedestrians participated in the survey, and only

446 respondents answered all the questions thoroughly (completion rate: 78.2%).

Afterwards, these 446 questionnaire samples were entered manually into an Excel

sheet according to the final analysis requirement and used for the final exploratory

data analysis.

(a) Enumerator asking questions to a female
respondent

(b) Enumerator asking questions to a male re-
spondent

Figure 4.14: Questionnaire field survey.

4.6.3.2 Sample size calculation

To get a reliable survey estimate, the survey sample size criteria must be satisfied.

The sample size estimation depends on the population of interest (target popula-

tion), error margin percentage, which tells about how much survey results reflect
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the views of the overall population and sampling confidence interval, which reveals

the confidence that the population would select an answer within a specific range.

The required sample size is estimated based on a modified version of the sample

size calculation method reported by Taherdoost (2017), considering Kolkata’s 15

million population size, 95% confidence interval, 5% margin of error and percentage

occurrence of a state or condition (suggested value 0.5). The following equation 4.1

is used to estimate the survey sample size.

S =
z2p(1−p)

e2

1+

(
z2p(1−p)
e2N

) (4.1)

Where:

S = Required Sample size; N = Population size; e = Margin of error; z = Z-score

(for 95% confidence interval, z = 1.96) and p = Percentage occurrence of a state or

condition (suggested value 0.5).

The collected questionnaire survey sample size in the present study (446) is more

than the required sample size (S: 385), which satisfied the sample size requirement.

4.7 Identification and Selection of Variables

The identification and selection of variables reflect the site selection process and

the target outcomes. The selection of inappropriate variables for data collection

would increase the data extraction time and lead to inappropriate results. The

variable selection should be according to the study objectives. In this view, video-

based data collection is a more appropriate data collection technique. To fulfil the

objectives, the dependent variables were selected as signal violation (waited for green
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vs crossed in red), distracted road crossing or mobile phone use, waiting duration of

the pedestrian in signal violation and safety margin value maintained by pedestrians

while crossing the road. These variables can explain the pedestrian road crossing

behaviour and safety while crossing the road.

The main focus of the current study is to understand the impact of various covariates

on the selected dependent variables. The factors expected to affect the dependent

variables are primarily categorised into three distinct categories, i.e., pedestrian

crossing characteristics, traffic characteristics and intersection characteristics. Based

on the study objectives and past studies, these variables were further categorised

into eight distinct categories, which include pedestrian demographic, behavioural,

social, violation, exposure, state of crossing, glance and critical events, and signal

and traffic characteristics, presented in Figure 4.15. A detailed description of the

variables is presented in Table 4.2.

Figure 4.15: Factors and variables selected for the current study.
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4.7.1 Demographic Characteristics

Demographic variables include gender and age of pedestrians. The age variable

comprised of five distinct groups, i.e., ≤18 (young), 18-29 (young adults), 30-45

(adults), 46-60 (old adults) and ≥60 (old).

4.7.2 Pedestrian Behavioural Characteristics

Pedestrians’ crossing behavioural characteristics included timestamps of different

events like arrival and departure from the curb, and completion of individual pedes-

trian crossing (reaching the opposite end of the road). The crossing time (defined

as the difference between crossing completion time and departure time) and the

waiting time (till the green signal phase starts) were measured from the video. The

width of the roadway was obtained from the geometric measurement at the site.

The crossing times were used to estimate the crossing speed of pedestrians (roadway

width divided by crossing time). Additionally, pedestrian social status, i.e., whether

the pedestrian crossing alone or in a group (group/platoon size) was observed.

4.7.3 Social Information

The social information factors included the number of pedestrians waiting at the curb

when a pedestrian arrived at the intersection in the red-light phase, illustrated in

Figure 4.16 [Step 1]. The number of pedestrians joining upon arrival of the candidate

pedestrian in the red-light phase, illustrated in Figure 4.16 [Step 2]. Additionally,

the crossing of others in the red-light phase, i.e., the number of pedestrians (count)

crossing from the same and opposite direction during the red-light phase [Figure

4.16, Step 3] was also considered.
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Figure 4.16: Social factors estimation process in the pedestrian red-light phase.

Note: It is assumed that in this red-light phase, the candidate pedestrian (blue colour) decided
to wait with others for safe crossing.

4.7.4 Violation Characteristics

Pedestrians’ lawbreaking/violation tendency was observed, including whether they

went outside of the crosswalk (crosswalk violation) and violated the pedestrian sig-

nal (signal violation). It was assumed that if pedestrians took three or more steps

outside the markings, they were considered to have not stayed within the mark-

ings. Similarly, pedestrians starting and ending the crossing process utilising marked

crosswalks were also noted.

4.7.5 Exposure Characteristics

The exposure category includes variables that reflect the pedestrian and vehicle

interactions. The interaction with vehicles has been identified based on whether

the pedestrian experienced a conflict with the vehicle. Further, pedestrian risky

crossing behaviour was captured using a dummy measure known as safety margin.
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Additionally, vehicular type (for which safety margin were taken) and spacial factors

(where the safety margin were taken) were noted down for each pedestrian safety

margin. In addition, crossing friction (number of pedestrians crossing from the

opposite direction) due to opposing pedestrian movement was also noted.

4.7.6 State of Crossing

The state of crossing includes (i) whether the pedestrian was carrying any sort

of luggage, (ii) whether crossing along the crosswalk markings perpendicularly or

diagonally (in an oblique path), (iii) crossing with a normal pace or hurried, and

(iv) whether engaged in any sort of distraction.

Different types of distraction are defined as follows:

• No distraction: it represents a pedestrian who crossed without any distrac-

tion.

• Mobile talking: Holding a phone against the face and talking was categorised

as talking on the phone.

• Texting: It is described as looking or interacting with the mobile screen.

• Headphones: If a pedestrian uses headphones (wired), it is categorised as

headphones use; however, it is possible that a pedestrian could be using it for

talking on the phone instead of listening to music. Additionally, no earbuds use

was observed in the extracted observations, as it was not very much widespread

during the survey year.

• Holding a phone in hand: Holding a phone in hand (not talking) while

crossing was not a hazardous task. It was usually noticed that if a pedes-

trian was already distracted while approaching an intersection or waiting on
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arrival, in such circumstances, when he/she decides to cross, he/she stops the

interaction with the mobile device and holds it in hand. This type of commu-

nication break in the middle of continuous mobile engagement might increase

the temptation of interacting with the device, even though the pedestrian was

in the middle of the road crossing process. The degree of such temptation

was impossible to measure from an observational study point of view; still,

in the current study, this behaviour was included in the distraction category

to understand if any behavioural difference exists with pedestrians with ‘no

distraction’.

• Group talking/conversation: If a pedestrian was crossing in a group and

conversing with others, such distraction was categorised as ‘group talking/-

conversation’.

• Eating/Drinking/Smoking: Pedestrians observed eating, consuming bev-

erages or smoking during crossing were added into this category.

• Other: The category of other distractions was utilised to capture distractions

(looking inside the purse, reading and tending a child) that were not accounted

for by any other categories.

4.7.7 Glance Behaviour Data

The glance behaviour is critical for gathering relevant information on the surround-

ings and traffic plying on the road. Two types of glance were noted down, which are

before and during crossing glance. The during crossing glance was further divided

into three categories (traffic glance, straight glance and ground glance) to gather

more detailed information. In addition, during crossing glance frequency was also

noted down.
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4.7.8 Traffic and Signal Characteristics Data

Signal and traffic characteristics, which are part of non-social parameters, include

signal cycle length, phase length (red-phase and green-phase), and traffic count per

cycle on observed crosswalks.

4.8 Data Extraction

The video data were extracted with millisecond accuracy using ‘MPC-HC’ video

player (30 frames per second) as shown in Figure 4.17. The traffic data and pedes-

trian behaviour observations were extracted by clicking the step forward option

provided in the software for only one-directional movement (towards the camera).

The data were extracted in a laboratory setting, and values were recorded in a pre-

designed spreadsheet (refer Appendix B). Before the final video data extraction,

inter-rater reliability among research associates (kappa) was established. A 96%

inter-observer validity accuracy rate was found in labelling different types of cross-

ing behaviours, age, distraction, and cautionary behaviour. To randomise the selec-

tion process, pedestrians were selected based on an odd sequence of arrival counts,

such as first, third, fifth, seventh, and so on. Pedestrians who completed the whole

crossing process and never meandered from the video frame were selected for feature

coding. Pedestrian signal cycles were ignored from data analysis where vehicles had

stopped (especially during the pedestrian green phase) on the pedestrian right of

way, covering more than 50% width of the zebra crossing to wait for their green

signal.
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Figure 4.17: Data extraction overview using MPC-HC video editor.
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4.9 Data Analysis

In total, 25 hours of video data were extracted from the collected footage (9 hours

for one-way and 16 hours for two-way crosswalks), resulting in 2360 observations for

one-way and 2800 observations for two-way crosswalks. The descriptive statistics

revealed that the majority of the observation consists of male pedestrians (one-

way: 87.8% and two-way: 68.9%) and young adults age group between 30-60 years

(presented in Table 4.3).

One primary reason for observing fewer samples of female gender groups in one-

way crosswalk locations could be the land-use pattern of the sites. All the selected

one-way sites were primarily located in the commercial region (Central Business

District) of Kolkata city, where the Govt. and the corporate offices of multinational

companies and banks are situated. Therefore, the trips to these CBD locations

are majorly work-related and are dominated by males. In India, the gender gap in

employment is vast and still increasing. As per the World Bank report 2020, women

accounted for only 20.3% of the total workforce in India, which is significantly low

compared to the world average (World Bank Group, 2020). Similar traits exist in

Kolkata city too. In the current study, the lack of female observation could be due

to a lack of female employees making work-related trips at the selected locations.

Similar observations were also reported in other Indian cities as well, where male

pedestrian observations were also dominant (Avinash et al., 2018; Marisamynathan

and Vedagiri, 2018).

It is also observed that most pedestrians took caution (looked at traffic) before

initiating the final crossing (one-way: 64.2% and two-way: 71.2%). The higher

traffic glance at two-way crosswalks might be due to the presence of high traffic

flow. Further, the primary segment of the observed pedestrians crossed the road
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Table 4.3: Descriptive statistics of pedestrian observations.

Variable
One-way

Crosswalks
Two-way

Crosswalks

Phase Overall First Phase Second Phase Overall

Gender

Male 2073 (87.8%) – – 1930 (68.9%)
Female 287 (12.2%) – – 870 (31.1%)

Age

<18 53 (2.2%) – – 196 (7.0%)
18-29 286 (12.1%) – – 720 (25.7%)
30-45 864 (36.3%) – – 1049 (37.5%)
46-60 856 (36.3%) – – 681 (24.3%)
>60 301 (12.8%) – – 154 (5.5%)

Group size

Single 2014 (85.3%) – – 2190 (78.2%)
Two or more 346 (14.7%) – – 610 (21.8%)

Departure signal

Walk 1749 (74.1%) 1211 (43.2%) 1253 (44.8%) –
Don’t walk 593 (25.1%) 1565 (55.9%) 1523 (54.4%) –
Flashing 18 (0.8%) 24 (0.9%) 24 (0.9%) –

Pedestrian crossing speed (m/s)

Mean speed (SD) 1.30 (0.33) 1.36 (0.39) 1.30 (0.30) 1.30 (0.28)
15th percentile speed 1.07 0.98 1.01 1.04

Critical safety margin (s)

Mean safety margin (SD) 3.23 (1.89) – – 3.15 (1.64)

Crossing pace

Normal 2186 (92.6%) 2537 (90.6%) 2624 (93.7%) –
Hurried 174 (7.4%) 263 (9.4%) 176 (6.3%) –

Crossing path

Perpendicular 2094 (88.7%) 2354 (84.1%) 2532 (90.4%) –
Oblique 266 (11.3%) 446 (15.9%) 268 (9.6%) –

Crosswalk violation

Yes 1032 (43.7%) 1017 (36.3%) 837 (29.9%) –
No 1328 (56.3%) 1783 (63.7%) 1963 (70.1%) –
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Table 4.3: Continued from previous page.

Variable
One-way

Crosswalks
Two-way

Crosswalks

Phase Overall First Phase Second Phase Overall

Social characteristics

No. of pedestrians waiting
upon arrival: Mean (SD)

4.54 (4.38) – – –

No. of pedestrians joining
upon arrival: Mean (SD)

6.47 (6.19) – – –

No. of pedestrians crossing
on red in the same
direction: Mean (SD)

3.40 (3.52) – – –

No. of pedestrians crossing
on red in the opposite
direction: Mean (SD)

2.76 (2.56) – – –

Carrying luggage

Yes 1265 (53.6%) – – 1684 (60.1%)
No 1095 (46.4%) – – 1116 (39.9%)

Distraction

No distraction 1522 (64.5%) 1906 (68.1%) 1863 (66.5%) –
Mobile talking 206 (8.7%)) 139 (5.0%) 145 (5.2%) –
Texting/watching screen 90 (3.8%) 38 (1.4%) 50 (1.8%) –
Headphones 25 (1.1%) 49 (1.8%) 51 (1.8%) –
Group talking 230 (9.8%) 271 (9.7%) 317 (11.3%) –
Eating/drinking/smoking 71 (3%)) 46 (1.6%) 51 (1.8%) –
Holding a phone in hand 161 (6.8%)) 235 (8.4%) 225 (8.0%) –
Others 55 (2.3%)) 116 (4.1%) 98 (3.5%) –

Wait till green phase initiation (after red-phase arrival)

Wait time: 0-20s 450 (49.1%) 462 (24.0%) – –
Wait time: 21-40s 353 (38.5%) 369 (19.2%) – –
Wait time: >40s 114 (12.4%) 1092 (56.8%) – –

Before crossing traffic look

Yes 1515 (64.2%) 1993 (71.2%) 1542 (55.1%) –
No 845 (35.8%) 807 (28.8%) 1258 (44.9%) –

Traffic count

Traffic count per
cycle: Mean (SD)

29.2 (14.8) – – 110.18 (69.23)
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alone (one-way: 85.3% and two-way: 78.2%), carrying some sort of luggage (one-

way: 53.6% and two-way: 60.1%), and maintained an average speed of 1.30 m/s.

Out of 2360 observed pedestrians, 593 (25.1%) crossed the street, violating the

pedestrian signal. For two-way crosswalks, the violation proportion for pedestrians

was 55.9% in the first phase of crossing (start to median) and 54.4% in the second

phase of crossing (median to end). The crossing characteristics variable revealed

that the primary segment of the pedestrian crossed the street maintaining a normal

pace following the zebra crossing.

The state of crossing distraction variable revealed that 34.5% of pedestrians showed

some sort of distraction while crossing through one-way crosswalks. For two-way

crosswalks, pedestrians showed higher distracted road crossing in the second phase

of crossing (median to end: 33.5%) compared to the initial phase of crossing (start

to median: 31.9%). The reason could be that in the median while searching for the

crossing opportunity, pedestrians took out their phones to kill the undue halt time.

In the present study, the pedestrian-vehicle interaction is estimated using the Pedes-

trian Safety Margin (PSM) dummy measure. The descriptive statistics revealed that

for two-way crosswalks, pedestrians took on an average smaller critical safety margin

(mean: 3.15 s, SD: 1.64 s) compared to one-way crosswalks (mean: 3.23 s, SD: 1.89

s).

4.9.1 Distraction Questionnaire Survey Data Analysis

The questionnaire survey (Section A) analysis revealed that the participants were

composed of 57.4% male and 42.6% of female (Table 4.4). The primary segment of

pedestrians was young adults of 18-29 years (65.2%) and students (40.1%).
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Table 4.4: Participants’ demographic characteristics (sample size, n = 446).

Demographic variable and Frequency/Proportion (%)

Gender

Male 256 (57.4) - -
Female 190 (42.6) - -

Age Occupation

<18 19 (4.3) Govt. Employee 35 (7.8)
18-29 291 (65.2) Private Job 144 (32.3)
30-45 107 (24.0) Self Employed 67 (15.0)
46-60 22 (4.9) Student 179 (40.1)
>60 7 (1.6) Others 21 (4.7)

The exploratory analysis of the mobile use questionnaire segment (Section B) re-

vealed that the majority of the respondents use a smartphone (SP) with internet

access, as presented in 4.18 (a). In response to the purpose of frequent phone usage,

respondents reported that among all the reported mobile users, primary segment of

the respondents was distracted from frequent mobile phone talking (81.2%); followed

by texting (30.7%), listening to music (19.1%), social media usage (18.4%) and nav-

igation (14.6%) activities (refer Figure 4.18 (c)). A primary segment of participants

further reported that they were frequently involved in mobile phone use when it

was work-related (41%), followed by personal reasons (31.8%) and out of boredom

(13.2%); while standing alone or waiting for ride-hailing service (refer Figure 4.18

(b)).

The respondents were also asked about their experience with near-misses or accidents

due to mobile use (digital distraction). The results are presented in Figure 4.18 (d).

Out of all respondents (response: 446), 13.7% (61) stated that they had at least

one near-miss in the past, and 4.5% (20) experienced at least one accident. The

survey outcomes provided evidence that pedestrians do get involved in near-misses

or accidents which may not be fatal but could lead to injuries and increase the overall

risk of crossing.
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Figure 4.18: Mobile phone distraction survey response results (N = 446).

Note:
* Figure 1 (c) represents a question where a respondent could choose multiple options, for
example a pedestrian could use mobile for talking as well as texting; thus, the aggregate
proportion is not equal to 100%.

4.10 Summary

A detailed description of selected intersections is presented in this chapter, with the

justification for selecting three one-way and eight two-way crosswalks. The details

of crosswalk geometry, infrastructure, and sample photos with descriptions are pre-

sented in the current chapter. The procedure of video-graphic and questionnaire

survey data collection, data extraction are explained in detail. Finally, descriptive
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statistics of pedestrian characteristics of 2360 pedestrians for one-way crosswalks

and 2800 pedestrians for two-way crosswalks were described. Descriptive statistics

with data analysis was done to understand pedestrian crossing behaviour at inter-

section crosswalks. The pedestrian risky crossing behaviour modelling is described

in the subsequent chapters.

TH-2875_166104036



TH-2875_166104036



Chapter 5

Social and Non-Social Factors

Influencing Signal Violation

Behaviour

5.1 General

The previous chapter discussed intersection selection, data collection, coding and

analysis. The chapter also discussed the variables extracted and coded for the current

study. The current chapter discusses the statistical tests for selecting significant

model-development variables from the collected data. The primary objective is

to identify significant variables for model development. Statistical programming

languages R (version 4.1.1) and Stata 17 have been utilised for preliminary analysis

purposes.

91
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5.2 Outlying Objectives

Based on the literature gaps discussed in Section 2.6, in this chapter, the following

three hypotheses have been investigated in the context of low and middle-income

countries:

• Hypothesis 1 (H1): the crossing decision of an oncoming pedestrian depends

on whether the pedestrian is waiting alone at the curb or waiting with others

(other pedestrians are already waiting before the candidate pedestrian arrived

or joined later) standing nearby.

• Hypothesis 2 (H2): the likelihood of crossing in the red-light phase increases

when one finds others (a significant number of pedestrians) crossing success-

fully in the red-light phase from the same or opposite direction.

• Hypothesis 3 (H3): as the waiting time for safe crossing (time until the green-

signal phase start) increases, the likelihood of signal violation also increases.

The first and second hypotheses have been evaluated in past studies (Rosenbloom,

2009; Faria et al., 2010); however, sample sizes were limited and predominantly

conducted in developed countries. The current study investigates these hypotheses

(H1 and H2) at multiple intersections with a larger sample size. Under the second

hypothesis evaluation, the count of pedestrians crossing against the red-light phase

is considered (as against the binary count considered in the previous study, (Rosen-

bloom, 2009)), which may provide a better explanation of signal violation behaviour.

The impact of non-social features considered in hypothesis three (H3) has been at-

tempted in some past studies. However, the current study considered the impact

of time-dependent signals installed at selected intersections, where traffic regulators

TH-2875_166104036



Chapter V. Signal Violation Modelling 93

update signal phase duration based on traffic volume throughout the day by pri-

oritising vehicular traffic. Therefore, the current study tried to evaluate all three

hypotheses (Hypothesis 1 to 3) formulated above from the data collected on pedes-

trian crossing behaviour at signalised intersection crosswalks located in Kolkata,

India.

5.3 Selection of Significant Variables for Signal

Violation Modelling

The selection of significant contributing variables is essential to develop better pre-

dictive models. The most frequently used tools are Pearson correlation (used to

check the multicollinearity of continuous variables), contingency table (to assess the

association/difference between categorical variables), t-test (to assess the difference

in group mean) and Analysis of Variance (ANOVA).

5.3.1 Statistical Test for Signal Violation Model Variables

It is important to select the significant contributing variables for the signal violation

model development. In general, increasing the number of variables improves the

model fit but also increases the model complexity, hence often overfits the model.

The trained model often performs well on training data but fails while generalising

on real-world test data. Hence, it is crucial to calibrate the model with appropriate

significant variables. The tests are selected based on the nature of the outcome

(continuous/categorical) as well as explanatory/independent variables. The proba-

bility of signal violation (violated/ not violated) is represented using binary discrete

outcomes. Thus, cross-tabulation test (viz., binary type independent variables) and

TH-2875_166104036



Chapter V. Signal Violation Modelling 94

t-test (viz., continuous type independent variables) were selected to test the sig-

nificance of the selected variables (viz., gender, age, social variables etc.) over the

dependent variable (violated/ not violated). The cross-tabulation method uses fre-

quency count for making comparison between dependent and independent categor-

ical variables. The most common test is Pearson’s chi-square test of independence.

It is a non-parametric hypothesis test that measures the association and differences

between observed and expected values. Pearson’s Chi-Square hypothesis can be

tested as:

The null hypothesis (H0): The two categorical variables are independent, and

there is no association between them (the distribution of one variable is not influ-

enced by the variation in the other variable).

The alternative hypothesis (H1): The variables are not independent, and there

is an association between them (distribution of one variable influenced by another

variable).

The cross-tabulation is applied to the signal violation data (918 data points). A

significance level of 90% or above has been used for testing the hypothesis. The

cross-tabulation results are shown in the Table 5.1. The table results revealed that

no significant difference was observed between signal violation and gender, i.e., be-

tween male and female pedestrians. The Pearson Chi-Square value has been found

as χ2 = 0.119 (p = 0.729). In the case of age and ‘group size’ variables, a significant

difference has been observed at 90% and 95% CI. Based on the Chi-Square test

results, variables such as ‘carrying a luggage’ (χ2 = 20.76, p = 0.150) and ‘cross-

walk violation’ (χ2 = 0.004, p = 0.946) revealed that there is no significant effect

on pedestrian signal violation behaviour. Pedestrian signal violation probability sig-

nificantly differs for pedestrians who crossed following a straight path compared to

an oblique path (χ2 = 2.908, p = 0.088). The test results also revealed that the
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influence of ‘waiting time till green signal phase’ (0-20s, 21-40s and >40s) on signal

violation was significantly different for different waiting groups (χ2 = 41.412, p =

<0.001).

Table 5.1: The cross-tabulation test results for pedestrian signal violation

Variable Pearson Chi-Square DF P-value

Gender 0.119 1 0.729
Age 8.899 4 0.064∗

Group size 12.153 1 <0.001∗∗

Luggage 2.076 1 0.150
Crossing path (straight/oblique) 2.908 1 0.088∗

Crossing pace (normal/hurried) 13.859 1 <0.001∗∗

Crosswalk violation 0.004 1 0.946
Crossing speed 17.486 4 0.002∗∗

Waiting time till green phase initiation 41.412 2 <0.001∗∗

Cycle time category 10.218 2 0.006∗

Red time category 7.345 1 0.007∗

Note:

DF: Degree of Freedom

** Denotes variable significance at 95% confidence level;
* Denotes variable significance at 90% confidence level.

Pedestrian ‘crossing speed’ (≤ 1m/s, >1-1.2m/s, >1.2-1.4m/s, >1.4-1.5m/s, >1.5m/s),

‘pace’ of crossing (normal/ hurried), cycle time (0-100s, 101-150s and >150s) and red

time (0-40s and >40s) also have significant influence on signal violation behaviour.

Further, the significance of various continuous variables is assessed using an inde-

pendent sample t-test. The independent sample t-test (Levene’s test) revealed that

social factors and ‘traffic count per cycle’ are significantly different based on their

mean and standard deviation of the two observed groups (viz., violated and not vi-

olated). The test results are presented in Table 5.2, indicating equal variances have

not been assumed in pedestrian signal violation behaviour.

From the statistical test (viz., cross-tabulation and t-test), the variables such as age

(≤ 18, 18-29, 30-45, 46-60 and >60), group size (single and two or more), crossing
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Table 5.2: The independent t-test (Levene’s) for equality of variance results for
pedestrian signal violation

Variable Mean SD P-value

No. of pedestrian waiting upon arrival 4.450 4.380 <0.001∗∗

No. of pedestrian joining upon arrival 6.470 6.190 0.034∗∗

No. of pedestrian crossing from same direction 3.400 3.520 <0.001∗∗

No. of pedestrian crossing from opposite direction 2.760 2.560 0.013∗∗

No. of traffic plying per cycle 110.180 69.230 0.001∗∗

Note:

** Denotes variable significance at 95% confidence level;
* Denotes variable significance at 90% confidence level.

path (straight/oblique), crossing pace (normal/hurried), crossing speed (≤ 1m/s,

>1-1.2m/s, >1.2-1.4m/s, >1.4-1.5m/s, >1.5m/s), waiting time till green signal

phase initiation (0-20s, 21-40s and >40s), cycle length (0-100s, 101-150s and >150s),

number of pedestrian waiting upon arrival of the candidate pedestrian, number of

pedestrians joined later, number of neighbours crossing in red-signal phase, number

of crossing from the opposite direction in red-signal phase and traffic count per cycle

are selected for the pedestrian signal violation model development.

5.4 Association Among Variables

In addition to variable selection, it is a common practice to estimate multicollinearity

among predictors using a pairwise correlation. This is done to eliminate predictors

having a correlation value beyond a threshold limit (rule of thumb, r ≥0.4). The pair-

wise correlation among numeric variables (i.e., number of pedestrians waiting upon

arrival, number of pedestrians joining upon arrival, number of pedestrians crossing

from the same direction, number of pedestrians crossing from opposite direction and

number of vehicles plying per cycle) revealed that Pearson’s correlation (r) is ≤0.30.
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In the present study, most of the variables are of categorical type, thus instead of

estimating pair-wise Pearson correlation coefficients, Theil’s U (Theil, 1958, 1966)

association statistic was estimated using equation 5.1.

U(X|Y ) =
S(X)− S(X|Y )

S(X)
(5.1)

Where S(X) is the entropy of X and S(X|Y ) is the conditional entropy of X given

Y .

Theil’s U gives an association strength for categorical variable pairs ranging from 0

to 1, where 0 indicates no association (i.e., y provides no information about x) and

1 indicates perfect association (i.e., y provides complete information about x). It

is an asymmetric, [U(x, y) 6= U(y, x), where U is Theil’s U] measure of association.

The pair-wise Theil’s U association were estimated and reported in Figure 5.1.

The pair-wise values in the plot revealed that the association strength among cat-

egorical variables is weak (Theil’s U: ≤0.20), indicating that the selected variables

are independent and can be used in the model estimation process.

5.5 Model Formulation for Signal Violation Be-

haviour

The objective of the current study is to understand the influence of non-social and

social features on pedestrian signal violation behaviour. As the signal violation

is binary (violated/not-violated) in nature, to model a discrete binary outcome,

binary logistic regression was used (Ciaburro, 2018; Washington et al., 2011). The

equation used in a binary logistic regression model to estimate the probability of
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Figure 5.1: Theil’s U pair-wise association plot.

signal violation is shown in equation 5.2:

Pi =
exp(β0+β1X1,i+β2X2,i...+βkXk,i)

1 + exp(β0+β1X1,i+β2X2,i...+βkXk,i)
(5.2)

where Pi is the probability of pedestrian i committing a signal violation. β0 is

the model constant, and β1,. . . ,βk are coefficients estimated by maximum-likelihood

from the corresponding explanatory variables X1. . .Xk. The logistic regression was

estimated using the statistical programming language R (version 4.1.1), and Average

Marginal Effects (AME) were calculated at every observed value and averaged using

R’s “margin” library (Leeper, 2018a).
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5.6 Goodness of Fit Measure

After identifying the relevant variables, the developed model accuracy is tested with

the help of suitable goodness of fit measure. The goodness of fit statistics, such as

the rho-square and chi-square tests, are often used to test the calibrated models.

Along with these measures, a significance test must be conducted for the covariates

to decide whether these variables are statistically significant or not to be included in

the final model. Generally, it is done using t-test statistics and p-value. In addition,

often Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC)

are also reported as model fit statistics.

5.6.1 Rho-square Statistic

The goodness of fit statistics are used to evaluate how well the model fits the data,

and usually, log-likelihood is used to measure the goodness of fit statistics. For

the binary logistic regression model, rho-square is often used as a goodness of fit

measure. The index range between 0 and 1. There are various rho-square statistics

proposed, such as McFadden, Cox and Snell and Nagelkerke. McFadden Pseudo

rho-square is the most frequently reported goodness of fit metric. The rho-square

statistic compare model performance with all fitted parameters and the model with

zero value of all the parameters. The rho-square statistic is computed using the

following equation:

Rho− square = 1− LL(β0)

LL(β̂)
(5.3)

Where: LL(β̂) = log-likelihood function with estimated parameters, LL(β0) = log-

likelihood function with all parameters as zero.
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5.6.2 The Likelihood Ratio Test (LRT)

The likelihood ratio test compares the goodness of fit of two statistical models. The

LRT compares two hierarchically nested models to determine whether or not adding

more parameters (adding complexity) makes the model significantly more accurate.

The test statistic is estimated by taking the ratio of likelihoods of two models. It is

computed using the following equation:

XL = −2
(
LL(β0) + LL(β̂)

)
(5.4)

Where LL(β0) is the likelihood of a null model when all parameters are set to zero

and LL(β̂) is the log-likelihood of the model with all fitted parameters on conver-

gence. The log-likelihood ratio test statistics and p-value of statistical significance

of 0.05 ensure that at least one significant parameter exists in the model.

5.6.3 Akaike Information Criteria (AIC)

The AIC metric is used to compare models. The AIC is proposed by Akaike (1974).

It is a measure of the goodness of fit of a statistical model. The AIC is calculated

as:

AIC = −2 lnL+ 2k (5.5)

Where lnL is the maximised log-likelihood of the model, and k is the number of

parameters estimated. The model with the smallest AIC value is considered the

best-fitted model.
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5.6.4 Bayesian Information Criteria (BIC)

BIC is a criterion functioning similar to AIC (Schwarz, 1978). The BIC is calculated

as:

BIC = −2 lnL+ k lnN (5.6)

where lnL is the maximised log-likelihood of the model, k is the number of param-

eters estimated, and N is the sample size. A lower BIC value represents a better

model fit.

5.7 Model Estimation

The binary logistic regression model was fitted using R statistical programming

language with the significant variables obtained from Pearson’s chi-square test of

independence and Levene’s t-test. Further, to improve the model fit (reduce model

complexity), a backward step-wise elimination process was utilised. In the step-wise

elimination process, first, the model was fitted with all variables obtained from the

variable selection process. Subsequently, certain model variables have been removed

based on the judgement of whether their removal caused a significant change in other

variables or aggregate model and model fit statistics (AIC). In the step-wise fitting

process in addition to significant variables (obtained from the variable selection

process), gender, age and site variables were also included to check for improvements

in the aggregate model. It was observed that adding site and gender variables

improves the model fit and improve other variables’ significance. Thus, they were

kept in the final model, while age did not show any influence on the model fit, thus

excluded.
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5.8 Model Results

Pedestrians crossing in the red-signal phase or waiting for the green phase were

analysed using a binary logistic regression model. Signal status (red/green) during

crossing was selected as the dependent variable. The model is fitted with all red-light

phase arriving observations (sample size of 918). The model outcomes indicated a

wide range of variables capturing the effects of demographic, crossing characteristics,

social characteristics, violation (crosswalk), and signal and traffic characteristics

influencing the pedestrian signal violation at signalised junctions in Kolkata, as

reported in Table 5.3. A significant number of variables included in the model have

a p-value smaller than 0.10. The McFadden Pseudo R-squared value (0.24) and the

log-likelihood ratio test (p<0.05) indicate an overall good model fit. The estimated

AIC and BIC values are 975.732 and 1067.334, respectively. In the present model,

a positive sign of a coefficient of an independent variable indicates that the factor

increases the likelihood of signal violation. In contrast, the negative sign indicates

the factor reduces the likelihood of signal violation.

The gender variable is observed to be insignificant in predicting pedestrian signal

violation behaviour. Results highlighted that pedestrians exhibited higher crossing

speed during the signal violation. The number of pedestrians who had been al-

ready waiting before the pedestrian’s arrival, as well as the number of pedestrians

who joined after the subject pedestrian’s arrival, negatively influenced their signal

violation decision, which confirmed the “Hypothesis 1” depicting that the crossing

decision of oncoming pedestrians depends on whether they are waiting alone at the

curb or waiting with others. Further, social cues obtained from red-light violators,

who crossed from the same direction, positively influenced signal violation behaviour,

hence, confirming “Hypothesis 2”.
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Table 5.3: Signal violation logistic regression model summary

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant 1.593 0.571 0.005 -

Site
Site 1 (Dalhousie) ∗∗ 0.508 0.247 0.040 0.076
Site 3 (GPO) -0.550 0.414 0.184 -0.091

Demographic Gender: Female 0.011 0.265 0.968 0.002

Crossing
characteristics

Crossing path: oblique ∗∗ 0.664 0.230 0.027 0.101
Crossing pace: hurried ∗∗ 1.438 0.413 <0.001 0.200
Crossing speed: >1-1.2 (m/s) 0.137 0.247 0.580 0.023
Crossing speed: >1.2-1.4 (m/s) ∗ 0.455 0.263 0.084 0.076
Crossing speed: >1.4-1.5 (m/s) ∗∗ 0.799 0.383 0.037 0.128
Crossing speed: >1.5 (m/s) ∗∗ 0.617 0.308 0.045 0.101
Waiting time till green phase: 21-40 s ∗∗ 1.095 0.199 <0.001 0.183
Waiting time till green phase: >40 s ∗∗ 1.872 0.371 <0.001 0.284

Social
Characteristics

No. of pedestrian waiting upon arrival ∗∗ -0.078 0.022 <0.001 -0.013
No. of pedestrian joining after arrival ∗∗ -0.096 0.015 <0.001 -0.015
No. of pedestrian crossing in the same
direction during red light phase ∗∗

0.100 0.026 <0.001 0.016

Signal and
Traffic
Characteristics

Cycle time: >100-150 s ∗∗ 1.125 0.307 <0.001 0.187
Cycle time: >150 s ∗∗ 3.103 0.463 <0.001 0.404
Through traffic per cycle ∗∗ -0.085 0.012 <0.001 -0.014

Model fit statistics
McFadden (Pseudo R-squared) = 0.244, AIC = 975.732 and BIC = 1067.334

Likelihood ratio test
Df.diff = -18, LogLik.diff = -128.192, χ2 = 56.38 and P-value = <0.001

Reference levels
site = site2; gender: male; crossing path = straight; crossing type = normal; crossing speed ≤1.0
m/s; Waiting time till green light = 0-20s; cycle time category 0-100s

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

Regarding time-dependent signals, ‘waiting time till green phase initiation’ and sig-

nal cycle length significantly influenced the signal violation tendency. The positive

significant coefficients of the “waiting time till green initiation” variable confirmed

“Hypothesis 3”. Traffic volume variable negatively influenced the signal violation

behaviour. The model outcomes, along with their detailed discussion, are presented

in the subsequent sections.
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5.8.1 Demographic Characteristics

Similar to the observations made by Dommes et al. (2015) and Ren et al. (2011), in

the present study, the gender of pedestrians did not emerge as an essential factor in

signal violation. However, other observational studies investigating signal violation

behaviour found a significant impact of gender during signal violation (Brosseau

et al., 2013; Rosenbloom, 2009).

5.8.2 Crossing Characteristics

Model estimates presented in Table 5.3 revealed that pedestrians who can maintain

a crossing speed between 1.4-1.5 m/s and above 1.5 m/s are 12.8% and 10.1% more

likely to violate signals than those with a crossing speed of ≤1 m/s. Li and Fernie

(2010) also reported similar findings in their study performed in Toronto (Canada).

The findings revealed that non-complying pedestrians walk relatively faster (1.69

m/s) than compliant pedestrians (1.29 m/s). Pedestrians exhibiting haste (rushed)

behaviour tend to violate the signal and take smaller gaps in the traffic stream

to complete their manoeuvre quickly. This behaviour can also be corroborated by

the crossing pace variable (normal/hurried) reported in the model estimate table

(Table 5.3). The variable estimate of haste (hurried) behaviour showed that when

pedestrians are in a hurry, they are 20% more likely to violate the signal than

pedestrians crossing normally.
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5.8.3 The Presence of Pedestrians Waiting/ Joining After-

ward

The negative coefficients of the model estimate confirmed “Hypothesis 1”, stating

that an oncoming pedestrian is more likely to wait for the green phase if a consid-

erable number of pedestrians are already waiting or joining at the curb afterwards.

Figure 5.2 illustrates that as more people wait at the curb for the green light, the

signal violation likelihood of an oncoming pedestrian decreases. Similarly, over the

waiting period, as more pedestrians start joining the candidate pedestrian, the likeli-

hood of signal violation decreases as illustrated in Figure 5.3. Different explanations

can be given for such behaviour. The theory of social control explained the mech-

anism behind obedient behaviour as the motivation to be rewarded just for being

conformist (Hirschi, 1969). Normal individuals have inner controllers that prevent

them from breaking the law and encourage them to behave in a normative fashion.

Figure 5.2: Predictive margins plot for number of people waiting upon arrival

In our investigation, as the group size (pedestrians already waiting or joining after-

wards) increased, oncoming pedestrians avoided crossing the road in the red-light
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Figure 5.3: Predictive margins plot for number of people joining upon arrival

phase and decided to wait with the group, as they are likely to attribute their re-

straint to personal values rather than to gain/loss of considerations, implicating that

social norms enhance the compliance with the law amongst pedestrians (Tyler T.R.,

1990). Rosenbloom (2009) suggested that in a social framework, an individual’s

behavioural action can affect every other member of the group; thus, individuals

deter themselves from taking unsocial steps that violate norms, rules, and regula-

tions. Further, pedestrians reaching crosswalks in the red-light phase and standing

alone are less concerned about social criticism (Pele et al., 2017; Rosenbloom, 2009);

thus, their likelihood of crossing in the red-light phase is much higher. However,

those who are surrounded by other pedestrians waiting for the green-signal phase

feel more committed to social order, therefore sticking with the social norms (Wang

et al., 2011). Although exceptions exist. Yagil (2000) studied beliefs, motives, and

situational factors in road-crossing behaviour and concluded that other pedestrians’

presence affects road-crossing behaviour, not because they serve as role models but

because they stimulate conformity. Hyman et al. (2009) also explained that in a

group setting, the “diffusion of responsibility” (Harrell, 1991) effect occurs when
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the subject delegates the task to other pedestrians and rely more on other group

members as they believe that a partner, who is physically present, may help with

the recognition of a significant stimulus.

5.8.4 The Presence of Signal Violators

“Hypothesis 2” divulgates that the likelihood of signal violation tendency would

increase if the subject pedestrian observed a considerable number of pedestrians

crossing from the same direction or the opposite direction during the red-light phase.

The positive model coefficients revealed that this hypothesis is correct only when

a significant number of pedestrians were observed crossing in the same direction,

while pedestrians crossing from the other direction had no significant influence. The

predictive margins plot (Figure 5.4) illustrates that the signal violation likelihood of

a candidate pedestrian (who is waiting at the curb) increases when he/she observes

that more and more neighbours crossing the road successfully violating the signal.

The primary reason behind such behaviour could be that pedestrians crossing in

the same direction provide a better representation of oncoming difficulties (risk of

approaching traffic and available gap size) that pedestrians might face if they follow

the red-light crossers (who were crossing in the red-light phase).

The significant positive coefficient also indicated that the count of pedestrians (ob-

served in the current study) crossing in the red-signal phase is an appropriate pre-

dictor compared to the binary count (someone crossed in red/ did not cross) used

by Rosenbloom (2009) in her study of single versus group crossing behaviour, where

it was observed to be insignificant. When oncoming pedestrians observe more peo-

ple completing the crossing successfully in the red-signal phase, it gives them a false

sense of safety, making them believe in social information disseminated from red-light
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Figure 5.4: Predictive margins plot for number of neighbours crossing during
red-light phase

crossers. Thus, people get encouraged to copy others’ behaviour (start crossing in

the red-signal phase), especially if they find that accepting risks provides satisfactory

results in terms of a successful crossing. Bandura (1977, 1986) explained the mo-

tive behind such a risky decision, and reported that humans acquire the behaviour

(red-light phase crossing) by observing others and the surrounding environment.

Observing others’ behaviour provides them with innovative ideas, and if the ideas

are found to be satisfactory, it acts as a guide for future decision-making. Hence,

risk-taking behaviour is not just initiated by self-motivated decisions but also from

past accumulated experiences, i.e., by seeing others’ successful/unsuccessful risky

crossing choices.

Faria et al. (2010) studied the neighbours’ effect and observed similar behaviour.

They reported that pedestrians often try a few times to get familiar with the actual

risk associated with crossing in the red-light phase before making the final crossing

decision. For example, if a pedestrian found that the crossing risk was beyond their

acceptable risk limits, they abort crossing and return to a safe position and update
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their decision with a better and safer crossing one. This is how pedestrians gain

experience in different traffic scenarios, this experience works as a basis for future

decision-making. Another explanation of this type of behaviour could be that people

in a “group setting” feel safer. The concept of “safety in number” is also explained

by Vujanić et al. (2014), who pointed out that pedestrians in a group feel safer even

when crossing the road by taking the risk and believe that oncoming traffic will

easily spot them and provide safe access for crossing.

5.8.5 The Waiting Time and Signal Cycle Length

Studies effectuated on waiting time reported a direct relationship between waiting

time and signal violation. They reported that red-light phase length is the most

crucial factor in models based on integrated field observations and questionnaire

data (Yang and Sun, 2013). The longer the red-light phase length, the more likely to

cross during the red-light phase. In situations where signal phase length becomes too

long (due to heavy traffic flow and few adequate, acceptable gaps are available), the

waiting time frame does not meet the pedestrians’ expectations (exceeds threshold

waiting time), and thus, they violate the signal.

The present violation model estimate confirmed the hypothesis that as the waiting

time for safe crossing (green-phase crossing) gets longer, pedestrians lose patience

and often violate signals. The ‘waiting time till green initiation’ variable estimate

showed that in comparison to a waiting time of 0-20 seconds (reference category),

when pedestrian encountered a longer waiting time of 21-40 seconds or >40 seconds,

the signal violation probability increased by 18.3% and 28.4%, respectively. The

current findings are similar to past studies conducted in Asian countries, which

suggested keeping the red-light phase duration below 40 s. Investigation showed
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that pedestrians lost patience when red-light phase length exceeded 40 seconds and

committed more signal violation (BAASS, 1989; Wang et al., 2011).

The impact of varying phase lengths can also be observed from the cycle length

variable. The model estimate showed that in comparison to cycle length of 0 to 100

seconds, the pedestrians who arrived at the signal cycle category of 100-150 seconds

(or >150 seconds) are 18.7% (or 40.4%) more likely to violate the signal.

Additionally, the model estimate showed that traffic volume significantly affected

signal violation. As the traffic volume increases, pedestrians were less likely to

take signal violation risk (Figure 5.5). The availability of safe gaps decreased with

increase in traffic volume, discouraging pedestrians from accepting such unsafe gaps

to violate the signal.

Figure 5.5: Predictive margins plot for number of vehicles per cycle
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5.9 Practical Implications from the Results

In the current study, pedestrians’ incidence of red-light phase violation behaviour

was observed at three signalised intersection crosswalks (one-way) to identify various

social and non-social factors that may affect red-light phase crossing behaviour.

While illegal crossing might not be directly associated with substantial number of

fatal crashes involving pedestrians, it is a significant indicator of riskier behaviour

leading to injuries. Hence, understanding factors influencing such behaviour could

be a crucial step towards a better road safety management. Based on the model

findings, the following practical implications could be suggested:

• The study provided empirical evidence that pedestrian’s red-light phase vi-

olation was influenced by social and non-social factors. This is a significant

finding because both of those factors can be used to understand signal violation

behaviour. The red-light violation could be utilised as a surrogate measure to

identify unsafe intersections in Kolkata city.

• Regarding the group effect, the tendency to wait on the red-light phase was

greater when more people were waiting at the curb, either when a pedestrian

arrived or other pedestrians joined after the arrival of the subject. The present

finding indicates a group’s power to influence its members to obey the law

positively. Media campaigns should utilise this power for educational purposes

by emphasizing the positive value of social control and its benefits.

• An interesting finding emerged from this study: the chances of pedestrians’

signal violation are significantly high if a pedestrian found that a significant

number of neighbours successfully crossed the road, violating the red-signal

phase.
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• A unique finding from this study is that the number of neighbours crossing

the street in the red-light phase has a significant influence on signal violation

behaviour compared to the binary selection (someone crossed in the red-light

phase or did not cross) used in past studies.

• The model outcome also suggested that if pedestrians experience a longer

waiting time for safe crossing, they become impatient and engage in illegal

crossing. The present finding points to the deficiencies in signal design and

infrastructure planning. Hence, the grade-separated facility should be provided

to segregate pedestrians and motorists completely in busy intersections where

the traffic cycle length or red-light phase length is too long. In the absence

of such facilities, strict enforcement could encourage pedestrians to comply

with the traffic signal. Additionally, bringing legislation for restricting signal

violations in the road environment into the future planning process through

practical interventions could improve signal compliance.

5.10 Summary

The binary logistic regression model for estimating the probability of signal violation

is presented in this chapter, which determined the effect of social and non-social in-

formation factors in mixed traffic conditions, which is one of the objectives stated in

section 1.4 of Chapter 1. It is understood that signal violation at intersection cross-

walks is highly influenced by non-social and social information. The model results

also revealed a significant effect of waiting time till green, signal cycle length, traffic,

and information disseminated from other pedestrians on signal violation likelihood.

Some variables (age, group size, carrying luggage, crosswalk violation and number

of pedestrians crossing from other direction) are eliminated due to their statistical
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insignificance at 90% or above. The impact of significant variables was explained

using average marginal effects. The next chapter discusses the impact of pedestrian

distraction on road crossing behaviour at signalised intersection crosswalks.
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Chapter 6

Understanding Distracted Road

Crossing Behaviour at Signalized

Intersections

6.1 General

Pedestrian-distracted road crossing behaviour has been a major concern for road

safety researchers. Without accident statistics, validating distraction-related in-

juries and deaths in road environments is impossible in developing countries like

India. Thus, to understand the unsafe behaviour displayed by distracted pedestri-

ans at crosswalks, initially, a questionnaire-based survey was conducted across eight

intersections in Kolkata (India). The results revealed that 13.7% (61) of the respon-

dents were subjected to at least one near-miss, and 4.5% (20) experienced a crash in

the past (assuming the pedestrian encountered just an injury). However, the total

number of pedestrian deaths due to Road Traffic Injuries in India is around 35%

115
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(52996) of all road traffic deaths, 1,51,417 (death as per 2018 official estimates).

Assuming a 4.5% crash rate due to pedestrian distraction (taking the conservative

side, i.e., considering just crashes involving injuries), it comes out to around 2285

(52996 × 0.045) crashes, which is still a significant number. Therefore, to reduce the

number of crashes involving distracted pedestrians, understanding distracted road

crossing behaviour is essential in developing countries like India. The current study

tried to fill this gap.

6.2 Analysis Methodology

The primary objective of this study is to identify the factors associated with dis-

tracted road-crossing behaviour. Pedestrian distraction is binary by nature as it

contains two possible outcomes, such as mobile phone distraction versus no distrac-

tion or texting distraction versus no distraction and so on. As such, binary logistic

regression models were fitted to analyse these types of crossing behaviour, as this

approach models the event probability for a categorical response variable with two

outcomes. In the case of the binary logistic regression model, the probability of

distraction was estimated using the following equation (Eq. 6.1):

Pi =
exp(β0+β1X1,i+β2X2,i...+βkXk,i)

1 + exp(β0+β1X1,i+β2X2,i...+βkXk,i)
(6.1)

where Pi is the probability of pedestrian i crossing distracted. β0 is the model

constant, and β1,. . . ,βk are coefficients estimated by maximum-likelihood from the

corresponding explanatory variables X1. . .Xk. The logistic regression was estimated

using the statistical programming language R (version 4.1.1). Average Marginal

Effects (AME) were calculated at every observed value of observation and averaged
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across the results (AMEs) using R’s “margin” library (Leeper, 2018b) and reported

in respective tables.

6.3 Association Among Variables

Identifying multicollinearity among variables using a pairwise-correlation estimation

process (before model fitting) is a common practice to eliminate predictors having

a correlation value beyond a threshold limit (rule of thumb, r >0.4). In the present

study, as most of the variables are of categorical type, thus instead of estimating

pair-wise Pearson correlation coefficient (r), Theil’s U pair-wise association statistics

was estimated (Theil, 1958, 1966). Theil’s U statistics gives an association strength

for categorical variable pairs ranging from 0 to 1, where 0 indicates no association

and 1 indicates perfect association. The Theil’s U is an asymmetric measure, [U

(x,y) 6= U(y,x), where U is Theil’s U]. The pairwise Theil’s association estimates

are reported in Figure 6.1. The estimated pair-wise association strength among

categorical variables was found to be weak (Theil’s U: ≤ 0.27), indicating that the

selected variables are weakly associated with each other and can be used for the

model estimation.

6.4 Results and Discussion

One-way crosswalks data is utilised (n = 2360) to understand the pedestrians’ dis-

tracted road crossing behaviour. Six separate binary logistic regression models (mo-

bile talking, texting, headphones use, eating/drinking/smoking, group talking, and

TH-2875_166104036



Chapter VI. Distracted Road Crossing 118

Figure 6.1: Theil’s U pair-wise association plot.

holding a phone in hand) were estimated. As discussed in Chapter 4, site, demo-

graphic, behavioural, violation, state of crossing, and cautionary behaviour vari-

ables were included in the modelling process. A step-wise elimination process was

adopted for variable selection while fitting all binary logistic regression models. In

the step-wise elimination process, the model was initially fitted with all variables

and subsequently, certain variables of the models were removed based on the judge-

ment whether the removal of that caused a significant change in other variables or

the aggregate model. The iterative process goes on until there is no further improve-

ment. The threshold value for confidence level was set to 90% or higher (p-value
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≤ 0.10). The subsequent paragraphs describe model results in detail and highlight

the different types of distraction influencing road crossing behaviour at intersec-

tion crosswalks. Table 6.1-6.6 presents the fitted binary logistic regression model

summaries to identify the factors influencing the distracted road crossing behaviour.

6.4.1 Talking on Mobile Phone

The results of the mobile talking-related distraction model summary (Table 6.1)

revealed that pedestrian talks on mobile more at GPO location (Kolkata adminis-

tration zone) and relatively less at “BBG” when compared to “Dalhousie Square”.

It is also found that young adult pedestrians (18 to 29 years) talk on the phone

more compared to the old pedestrian (>60 years) age group. Further, pedestrians

distracted by mobile phone talking performed unsafe behaviour. Results highlighted

that pedestrians are less likely to (i) look at traffic before starting to cross, (ii) ob-

serve their surroundings (both sides for extra caution) for potential traffic threats

and (iii) start crossing on the marked crosswalk and on the contrary more likely to

complete crossing on the marked crosswalk, these were expected results similar to

prior research in this area (Pešić et al., 2016). Single pedestrians were found to use

their mobile more frequently for talking compared to those in a group of two or more,

which might be due to the lack of social interaction of a single pedestrian and being

subjected to boredom. It is also observed that during road crossing, the pedestrians

talking over mobile were found to perform less cautionary behaviour, i.e., they were

less likely to watch for oncoming traffic and even less frequently move their head

to be aware of oncoming traffic information. Mobile phone talkers were about 4.5%

more likely to bump into oncoming pedestrians, which was expected and consistent

with past research (Horberry et al., 2019). The reason might be that mobile phone

talking increases cognitive workload, resulting in diminished situational awareness.
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Finally, compared to pedestrians waiting for at least 1 second after arrival, those

who immediately start crossing were 6% less likely to talk on their mobile phone.

Table 6.1: Mobile phone taking distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Site
Constant -0.370 0.392 0.345 na
Site 2 (BBG) -0.119 0.198 0.549 -0.009
Site 3 (GPO)** 1.019 0.201 <0.001 0.114

Demographic

Age <18 -0.644 1.097 0.557 -0.030
Age 18-29∗∗ 1.420 0.334 <0.001 0.139
Age 30-45** 0.746 0.283 0.008 0.058
Age 46-60** 0.611 0.279 0.028 0.046

Pedestrian behavioural
characteristics

Group: 2 or more pedestrians** -1.272 0.487 0.009 -0.082
Waiting time: 0** -0.601 0.199 0.003 -0.060

Violation
Started crossing at marked crosswalk: yes** -0.513 0.185 0.006 -0.052
Completed crossing on marked crosswalk: yes** 0.365 0.178 0.039 0.033

State of crossing
Carrying Luggage: yes** -0.466 0.161 0.004 -0.044
Crossing path: oblique** 0.554 0.240 0.021 0.059

Cautionary Behaviour
and
Critical Events

Looked at traffic before crossing: yes** -0.785 0.189 <0.001 -0.079
Looking Both side before crossing: yes** -0.617 0.249 0.013 -0.051
Looked straight during crossing: yes** -1.011 0.182 <0.001 -0.110
Looked at traffic during crossing: yes* -0.517 0.284 0.068 -0.049
Frequency of looking at traffic while crossing* -0.330 0.169 0.051 -0.031
Bumped into pedestrian: yes* 0.432 0.256 0.091 0.045

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.132

Likelihood ratio test
Df.diff = -18, LogLik.diff = -83.106, χ2 = 166.21 and P-value = <0.001

Reference levels

Site: Site1-Dalhousie; Age: >60; Group size: Single; Waiting: one or more (s); Started or completed crossing at

marking: no; Carrying luggage: no; Crossing path: perpendicular; Looked at traffic before crossing: no; Looked on

both side: no; Looked straight/traffic: no; Bumped: no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

6.4.2 Texting on the Phone

Observations on “texting on the phone” results (Table 6.2) highlighted that the

young age group (<18 years) was more likely to text than any other age group.

Pedestrians who text during crossing were less likely to, (i) look at traffic before
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starting to cross, (ii) look straight during the crossing, and (iii) obeying crosswalk

marking. Pedestrians crossing alone were found to be more engaged in texting than

in-group, which might yet again be due to boredom arising mainly from lack of

social interactions. Finally, the crossing speed variable highlighted that pedestrian

engaged in texting maintain overall slow (<1.2 m/s) crossing speed compared to

pedestrians with no distraction, which might cause late finishing or finishing on the

red pedestrian signal phase that might increase traffic exposure risk.

Table 6.2: Texting distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant** -5.923 0.947 <0.001 na

Demographic

Age <18** 3.764 0.944 <0.001 0.162
Age 18-29** 3.625 0.771 <0.001 0.147
Age 30-45** 2.748 0.741 <0.001 0.073
Age 46-60** 1.766 0.753 0.019 0.028

Pedestrian
behavioural
characteristics

Signal during departure: Red** 1.354 0.666 0.042 0.079
Signal during departure: Flash 1.262 1.408 0.37 0.072
Group: 2 or more pedestrians** -1.529 0.693 0.027 -0.044
Crossing speed: ≤1 (m/s)** 0.996 0.42 0.018 0.045
Crossing speed: >1-1.2 (m/s)** 0.969 0.364 0.008 0.043
Crossing speed: >1.2-1.4 (m/s) 0.46 0.369 0.213 0.017
Crossing speed: >1.4-1.5 (m/s) 0.16 0.462 0.728 0.005

Violation
Started crossing at marked crosswalk: yes 0.435 0.339 0.200 0.018
Completed crossing on marked crosswalk: yes 0.567 0.352 0.107 0.024
Crosswalk violation: no** -0.929 0.389 0.017 -0.044

Cautionary
Behaviour

Looked at traffic before crossing: yes** -1.123 0.266 <0.001 -0.056
Looked straight during crossing: yes** -0.618 0.269 0.022 -0.03
Looked at ground during crossing: yes** 1.864 0.379 <0.001 0.065
Frequency of looking at traffic while crossing** -0.551 0.171 0.001 -0.025

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.233

Likelihood ratio test
Df.diff = -18, LogLik.diff = -80.99, χ2 = 161.98 and P-value = <0.001

Reference levels

Age: >60; Departure signal: green; Group size: Single; Crossing speed: >1.5; Started or completed crossing at

marking: no; Crosswalk violation: yes; Looked at traffic before crossing: no; Looked straight/ground during

crossing: no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.
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However, a study conducted in New York City and Arizona State did not find any

significant association between texting and walking speed (Russo et al., 2018); while

other studies highlighted that texting might cause crossing delay and operational

consequences (Chen and Pai, 2018; Gillette et al., 2016; Mohd Syazwan et al., 2017).

6.4.3 Headphones Use

The Table 6.3 model estimates drawn from the headphones use revealed that females

were more likely to use headphones compared to males when crossing the road.

Pedestrians using headphones exhibited less cautionary behaviour; headphone users

were less likely to look straight ahead and even less likely to turn their heads for

traffic updates.

The reason behind such behaviour could be use of headphones captures attention of

pedestrians while obstructing traffic noise. This reduces the existing traffic aware-

ness. Further, it makes pedestrians to envision being in a natural environment, with-

drawing their alertness from the situation (Walker et al., 2012). Finally, headphone

users were more likely to follow an oblique path (instead of the shortest/straight

path) within a zebra crossing.

6.4.4 Eating/Drinking/Smoking

The results of eating, drinking, and smoking model estimates (Table 6.4) revealed

many insignificant variables. The model estimates revealed that female pedestrians

were less likely to eat/drink/smoke compared to male pedestrians while crossing at

an intersection crosswalk. In addition, pedestrians with such distraction perform

less cautionary behaviour, i.e., less frequently be attentive to traffic while crossing
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Table 6.3: Headphones distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant** -4.115 0.797 <0.001 na

Demographic Gender: female** 1.525 0.464 0.001 0.039

Pedestrian
behavioural
characteristics

Group: 2 or more pedestrians -0.918 1.044 0.379 -0.010

Violation Crosswalk violation: no** 1.469 0.517 0.004 0.021

State of crossing Crossing path: oblique** 1.460 0.513 0.004 0.038

Cautionary Behaviour

Looked straight during crossing: yes* -0.925 0.530 0.081 -0.018
Looked at ground during crossing: yes -0.675 0.490 0.168 -0.011
Looked at traffic during crossing: yes* -0.760 0.423 0.072 -0.013

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.112

Likelihood ratio test
Df.diff = -7, LogLik.diff = -14.351, χ2 = 28.703 and P-value = <0.001

Reference levels

Gender: male; Group size: Single; Crosswalk violation: yes; crossing path: perpendicular; Looked at

traffic/ground/straight during crossing: no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

the road and even present slow crossing speed, which might result in late finishing

or missing the best time for crossing, an expected result also consistent with past

research (Zhou et al., 2019).

6.4.5 Group Talking

In addition to digital distraction, social distractions such as crossing the road in

a group and simultaneously talking with group members might result in unsafe

road crossing. Table 6.5 clearly highlights that significant group talking behaviour

was observed in GPO compared to Dalhousie square intersection. According to the

model estimates, pedestrians conversing in groups were less likely to (i) look straight
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Table 6.4: Eating/Drinking/Smoking distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant ** -5.336 0.789 <0.001 na

Site
Site 2 (BBG) -0.355 0.331 0.283 -0.012
Site 3 (GPO) 0.418 0.323 0.194 0.020

Demographic Gender: female* -1.399 0.735 0.057 -0.035

Pedestrian
behavioural
characteristics

Waiting time: 0** 1.184 0.387 0.002 0.037
Crossing speed: ≤1 (m/s)** 2.382 0.773 0.002 0.06
Crossing speed: >1-1.2 (m/s)** 2.300 0.750 0.002 0.055
Crossing speed: >1.2-1.4 (m/s)** 2.157 0.744 0.004 0.048
Crossing speed: >1.4-1.5 (m/s) 0.503 1.008 0.618 0.004

State of Crossing Carrying Luggage: yes -0.412 0.253 0.104 -0.017

Cautionary Behaviour
Frequency of looking
at traffic while crossing**

-0.384 0.155 0.013 -0.016

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.115

Likelihood ratio test
Df.diff = -10, LogLik.diff = -33.551, χ2 = 67.102 and P-value = <0.001

Reference levels

Site: Site 1-Dalhousie sq.; Gender: male; Waiting time: one or more (s); Crossing speed:>1.5; Carrying luggage:

no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

ahead and watch for oncoming opposite directional pedestrians, (ii) look towards the

ground, and less frequently observe traffic before attempting to cross, which might

be due to the fact that while engaged in talking, two pedestrians might frequently

look towards each other than the surrounding. Further, the majority of the group

talking pedestrians were crossed the road, maintaining 1 to 1.2 m/s crossing speed.

6.4.6 Holding Phone in Hand

‘Holding the phone in hand’ might not be life-threatening. However, it might cause

an increased temptation of looking into the phone when a notification was received.
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Table 6.5: Group talking distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant** -1.149 0.315 <0.001 na

Site
Site 2 (BBG) 0.094 0.194 0.626 0.008
Site 3 (GPO)** 0.871 0.209 <0.001 0.100

Pedestrian
behavioural
characteristics

Crossing speed: ≤1 (m/s) 0.437 0.305 0.152 0.036
Crossing speed: >1-1.2 (m/s)** 0.934 0.268 <0.001 0.091
Crossing speed: >1.2-1.4 (m/s)** 0.650 0.267 0.015 0.057
Crossing speed: >1.4-1.5 (m/s)* 0.599 0.325 0.065 0.052

Cautionary
Behaviour

Before crossing look frequency** -0.282 0.075 <0.001 -0.029
Looked straight during crossing: yes** -1.226 0.185 <0.001 -0.155
Looked at ground during crossing: yes** -0.632 0.172 <0.001 -0.067

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.101

Likelihood ratio test
Df.diff = -9, LogLik.diff = -69.119, χ2 = 138.24 and P-value = <0.001

Reference levels

Site: Site1-Dalhousie sq.; Crossing speed: >1.5; Looked at ground/straight during crossing: no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

Similar to a previous investigation (Baswail et al., 2019), in the current study, hold-

ing a phone was considered and treated as one form of distraction. However, many

variables in the analysis did not make good significance (refer Table 6.6), indicating

overall less difference in pedestrian behaviour of holding a phone versus no phone.

Results highlighted, compared to Dalhousie square intersection, BBG had a higher

number of pedestrians holding a phone while crossing. Female pedestrians were more

likely to hold a phone compared to male pedestrians, which is mainly happened due

to the Indian female attire. Young pedestrians were more likely to hold phones as

studies showed that young pedestrians check their devices more frequently for up-

dates even when there was no prompt for any incoming message or call (Gold et al.,

2015).
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Table 6.6: Holding phone in hand distraction model estimates

Features Variable name
Coefficient

(β)
Standard

error
P-value AME

Constant** -3.859 0.415 <0.001 na

Site Site 2 (BBG)** 0.693 0.201 <0.001 0.057
Site 3 (GPO) 0.185 0.248 0.456 0.013

Demographic

Gender: female** 1.227 0.214 <0.001 0.135
Age <18** 1.709 0.689 0.013 0.113
Age 18-29** 2.052 0.439 <0.001 0.158
Age 30-45** 1.623 0.406 <0.001 0.103
Age 46-60 0.586 0.425 0.168 0.023

Pedestrian
behavioural
characteristics

Group: 2 or more pedestrians -0.56 0.367 0.127 -0.038

State of crossing Crossing pace: hurried** -0.804 0.405 0.047 -0.05

Cautionary behaviour Looked both side before crossing: yes -0.326 0.234 0.164 -0.024

Model Fit Statistics
McFadden (Pseudo R-squared) = 0.102

Likelihood ratio test
Df.diff = -10, LogLik.diff = -54.229, χ2 = 108.46 and P-value = <0.001

Reference levels

Site: Site1-Dalhousie sq.; Gender: male; Age: >60; Group size: Single; Crossing pace: normal; Looked both side

before crossing: no.

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

6.5 Practical Implications from the Results

• Overall, the study results suggested that the young age (<29 years) pedestrians

are prone to more digital distraction. Hence, Policies need to be more focused

on digital distraction that involves young pedestrian age groups. Interventions

to reduce digital distraction need to be implemented near the school zones and

areas with more young residents.

• Survey response showed that among all reported mobile use, the primary seg-

ment of the respondents was reported to be distracted from frequent mobile
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phone talking (81.2%) and when it was work-related (41%).

• Additional interventions to attract the pedestrian attention for safe crossing

need to be deployed. Innovative interventions, such as embedding LED lights/

audio-based systems in pathways could be used to seek pedestrians’ attention,

and warn them about signal status (Larue et al., 2019), which would indirectly

increase the cautionary (head movement) behaviour and eventually reduce

distraction during road crossing.

• Machine Learning (ML) and computer vision-based interventions could be de-

ployed for pedestrian safety improvements, such as integrating warning mecha-

nisms in mobile applications that sense potential distraction during road cross-

ing and warn pedestrians about oncoming traffic threats could be used to im-

prove crossing safety.

• The distraction themed questionnaire survey results presented in Section 4.9.1

(Chapter 4) revealed that about 13.7% (61) of survey respondents were sub-

jected to at least one near-miss in the past, and 4.5% (20) experienced at

least one accident. This indicates that pedestrians’ safety do get compromised

when they cross distracted. Thus, intersections with high share of distracted

pedestrians require especial attention. For example, flashing LED lights and

Variable Message Sign (VMS) could be installed to reduce serious vehicle-

pedestrian conflicts and improve drivers’ yielding behaviour at intersection

crosswalks (Hussain et al., 2021).

• Publicity campaigns, for example, advertising on vehicles, campaigns of road

crossing safety, and posters with warnings citing the danger involved in dis-

tracted road crossing could help in minimising such behaviour.
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• Bringing legislation for restricting phone use in the road environment into the

future planning process in the form of practical intervention could reduce the

pedestrian’s distracted road crossing behaviour (Osborne et al., 2020). For

example, fines/community service could be imposed on pedestrians if, it were

deemed, they were putting themselves or others at risk from their phone use.

6.6 Summary

The models presented in this chapter are aimed at identifying significant factors that

influence distracted road crossing behaviour. The gender, age, glance, carrying lug-

gage, crossing speed and violation found to be significant. The results revealed that

pedestrians of young age group frequently engaged in digital distraction. Pedestri-

ans talking on a phone were more likely to ‘nearly hit/bump’ into another oncoming

pedestrian. In addition, distracted pedestrian less likely to perform ‘glance/caution-

ary behaviour’ before as well as during crossing. Further, pedestrians who texts

were more likely to cross in red-signal phase than pedestrians without distraction.

The next chapter discusses pedestrian waiting behaviour at signalised intersections

using time to event analysis (survival analysis).
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Chapter 7

Waiting Behaviour Modelling

using Hazard-Based Duration

Approach

7.1 General

The pedestrian waiting duration at the intersection crosswalk was found to be an im-

portant factor in road-crossing decision-making. It is often found related to the allot-

ted pedestrian red-phase length at signalised intersections. Thus, an understanding

of pedestrian waiting behaviour is required to identify the optimal red-phase length

that enhances pedestrian signal compliance. In the present chapter, the waiting

duration of pedestrians crossing through the intersection crosswalks was modelled

using a hazard-based duration approach. Primarily, a non-parametric hazard model

was utilised to model the survival probabilities of duration data using a Kaplan-

Meier survival curve. Further, a semi-parametric Cox-proportional hazard model

129

TH-2875_166104036



Chapter VII. Time to Event Analysis 130

was utilised to establish the relationship between the covariates and duration data.

The proportional assumption was tested using a goodness-of-fit test. Following the

non-conformity of proportional assumption, AFT methods (Weibull, Exponential,

Log-normal, and Log-logistic) were fitted and compared to identify the best-fitted

model that shows the designated risk related to each parameter.

7.2 Models and Algorithms

The models and algorithms include a brief description of different time-to-event mod-

elling approaches, which include the non-parametric Kaplan-Maier (K-M) estima-

tor, semi-parametric Cox Proportional Hazard (Cox-PH) regression and Accelerated

Failure Time (AFT) model.

7.2.1 Survival Analysis

Survival time, also known as failure time, is the amount of time it takes from the

start of an operation to the end. Complete (uncensored) data and censored data

are two types of survival time data. The time when the detected object appeared

(end event) and the time when the information collected is complete is referred to as

complete data. If the follow-up is stopped for some reason, the answer (end event)

has not yet been observed, and the time information reported is incomplete.

Pedestrian waiting times were divided into censored and uncensored data in this

analysis. The uncensored data describes the occurrence of the event, here, for ex-

ample, when a pedestrian stops waiting to cross the intersection during the red light

signal (violate signal). Otherwise, it is called censored data if a pedestrian waits

before the green light appears. The pedestrian survival function is the proportion of
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pedestrians who remain waiting after time t. The survival function represents the

likelihood that the person survives to time t (experiencing an incident after time t)

as described in Eq. 7.1.

S(t) = P (T > t) =

∫ ∞
t

f (u) du (7.1)

where S(t) is the pedestrian’s survival function, f(u) is the probability density

function, and T is the pedestrian’s waiting time. There are n time data (includ-

ing censored and uncensored). The data are organised from small to large as

t(1) ≤ t(2) ≤ . . . ≤ t(n), assuming that the events of the measurement object

are independent of each other in each unit cycle and the survival probability is

p1, p2, p3.....pn then the survival function can be retrieved using the Eq. 7.2.

S(t) = p1.p2.p3. . .pt =
∏
ti≤t

pi (7.2)

As a result, the cumulative survival probability, also known as the survival function,

is about the time t survived and is regarded as the cumulative result of the previous

t duration.

7.2.2 Non-Parametric Hazard Model

The KM analysis procedure, introduced by Kaplan and Meier in 1958, is used to

estimate survival functions in survival analysis (Kaplan and Meier, 1958). This is

a non-parametric modelling approach that involves the product limit of conditional

probabilities for estimating survival function. The general equation for the Kaplan-

Meier survival probability curve where T ≥ 0 is a random variable is shown below:
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S(t) =
∏
i:ti≤t

(
1− di

ni

)
(7.3)

ti = time when at least one signal violation (event) occurs.

di = the number of signal violations (events) that took place in time ti.

ni = the pedestrians who waited (survived) up to time ti.

The Kaplan-Meier curve consists of a step function which starts with 1 (at the

beginning, the survival probability is 100%) and steps down with decreasing survival

probability to zero.

7.2.3 Cox Proportional Hazard Model

The Cox hazard-based model, a semi-parametric model, is used to investigate the

various factors that influence the survival time (Cox, 1972). The Cox hazard-based

model has general regression analysis characteristics. It may compare different levels

of a factor on the effect of survival time in the case of given other factors. It works

in the same way as the logistic regression model. After calculating the regression

coefficient, the relative risk of the corresponding factor can be calculated. However,

the logistic regression model’s dependent variable may only be a qualitative variable,

such as the outcome of a case (end event), without accounting for the survival

time. The Cox hazard-based model’s dependent variables are survival time and the

conclusion of events (Eq. 7.4). Here, t represents the time (waiting time) it takes for

a pedestrian to cross a signalised intersection, and X represents several contributing

factors. The Cox hazard-based model’s basic expression type is:

h(t,X) = h0(t)e(β1X1+β2X2+...βpXp) = h0(t)e(βx) (7.4)
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where h(t,X) is the risk rate at the time in the case of given covariates. The reference

risk function, h0(t), has a value of 0 for each vector. The regression coefficients

referring to the determining variables are β1, β2, β3, . . . , βp.

If βi > 0, the risk rises as X1 rises, indicating that X1 is positively associated with

the risk rate and that X1 is a risk factor. If βi < 0, the risk decreases as X1 increases,

indicating that X1 is negatively related to the risk rate and that X1 is a protective

factor. If βi = 0, the danger rate stays unchanged as X1 increases, implying that X1

has no impact on the pedestrian’s waiting time. In addition, hazard ratios can be

estimated, which provides a meaningful interpretation of the covariates. A hazard

ratio is defined as the ratio of the hazard calculated for one individual characteristic

and the hazard calculated for another individual characteristic (e.g., the hazard

ratio for gender = hazard for male/hazard for female). The value of the hazard

ratio ranges from zero to infinity and is calculated as:

Hazard Ratio = ecoefficient value (7.5)

The hazard ratio (HR) is interpreted as:

HR = 1: No effect

HR < 1: Reduction in the hazard

HR > 1: Increase in hazard

For example, if the hazard for male pedestrians is thrice of female pedestrians, it

indicates that the rate of signal violation is three times higher in male pedestrians

than female pedestrians.
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7.2.4 Parametric AFT Model

A parametric hazard model assumes that the survival event follows a known distri-

bution. AFT models could be used when proportional hazard assumption criteria

are not fulfilled. The AFT model assumes that covariates have a multiplicative effect

on the survival time. The accelerator factor (ecoefficient) compares the decrease or

increase in survival time corresponding with any constraint value of s(t).

Suppose we have two populations, P and Q, with different survival functions, SP (t)

and SQ(t), and they are related by some accelerated failure rate, λ:

SP (t) = SQ

(
t

λ

)
(7.6)

For example, if λ for male pedestrians versus female pedestrians is 3, it is said that

the survival of female pedestrians is thrice of male pedestrians. Additionally, this

model has other distinct properties: the average survival time of population B is λ

times that of population A. Similarly, with the median survival time. More generally,

the λ can be modelled as a function of available covariates:

SP (t) = SQ

(
t

λ(x)

)
(7.7)

λ(x) = exp

(
b0 +

n∑
i=1

bixi

)
(7.8)

where this model can accelerate or decelerate failure times (in the current study, it

indicates waiting times till signal violation) depending on subjects’ covariates. The

most commonly used distributions for evaluating the significant factors are Weibull,
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Exponential, Log-Normal, and Log-Logistic. The explanation of the Log-normal

model is presented in the following paragraphs.

Log-Normal AFT model: If εi follows the standard normal distribution, then Ti

is log-normally distributed. The density function of the normal distribution is:

fεi =
1√
2π
exp−

(
log t− µ− β1x1 − . . . βpx2

p

σ

)
/2 (7.9)

where: x1,. . . ,xp are the explanatory variables with the coefficients β1,. . . ,βp; εi is

the residual or unexplained variance in the log-transformed survival times; µ is the

intercept and σ is the scale parameter respectively.

The survival function of the normal distribution is:

Sεi = 1− φ(ε) (7.10)

The distribution function for normal distribution is:

φ(ε) =
log t− µ− β1x1 − . . . βpxp

σ
(7.11)

The cumulative hazard function can be written as:

Hεi(ε) = − log 1− φ(ε) (7.12)

Further, the hazard function is:

hεi(ε) =
fεi(ε)

Sεi(ε)
(7.13)
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7.2.5 Model Goodness of Fit Statistics

The existing study uses three evaluation criteria to identify the best-suited AFT

model. The evaluation criteria are the likelihood ratio test, Akaike Information

Criteria (AIC) and Bayesian Information Criteria (BIC). The values for each model

were compared to select the best-fitted model.

The Likelihood Ratio Test : Likelihood ratio tests are used to compare the good-

ness of fit of two statistical models. The LRT compares two hierarchically nested

models to determine whether or not adding more parameters (adding complexity)

makes the model significantly more accurate. The likelihood ratio is estimated by

taking the ratio of likelihoods of two models. It is computed using the following

equation:

XL = −2
(
LL(β0) + LL(β̂)

)
(7.14)

Where LL(β0) is the likelihood of a null model when all parameters are set to zero

and LL(β̂) is the log-likelihood of the model with all fitted parameters on conver-

gence. The log-likelihood ratio test statistics and p-value of statistical significance

of 0.05 ensure that at least one significant parameter exists in the model.

Akaike Information Criteria (AIC): AIC metric is used to compare semi-

parametric and parametric models. The AIC is proposed by Akaike (1974). It is a

measure of the goodness of fit of a statistical model. The AIC is calculated as:

AIC = −2 lnL+ 2(P +K) (7.15)
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Where lnL is the maximised log-likelihood of the model, P is the number of pa-

rameters estimated, and K is the number of coefficients (excluding constant) in the

model. The model with the smallest AIC value is considered the best-fitted model.

Bayesian Information Criteria (BIC): BIC is a criterion functioning similar

to AIC (Schwarz, 1978). The BIC is calculated as:

BIC = −2 lnL+ (P +K)× lnN (7.16)

where lnL is the maximised log-likelihood of the model, P is the number of param-

eters estimated, K is the number of coefficients, and N is the sample size. A lower

BIC value represents a better model fit.

7.3 Results

7.3.1 Signal Violation Model Results

In total, 2800 pedestrians were observed at eight selected crosswalks. The observa-

tion consists of 1930 males and 870 females. The age group composed of 196 young

(<18: 7%), 720 young adults (18-29: 25.7%), 1049 adults (30-45: 37.5%), 681 old

adults (46-60: 24.3%) and 154 elderly (>60: 5.5%) pedestrians. Out of the total

pedestrians, 2089 (74.6%) arrived at the intersections during the red-signal phase.

These red-signal phase arriving pedestrians were separated and considered for the

final analysis. One thousand five hundred thirty-four pedestrians violated the signal

(73.43%) who arrived at the red-signal phase.

The mean value of waiting time for all samples is 10.3 s, with a standard deviation

of 19.4 s. For all red-phase arriving pedestrians, the mean waiting time for violators
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was 6.45 s (SD: 13.86), while the mean value of compliant ones was 33.01 s (SD:

26.03). The maximum waiting time was 166.64 s while the minimum was 0 s which

indicates pedestrians who crossed the intersection without waiting.

7.3.1.1 Kaplan-Meier Analysis for Waiting Time

Pedestrians waiting at an intersection either wait for the green or cross the street

during the red-signal phase. The choice of crossing in the red-signal phase is con-

sidered risk-taking behaviour. In the study, pedestrians who took the risk and

crossed in the red signal phase were considered for the Kaplan-Meier curve estima-

tion process. In contrast, pedestrians who waited and crossed in the green-signal

phase were censored. The KM curve was estimated using Stata 17 software. The

censored observations were coded as “0”, whose actual waiting time was unknown,

whereas pedestrians who crossed taking risks were coded as 1. The KM plot shows

the waiting time interval on the x-axis and survival probabilities on the y-axis, as

shown in Figure 7.1. The estimated probabilities for corresponding waiting time

follow a similar trend as observed in studies conducted by Dhoke et al. (2021), Guo

et al. (2012), and Tiwari et al. (2007). At the beginning of the waiting time, the

curve declined very fast. The trend of the survival function illustrates that 49.5% of

pedestrians crossed immediately after arrival (within 0-3 seconds) by violating the

signal. This shows that certain pedestrians crossed the street immediately if there

were a minimum number of approaching traffic or the violation tendency was pre-

determined. The violation percentage gradually increased by an additional 25.5%

with an additional waiting time of 33.705 seconds. After waiting for 50 seconds, the

survival function becomes stable as, after long waiting, pedestrians were no longer

eager to take the risk and were willing to cross in green phase time.
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Figure 7.1: Kaplan-Maier Curve for the waiting time of pedestrians

7.3.1.2 Cox Proportional Hazard Model

To estimate the impact of different covariates on pedestrian road crossing behaviour,

a semi-parametric Cox-hazard model was fitted using the ‘lifelines’ package in Python

3.6 (Cameron et al., 2019). It can be observed from Table 7.1 that ‘luggage’, ‘cross-

ing type’, ‘crossing pace’, ‘group talking’, ‘glance behaviour’, ‘cycle time’, and the

number of ‘through and turning traffic per cycle’ had a significant impact on the

pedestrian signal violation. Pedestrian ‘demographic’ factors such as gender and

age have no significant influence on the pedestrian red-light violation. The model

estimates showed that the ‘cycle length’ at which a pedestrian arrived at the inter-

section, the ‘direction of arrival’ (oblique), and ‘during crossing look at traffic’ are

the top positive factors that increase the signal violation tendency.

Similarly, variables such as ‘before crossing look at traffic’ and ‘group talking’ dis-

traction are the topmost significant variables that reduce signal violation tendency.
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The estimated Concordance Index (CI) value is 0.808, indicating that the overall

model has good classification ability (good ability to distinguish between red and

green crossing). The loglikelihood ratio test provided a significant p-value that in-

dicated an overall good model fit compared to a null model (intercept-only model).

Table 7.1: Cox-based signal violation model estimates

Features Variable name
Coefficient

(β)
HR
(eβ)

Standard
error

P-value

Demographic

Gender: Female 0.093 1.098 0.059 0.111
Age Group

18-29 -0.056 0.945 0.103 0.583
30-45 -0.138 0.871 0.099 0.165
46-60 -0.11 0.895 0.108 0.307
>60 -0.056 0.945 0.142 0.693

State
of
Crossing

Luggage: Yes ∗∗ 0.149 1.161 0.059 0.012
Crossing path: Oblique ∗∗ 0.237 1.268 0.070 ¡0.001
Crossing pace: Hurried ∗∗ 0.204 1.226 0.090 0.024
Distraction

Mobile talking -0.127 0.881 0.130 0.329
Text -0.163 0.849 0.282 0.562
Headphones 0.025 1.025 0.215 0.908
E/D/S -0.088 0.915 0.187 0.637
Group talking ∗∗ -0.181 0.834 0.091 0.048
Holding phone ∗ -0.203 0.816 0.104 0.051
Other ∗∗ -0.236 0.79 0.119 0.048

Cautionary Behaviour
Before crossing looking at traffic: Yes ∗∗ -0.890 0.410 0.061 <0.001
During crossing looking at traffic: Yes ∗∗ 0.208 1.231 0.080 0.010
Looking frequency ∗∗ 0.169 1.184 0.030 <0.001

Signal and
Traffic
Characteristics

Signal Cycle
>100-150 s ∗∗ 1.168 3.215 0.101 <0.001
>150 s ∗∗ 1.660 5.257 0.107 <0.001

Through traffic per cycle ∗∗ -0.008 0.991 0.001 <0.001
Turning traffic per cycle ∗∗ -0.013 0.987 0.002 <0.001

Model fit statistics
Concordance = 0.808

Likelihood ratio test
Likelihood ratio test = 1056, on 22 df, p-value = <0.001

Reference levels
Gender: Male; Age: <18; Luggage: No; Crossing path: Straight; Crossing type: Normal; Distraction: No
distraction; Before and during traffic look: No; Cycle time category: 0-100 s.

Note:

E/D/S: Eating/Drinking/Smoking.

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.
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Check for Proportional Hazard Assumption

There are two ways to test the proportional hazard assumption: one graphical ap-

proach and one goodness-of-fit test.

Both of them test the hazard ratio, which compares two specifications of the covari-

ates (defined as X? and X) can be expressed as:

HR = exp

(
p∑
j=1

βj(X
∗
j −Xj)

)
(7.17)

Where X? = (X?
1 , X

?
2 , . . . , X

?
j ) and X = (X1, X2, . . . , Xj), and proportionality of

hazard assumption indicates this quantity is constant over time. This indicates that

the hazard of one individual is proportional to the hazard of another individual,

where the proportionality constant is independent of time.

The graphical approach of the proportionality test involved plotting and comparing

using log-log survival curves over different categories of variables. Another graphical

option could be to use the Schoenfeld residuals to examine the model fit and detect

outlying covariate values (Schoenfeld, 1982). The second approach for assessing the

PH assumption involves the goodness of fit test (Grambsch and Therneau, 1994).

This tests the correlation between the Schoenfeld residuals and survival time.

In the current study, the developed Cox-PH model has been tested based on a

goodness-of-fit test using the R’s survival package. The test results are presented in

Table 7.2.

The results showed that the test was statistically significant for the ‘looking be-

haviour’, the ‘crossing pace’ and the ‘turning traffic’. Additionally, the global test

was also statistically significant. Therefore, the proportional hazard assumption was
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Table 7.2: Goodness-of-fit test estimates

Variables χ2 DF P-value

Gender 0.221 1 0.638
Age 6.35 4 0.174
Carrying luggage 0.668 1 0.414
Before crossing look at traffic ∗∗ 5.628 1 0.018
During crossing look at traffic ∗∗ 12.31 1 <0.001
During crossing look frequency ∗∗ 13.246 1 <0.001
Crossing path 1.272 1 0.259
Crossing pace ∗∗ 7.258 1 0.007
Distraction 9.719 7 0.205
Cycle time ∗∗ 6.115 2 0.047
Through traffic per cycle 0.144 1 0.704
Turning traffic per cycle ∗∗ 7.776 1 0.005
GLOBAL ∗∗ 63.037 22 <0.001

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

violated. Thus, the hazard for the significant covariates was not constant over time.

Due to the non-parallel nature of the curves, further investigation is needed when

analysing data through a particular distribution.

7.3.1.3 Parametric AFT Model

In case the proportional hazard assumptions were violated, the result of cox pro-

portional hazard model estimates no longer provide valid estimates. Therefore, an

alternative option would be estimating the AFT models. In the current study, we

fitted various AFT models for better interpretability of the results. The AFT model

provides estimates in the form of acceleration factor, which provides the survival

rate due to changes in the covariates. In the current study, we fitted and com-

pared Weibull AFT, Exponential AFT, Log-Normal AFT, and Log-Logistic AFT

distributions. The impact of covariates was enumerated based on the estimates,

i.e., acceleration factors and their coefficient values which provided the change in
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duration because of the variations in covariates. The percentage change in survival

due to change in covariates can be estimated using the following equation:

%Change = [eβ − 1] ∗ 100% (7.18)

The positive coefficient value shows an increase in survival time with a unit increase

in parameters of waiting duration. To select the best AFT model, the fitted models

were compared with three goodness of fit criteria, that is, likelihood ratio, AIC and

BIC value shown in Table 7.3. The result implied that the Log-Normal distribution

best fits the waiting duration data. The model estimates of the fitted Log-Normal

AFT model are presented in Table 7.4. The estimated Concordance Index (CI) value

is 0.808, indicating that the overall model has good classification ability that can

distinguish between red-light and green-light crossing.

Table 7.3: Goodness of fit of different models

Distribution DOF Log-Likelihood AIC BIC

Weibull AFT 24 -4370.752 8789.505 8924.972
Exponential AFT 23 -6451.353 12948.710 13078.530
Log-Normal AFT 24 -4286.698 8621.396 8756.863
Log-Logistic AFT 24 -4318.229 8684.458 8819.925

The variables ranking based on the log(acceleration factor) illustrated in Figure 7.2.

It can be observed that ‘before crossing look at traffic’ and ‘group talking’ were the

top influencing covariates that positively influenced the survival time. Similarly,

‘cycle time’ and ‘crossing path’ were the top covariates that decreased survival time.

For better interpretability of the covariates, survival functions of the fitted Log-

Normal distribution have been plotted using Stata 17 software and illustrated in

Figure 7.3.
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Table 7.4: Estimated results of log-normal AFT signal violation model

Features Variable name
Coefficient

(β)
Acceleration

factor
Standard

error
P-value

Demographic

Gender: Female -0.208 0.812 0.166 0.209
Age Group

18-29 0.242 1.274 0.294 0.410
30-45 0.430 1.537 0.284 0.130
46-60 0.384 1.469 0.304 0.206
>60 0.056 1.058 0.404 0.889

State
of
Crossing

Luggage: Yes ∗∗ -0.478 0.620 0.160 0.003
Crossing path: Oblique ∗∗ -0.923 0.397 0.200 <0.001
Crossing pace: Hurried ∗∗ -0.747 0.473 0.266 0.005
Distraction

Mobile talking 0.261 1.299 0.360 0.468
Text 0.560 1.749 0.705 0.428
Headphones -0.016 0.984 0.613 0.979
E/D/S 0.639 1.895 0.537 0.234
Group talking ∗∗ 0.735 2.086 0.254 0.004
Holding phone ∗ 0.568 1.765 0.290 0.051
Other ∗∗ 0.845 2.327 0.343 0.014

Cautionary
Behaviour

Before crossing look at traffic: Yes ∗∗ 2.511 12.315 0.172 <0.001
During crossing look at traffic: Yes ∗∗ -0.615 0.540 0.221 0.005
Looking frequency ∗∗ -0.501 0.582 0.090 <0.001

Signal and
Traffic
Characteristics

Signal Cycle
>100-150 s ∗∗ -3.397 0.033 0.240 <0.001
>150 s ∗∗ -4.770 0.008 0.258 <0.001

Through traffic per cycle ∗∗ 0.022 1.023 0.001 <0.001
Turning traffic per cycle ∗∗ 0.032 1.032 0.006 <0.001

Model fit statistics
Concordance = 0.808

Reference levels
Gender: Male; Age: <18; Luggage: No; Crossing path: Straight; Crossing type: Normal; Distraction: No
distraction; Before and during traffic look: No; Cycle time category: 0-100 s.

Note:

E/D/S: Eating/Drinking/Smoking.

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

7.4 Discussion

A systematic discussion of obtained results is presented in the subsequent sections.

In the model estimate table (Table 7.4), a positive value of the coefficient indicates

an increase in waiting duration (reduction in violation tendency). Similarly, a neg-

ative coefficient indicates a decrease in the waiting duration (increase in violation
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Figure 7.2: Log-Normal AFT model variable ranking based on log(accelerated
failure rate).

Note:

** Denotes variable significance at 95% confidence level; * Denotes variable significance at 90% confidence level.

tendency).

7.4.1 Demographic Characteristics

In the present study, the gender and age of pedestrians did not emerge as essential

factors in signal violation (Table 7.4). The reason could be because in developing

countries like India, where traffic rules are lenient, pedestrians, irrespective of gender

and age accustomed to risky road crossing behaviour. This can also be corroborated

by the fact that West Bengal (Indian state), where the selected study locations

are situated, possessed the highest number of pedestrian fatalities during the study

year. The results align with the past study conducted by Ren et al. (2011), who

also reported no significant influence of gender in road crossing choice. Further,
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Rosenbloom (2009) studied the impact of single vs group behaviour in signal viola-

tion and observed no significant age difference in road crossing behaviour. However,

other observational studies (investigating signal violation behaviour) revealed a sig-

nificant impact of age on the signal violation (Brosseau et al., 2013; Cooper et al.,

2012; Praveen Kumar N. et al., 2018; Nasar and Troyer, 2013), especially among the

young adult age group (18-35 years).

7.4.2 State of Crossing

According to the model estimates, the variable ‘carrying luggage’ (reference: not

carrying luggage) provided a negative coefficient estimate of -0.478 (Table 7.4), in-

dicating a higher signal violation likelihood among pedestrians carrying luggage. It

was further observed that pedestrians with luggage were found to be more impatient

and committed 38% more violations (lower waiting endurance/ survival time) than

those without luggage (Table 7.5). The possible reason could be that those carrying

luggage could be in a hurry to reach their destination, thus violating the signal. A

similar finding was also observed by Mukherjee and Mitra (2020), in Kolkata city,

where pedestrians were more likely to violate the signal while carrying overhead

loads. Similarly, pedestrians who started crossing sneaking from the side of the

crosswalk marking or crossed following an oblique path were 60.27% more likely to

violate the signal than those who crossed perpendicularly. Furthermore, pedestrians

in a hurry had less patience thus, waited less.

The distraction variable estimates showed that mobile phone talking, texting, head-

phones use, and eating/drinking/smoking had no significant influence on the red-

light violation behaviour. The positive coefficient value corresponding to ‘group

talking’ indicated that a pedestrian in a group conversation waits 108.55% longer
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compared to a pedestrian without distraction. The current observation contradicts

the finding reported by Thompson et al. (2013), who reported that pedestrians are

1.69 times more likely to exhibit unsafe crossing behaviour when conversing in a

group. The possible reason could be that pedestrians conversing in a group might

frequently look towards each other rather than paying attention to the traffic, in-

creasing the crossing risk during the red-signal phase. Thus, to be on the safe side,

pedestrians in a group try to avoid taking unnecessary risks. Another possible rea-

son behind long waiting behaviour could be that in a social context (in a group

setting), pedestrians usually fear all forms of social criticism by other group mem-

bers if the subject pedestrian is going against the social norm (group ethics), i.e.,

crossing against the red-light phase (Pele et al., 2017; Rosenbloom, 2009).

Table 7.5: Percentage change in survival for significant variables.

Variable name
Coefficient

(β)
% Change in survival

(eβ − 1)× 100%

Luggage: Yes ∗∗ -0.478 -38.000
Crossing path: Oblique ∗∗ -0.923 -60.267
Crossing pace: Hurried ∗∗ -0.747 -52.620
Distraction: Group talking ∗∗ 0.735 108.548
Distraction: Holding phone ∗ 0.568 76.473
Distraction: Other ∗∗ 0.845 132.790
Before crossing looking at traffic: Yes ∗∗ 2.511 1131.720
During crossing looking at traffic: Yes ∗∗ -0.615 -45.936
Looking frequency ∗∗ -0.501 -39.407
Cycle time: >100-150 s ∗∗ -3.397 -96.653
Cycle time: >150 s ∗∗ -4.770 -99.152
Through traffic per cycle ∗∗ 0.022 2.224
Turning traffic per cycle ∗∗ 0.032 3.252

Note:

The +ve sign indicates an increase in survival time, while -ve sign indicates a decrease in
survival time.

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

TH-2875_166104036



Chapter VII. Time to Event Analysis 148

(a) Luggage categories (b) Path categories

(c) Distraction categories (d) Before crossing glance categories

(e) During crossing glance categories (f) Cycle time categories

Figure 7.3: Log-Normal AFT model’s survival function comparison for different
covariates
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7.4.3 Cautionary Behaviour

Pedestrian cautionary or glance behaviour is an essential factor that provides im-

portant information to pedestrians, which helps them to plan a better and safer

crossing decision. The ‘before crossing look’ (glance) at the traffic is the foremost

significant predictor that helps in taking the crossing decision. The Table 7.4 model

estimate showed a positive coefficient (2.511) for ‘before crossing look at traffic’

variable, indicating pedestrians who looked at traffic before finally deciding to cross

were more likely to wait (survival wait time is 1131.72% more) than those who did

not look at all, which is a significant finding. The reason for such behaviour could be

that, before starting to cross, pedestrians try to assess the risk associated with the

red-light crossing. The ‘before-crossing look at traffic’ behaviour helps pedestrians

to quantify the risk. So, those who looked at traffic got familiarised with the risk

associated with crossing, and in the context of the current study, this perceived risk

might have been greater than the pedestrians’ threshold risk-taking capacity; thus,

they avoided crossing during the red-signal phase.

When pedestrians decide to cross against the red-light phase, the looking at traffic

behaviour entirely changes compared to the before-crossing look. During crossing

against the red light, pedestrians start observing traffic more frequently. The reason

behind that during the signal violation, pedestrians are at constant risk of traffic

exposure. In addition, they needed to accept a minimum safe gap between vehicles.

For that reason, one has to constantly keep track of the oncoming vehicle’s position,

which requires more frequent looking. The current finding is consistent with the

research conducted by Thompson et al. (2013), which reported that pedestrians

display more caution (look left and right) when crossing against the traffic signal

than those who follow the traffic signal.
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7.4.4 Traffic and Signal Characteristics

The impact of the varying phase length can also be observed from the ‘cycle length’

variable. The model estimate showed that in comparison to cycle length of 0 to

100 seconds, pedestrians who arrived at the signal cycle category of 100-150 seconds

(or >150 seconds) were 96.653% (or 99.152%) less likely to wait for safe crossing.

Additionally, the model estimate showed that traffic count per cycle significantly

affected signal violation behaviour. As the number of vehicles per cycle increased,

pedestrians were less likely to take the violation risk. The availability of safe gaps

decreases with the increase in the number of vehicles, discouraging pedestrians from

accepting such unsafe gaps to violate the signal.

7.5 Practical Implications from the Results

• The study result revealed that the hazard-based duration approach could be

a very useful technique for understanding the signal violation behaviour over

a given duration of the waiting period.

• Log-Normal distribution best represents the waiting duration of pedestrians at

intersection crosswalks in Kolkata city, which could be very useful information

for planners and traffic engineers for designing future infrastructure.

• The study results revealed that the high danger rate is shown by short waiting

time (less than 3 seconds), where 49.5% of pedestrians crossed the road imme-

diately after red-phase arrival, indicating a pre-determined crossing decision or

familiarity with the intersection. Intersections with many early crossers should

be given special attention, and interventions must be implemented to reduce

such unsafe crossing behaviour.
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• The pedestrian endurance towards waiting was reflected in the span of 36.705

seconds, over which 75% of the pedestrian violated the signal. The present

finding points to the deficiencies in signal design and infrastructure planning.

• The pedestrians carrying luggage were observed to be more likely to violate

traffic signal rules (i.e., displayed lower endurance for waiting). Hence, inter-

sections with a high volume of such pedestrians require additional attention.

• Observation on distracted road crossing behaviour revealed that ‘group talking’

social distraction decreases signal violation tendency and increases the waiting

endurance for the green light. Although the impact of distraction in the current

study is not unsafe in the observed intersections, still wherever this type of

behaviour is found to be unsafe during road crossing on those intersections,

innovative interventions should be applied.

• A significant finding is that pedestrian glance is an essential predictor of signal

violation. The study results revealed that pedestrians who looked at traffic be-

fore initiating crossing displayed higher endurance for waiting (waited longer).

Thus, educating pedestrians about the importance of traffic glances in road

crossing could help them cross safely.

• The model outcome also suggested that longer cycle length increases the proba-

bility of signal violation, as the pedestrian has to wait longer for a safe crossing

opportunity. This is an important finding, capturing broader planning, design

and enforcement issues influencing pedestrian risk-taking behaviour. Redesign-

ing the pedestrian signal setting with updated information could help increase

pedestrian signal compliance at busy intersections.
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7.6 Summary

In this section, pedestrian waiting behaviour was examined using 2089 (red-light

phase arriving) pedestrian samples collected from eight signalised intersection cross-

walks in Kolkata, India. The study began with an initial estimation of a Kaplan-

Meier curve (non-parametric) to estimate the survival probabilities (waiting), which

provided an overview of how long a certain proportion of observed pedestrians will

wait in the red-light phase. Though the KM estimate is informative, it still can’t

be used for checking the impact of different covariates. To cope with the problem,

a semi-parametric Cox Proportional Hazard model was used to understand the fac-

tors influencing pedestrian waiting duration during the red-light phase. However,

the proportional hazard assumption was not satisfied. Therefore, the parametric

Accelerated Failure Time (AFT) model was used to understand the covariates af-

fecting the waiting duration. Based on the results, several practical interventions

were proposed. The next chapter discusses pedestrian-vehicle interaction at sig-

nalised intersection crosswalks using the safety margin approach.
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Chapter 8

Safety Margin Modelling at

Signalised Intersection Crosswalks

8.1 General

The pedestrian risky road crossing behaviour at intersection crosswalks depends

on the pedestrian gap acceptance mechanism. In the gap acceptance process, the

pedestrian maintains a gap margin value with approaching traffic to complete the

crossing manoeuvre safely. Accepted gap size, time of crossing, and pedestrian

and traffic characteristics significantly influence the margin value maintained by

pedestrians. The safety margin defines as the gap between the time a pedestrian

cross before a vehicle and the time it arrives at the crossing point. Pedestrian Safety

Margin (PSM) is a kind of dummy conflicting measurement between pedestrians

and vehicles, and it plays a vital role in crossing safety. Hence, the current study

evaluates pedestrian safety in terms of PSM. The current chapter presents PSM

models for intersection crosswalks. The important factors, which influence the PSM

153
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while crossing at intersection crosswalks under mixed traffic conditions, are also

discussed in this chapter.

8.2 Methodology

In the context of modelling, usually researcher attempt to understand the relation-

ship between a dependent (PSM) and independent variables. To understand the

influence of various explanatory variables on the PSM, an attempt has been made

to understand pedestrian safety during road crossing at intersection crosswalks. As

PSM is a continuous variable, Multiple Linear Regression (MLR) is the best-suited

approach to model and explore the relationship.

8.2.1 Model Formulation for PSM

In the MLR model, PSM is the dependent (response) variable and the site, demo-

graphic characteristics, pedestrian characteristics, exposure, state of crossing, glance

and traffic characteristics are considered explanatory variables. In this study, the

MLR model has been utilised to understand the safety margin value maintained by

a pedestrian with approaching traffic while crossing through the intersection cross-

walk. The MLR model framework is given by Eq. (8.1):

PSM(Ŷ ) = β0 + β1X1 + β2X2 + β3X3 + . . .+ βnXn + εi (8.1)

Where PSM = Pedestrian Safety Margin (response variable); Xi−n = explanatory

variable ; βi−n = estimated parameters of the model; β0 = y-intercept of regression

line; εi = prediction error for the ith pedestrian.
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The standard MLR model assumes that the effects of variables are fixed across ob-

servation sites. However, the individual’s behaviour is influenced by the group to

which they belong (here the site observed). Ignoring the between-group variance

(among sites) leads to biased parameter estimates. Therefore, the random inter-

cepts are considered to capture the heterogeneity among the eight sites (two-way

crosswalks). The framework of the random intercept linear regression model is given

by Eq. (8.2):

PSM(Ŷij) = β0 + βXij + uj + εij (8.2)

where Xij is a vector of covariates for ith individual in group j, β is the coefficient,

β0 is the constant, uj and εij are the group specific random intercept and individual

level error term, respectively, β0 + uj represents intercept for group j.

8.3 Goodness of Fit Measure

For MLR fixed effect model, the commonly used goodness of fit measures is the

F-test (overall significance of model) and coefficient of determination (R-square).

Similarly, for a random intercept regression model, the commonly used goodness

of fit measure is the Wald chi-squared test. It is also essential to check for the

significance of explanatory variables to include them in the model. In the current

study, F-test has been used to test the goodness of fit of the one-way PSM model,

while the Wald Chi-squared test was used for the two-way PSM model, as discussed

below.
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8.3.1 Overall Significance of the MLR Model

The F-test is used to test the overall significance of the fixed-effects MLR model, in-

dicating whether the coefficients are statistically different from zero. The hypothesis

being tested are as follows:

• H0: The null hypothesis is that there is no significant effect of selected inde-

pendent variables on the outcome variable (PMS).

• H1: The alternative hypothesis is that there is a significant impact of inde-

pendent variables on the outcome variable (PMS).

If the estimated F-value is higher than the critical value for p-value <0.05, then there

is evidence of a strong linear relationship between the outcome and explanatory

variables.

The F-statistics value is calculated using the following equation:

F =

SSR

q

SSE

N−q−1

(8.3)

Where: SSR = Regression Sum of Squares; SSE = Residual Sum of Squares; q =

degree of freedom for regression analysis; N-q-1 = degree of freedom for residual

analysis.

8.3.2 R-Square

Subsequently, how well the predictors and response variables fitted in the model was

expressed using different evaluation metrics. One of the most common evaluation

metrics in MLR is R−square, which ranges from 0 to 1. A R−square of 0 indicates
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that the estimated model does not account for the variability of selected explanatory

variables. In contrast, the R − square value of 1 indicates a perfect prediction of

PSM. In general, R − square indicates the percentage of variance explained by the

estimated model.

R− square (R2) = 1− SSE
SST

=
SSR
SST

=

∑
(Ŷ − Ȳ )2∑
(Y − Ȳ )2

(8.4)

Where: SSE = Residual sum of squares; SST = Total sum squares; SSR = Regres-

sion sum of square; Ŷ = Predicted value; Ȳ = Mean value.

However, adding more explanatory variables to the model may increase the R −

square value even if the variable has an insignificant contribution. To overcome

this problem, in place of R − square, a adjusted R − square metric used. The

adjusted R−square accounts for the changes in the additional variable and penalised

addition of insignificant variables by reducing the R− square value.

In the model development process, multicollinearity among predictors creates unre-

liable estimates. To overcome this problem, researchers conduct either a pairwise

correlation and eliminate predictors having a correlation value beyond the threshold

limit (rule of thumb, r ≥0.4) or estimate an index called Variance Inflation Factor

(VIF). The VIF can be estimated as follows:

V IFi =
1

1−R2
i

(8.5)

Where: n = number of explanatory variable, and R2
i = unadjusted multiple regres-

sion coefficient of the ith variable with the remaining (n-1) variables. The VIF value

could be interpreted as:

• VIF score 0-5: no evidence of multicollinearity
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• VIF score 5-10: moderate multicollinearity

• VIF score >10: serious multicollinearity

8.3.3 Wald Chi-squared Test

The overall significance of the random intercept regression model was tested with

Wald Chi-squared (χ2) test. The test estimates help verify whether the regression

model coefficients differ from zero. The hypothesis tests the following:

• Null Hypothesis (H0): There is no significant effect of any explanatory

variables on PSM, and the regression coefficients are zero.

• Alternative Hypothesis (H1): There is a significant effect of at least one

explanatory variable on PSM, and at least one regression coefficient is different

from zero.

8.4 PSM Significant Variable Selection

In a regression model, adding a large number of variables improves the R-square

but increases the model complexity, leading to model overfitting. Hence, identifying

influential variables that significantly contribute to PSM prediction is very much

essential. The common statistical method for variable selection is ANOVA, which

assumes that the dependent (outcome) variable is normally distributed. Hence,

whether the dependent variable follows a normal distribution needs to be verified

using hypothesis testing. The most common test is the Shapiro–Wilk test for good-

ness of fit.
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As two separate PSM models will be developed thus, PSM data for the one-way

and two-way need to be verified separately for normally. The Shapiro–Wilk test

hypothesis consists of the following:

• Null Hypothesis (H0): The null hypothesis states that the variable is nor-

mally distributed.

• Alternative Hypothesis (H1): The alternative hypothesis states that the

variable is not normally distributed.

The Shapiro–Wilk test was performed with one-way (603 samples) and two-way (915

samples) safety margin data. The test statistics [one-way data W = 0.924, p-value =

<0.001; two-way data (W) = 0.936, p-value = <0.001] revealed that both one-way

and two-way safety margins does not follow a normal distribution. Hence, it does

not satisfy the assumption for conducting an ANOVA test. An alternative approach

is to use a non-parametric method for variable selection. Kruskal-Wallis analysis of

variance test is a common non-parametric test used for this purpose.

The hypothesis being tested consists of the following:

• Null Hypothesis (H0): The null hypothesis is that the samples come from

populations with the same distribution.

• Alternative Hypothesis (H1): The alternative hypothesis is that the sam-

ples do not come from populations with the same distribution.

The Table 8.1 and Table 8.2 revealed the test statistics for non-parametric ANOVA

(Kruskal–Wallis) for one-way and two-way data, respectively. Test statistics revealed

that for one-way data, ‘gender’, ‘before crossing glance’, ‘group size’, ‘crosswalk
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Table 8.1: Kruskal–Wallis test for safety margin (one-way crosswalks data).

Variable χ2 DF P-value

Study location 14.251 2 <0.001∗∗

Gender 0.019 1 0.8911
Age 11.091 4 0.026∗∗

Before crossing traffic glance 0.000 1 0.9842
Group size 1.745 1 0.186
Crosswalk violation 1.468 1 0.226
Vehicle’s position when safety margin taken 15.252 2 <0.001∗∗

Type of vehicle with which safety margin has been taken 5.456 3 0.1413
Luggage 0.215 1 0.6429
Distraction 3.164 7 0.869
Speed category 8.580 4 0.072∗

During crossing glance (traffic) 6.752 1 0.009∗∗

During crossing glance (straight) 4.152 1 0.042∗∗

During crossing glance (ground) 0.020 1 0.888

Note:

** Denotes variable significance at 95% confidence level;

* Denotes variable significance at 90% confidence level.

violation’, ‘vehicle type’, ‘carrying luggage’, ‘distraction’ and ‘during crossing glance

(ground)’ do not show any significant influence on safety margin.

Similarly, test statistics for two-way data revealed that pedestrian ‘age’, ‘carrying

luggage’, and ‘during crossing glance’ (straight and ground) did not have a significant

influence on safety margin.

8.4.1 Association Among Variables

In addition to variable selection, it is a common practice to estimate multicollinearity

among predictors using a pairwise correlation. This is done to eliminate predictors

having a correlation value beyond a threshold limit (rule of thumb, r ≥0.4). In the

present study, as the majority of the variables are of categorical type, thus instead
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Table 8.2: Kruskal–Wallis test for safety margin (two-way crosswalks data).

Variable χ2 DF P-value

Gender ∗∗ 9.497 1 0.002
Age 3.542 4 0.471
Luggage 2.406 1 0.121
Group size ∗∗ 17.854 1 <0.001
Before crossing traffic glance ∗∗ 9.544 1 0.002
During crossing traffic glance ∗∗ 10.693 1 0.001
During crossing glance (straight) 0.062 1 0.803
During crossing glance (towards ground) 0.241 1 0.624
Distraction ∗∗ 20.256 7 0.005
Vehicle’s position when safety margin taken ∗ 4.849 2 0.088
Type of vehicle with which safety margin has been taken ∗∗ 16.492 3 <0.001
Approaching vehicle’s direction (straight/turning) ∗∗ 37.038 2 <0.001
Speed category ∗∗ 31.062 4 <0.001

Note:

** Denotes variable significance at 95% confidence level;
* Denotes variable significance at 90% confidence level.

of estimating Pearson correlation coefficients, Theil’s U (Theil, 1958, 1966) statistics

for one-way and two-way variables were estimated and reported in Figure 8.1 (A)

and 8.1 (B) respectively. Theil’s U is an asymmetric measure of association [U(x, y)

6= U(y, x), where U is Theil’s U], which provides association strength for categorical

variable pairs ranging from 0 to 1, where 0 indicates no association and 1 indicates

perfect association. The values reported in Figure 8.1 (A) and 8.1 (B) revealed that

the association strength among categorical variables is weak (Theil’s U for one-way:

≤0.23; Theil’s U for two-way: ≤0.25), indicating that the selected variables are

independent and can be used in the model estimation process.
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(a) Pairwise Theil’s U association estimate among one-way covariates.

(b) Pairwise Theil’s U association estimate among two-way covariates.

Figure 8.1: Pairwise association plots for categorical variables.
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8.5 PSM Model Results

Two separate regression models have been estimated to measure the effects of ex-

planatory variables (significant variables obtained from the non-parametric Kruskal–Wallis

test) on PSM for one-way and two-way crosswalks. The fixed effect model estimates

for the one-way crosswalk are presented in Table 8.3. Similarly, the fixed effect

model estimates along with location-wise intercepts are presented in Table 8.4, and

random-effects parameter estimates are presented in Table 8.5.

In addition to raw coefficients, semi-elasticities [eydx(x)] were computed using Stata

17 software for continuous and discrete variables (x ) using the Eq. (8.6) and Eq.

(8.7) respectively.

eydx(continuous x) =
d(ln ŷ)

dx
=
dy

dx
∗ 1

ŷ
=
b̂

ŷ
(8.6)

eydx(discrete x) = E{ln(ŷ)|x = 1} − E{ln(ŷ)|x = 0} (8.7)

The backward elimination process has been adopted for model fitting, where with

each iteration, non-contributing variables were removed one by one until no improve-

ment in model fitting was observed.

8.5.1 Overall Significance of the MLR Results

The overall significance of the one-way MLR model (one-way crosswalk data) is

tested with F − test, and it has been estimated to check whether the regression

coefficients are different from zero. The overall significance of the MLR model results

is tabulated in Table 8.3. The calculated F − values is 6.080 (for one-way model)
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with a significant p− value (<0.001). It indicates that the one-way MLR model can

predict the PSM with selected explanatory variables, and the alternative hypothesis

has been accepted. The overall significance of the random intercept regression model

results is presented in Table 8.4 (refer to next section). The test statistics [χ2 (23)

= 105.68] and a significant p− value (<0.001) indicate that the model can predict

the PSM with selected explanatory variables.

The one-way MLR model results are shown in Table 8.3. The MLR model’s coef-

ficient of determination (R-square) is 0.128. It means that there is only a 12.8%

variation in PSM for the one-way model due to variation in the selected explana-

tory variables. The VIF values (mean VIF is 1.64) revealed that VIF values are

within the acceptable limit (VIF ≤5) for the one-way model, which also reflects the

independence of covariates.

A likelihood ratio test was conducted to compare the random intercept model with

one-level ordinary linear regression [model without random intercept (uj)]. The

results revealed a significance p-value < 0.05 (refer Table 8.5), indicating that the

random intercept model is overall better compared to the fixed effect model.

8.5.2 Variance Partitioning Coefficient

To understand the variability explained by the random intercept model, the Variance

Partitioning Coefficient (ρ) was estimated using Eq. (8.8). The random-effects

parameter (here the location) estimates revealed that it explained an additional

12.83% (ρ = 0.128) of variability, which was not accounted for by the fixed effect

model.

ρ =
σ2
u

σ2
u + σ2

e

(8.8)
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where σ2
e = residual variance at level 1 (2.085), σ2

u = variance at level 2 (0.307) and

σ2
u + σ2

e = total residual variance (2.392).

8.6 Discussion on PSM Model Results

From the developed model results of one-way crosswalks (refer Table 8.3), revealed

that ‘gender’, ‘age’, ‘before crossing traffic glance’, ‘group size’, ‘luggage’, ‘distrac-

tion’ and ‘during crossing glance’ (straight and ground) do not show any significant

effect on PSM model. Similarly, results from the two-way crosswalk model (refer

Table 8.4) revealed that ‘gender’, ‘age’, ‘before crossing glance’, ‘luggage’, ‘vehicle

position’, and ‘during crossing look’ at straight and ground do not show any signifi-

cant influence. The various significant variables of one-way and two-way models are

described as follows:

8.6.1 Effect of Demographic Characteristics

In both one-way and two-way models, pedestrian demographic such as age and gen-

der do not show any significant influence. One reason could be that in developing

countries like India, where traffic rules are lenient or at times ignored deliberately,

pedestrians, irrespective of gender and age, are accustomed to risky road crossing

behaviour. A similar observation was also found in the works of Onelcin and Alver

(2015), who studied illegal crossing behaviour at signalised intersections using gap

acceptance. However, past studies conducted on mid-block sections reported a sig-

nificant influence of age and gender on safety margin (Chaudhari et al., 2020).
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Table 8.3: Pedestrian safety margin model results for one-way crosswalks

Features Variable name
Coefficient

(β)
Std. err. p-value ey/dx VIF

Constant ∗∗ 5.764 0.505 <0.001 - -

Site
Site 2 (BBG) ∗∗ -0.614 0.253 0.015 -0.163 1.82
Site 3 (GPO) ∗∗ -1.619 0.288 <0.001 -0.520 3.20

Pedestrian
behavioural
characteristics

Crossing speed: >1-1.2 (m/s) ∗∗ -0.401 0.198 0.044 -0.119 1.57
Crossing speed: >1.2-1.4 (m/s) ∗∗ -0.638 0.214 0.003 -0.197 1.54
Crossing speed: >1.4-1.5 (m/s) ∗∗ -0.970 0.257 <0.001 -0.318 1.27
Crossing speed: >1.5 (m/s) ∗∗ -0.940 0.235 <0.001 -0.306 1.91

Exposure

Vehicles position: Middle 0.000 0.157 1.000 0.000 1.36
Vehicles position: End ∗∗ -0.705 0.207 0.001 -0.252 1.34
Vehicle type: Car ∗∗ 0.401 0.167 0.017 0.140 1.39
Vehicle type: LCV 0.477 0.308 0.122 0.164 1.28
Vehicle type Bus ∗∗ 0.779 0.298 0.009 0.255 1.26

Cautionary behaviour
Looked straight during crossing: yes ∗∗ 0.340 0.157 0.031 0.115 1.15
Looked at traffic during crossing: yes ∗∗ -0.422 0.169 0.013 -0.133 1.07

Traffic characteristics Through traffic ∗∗ -0.042 0.009 <0.001 -0.014 2.41

Model fit statistics
Multiple R-squared = 0.128
AIC: 2354.543; BIC: 2420.571
F(14, 588): 6.080 , P-value: <0.001

Reference levels
site = site1; crossing speed = ≤1; vehicle position = initial lane; vehicle type = two-wheeler; looked at traffic =
no; looked straight = no.

Note:

** Denotes variable significance at 95% confidence level;
* Denotes variable significance at 90% confidence level.
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Table 8.4: Pedestrian Safety Margin model summary for two-way crosswalks.

Features Variable name
Coefficient

(β)
Std. err. z p-value ey/dx

Demographic Gender (Female) -0.084 0.116 -0.724 0.469 -0.028

Pedestrian
behavioural
characteristics

Group: Two or more ∗∗ 0.337 0.167 2.024 0.043 0.110
Crossing speed: >1-1.2 (m/s) ∗ -0.291 0.166 -1.750 0.080 -0.085
Crossing speed: >1.2-1.4 (m/s) ∗∗ -0.610 0.182 -3.363 0.001 -0.187
Crossing speed: >1.4-1.5 (m/s) ∗∗ -0.532 0.206 -2.575 0.010 -0.161
Crossing speed: >1.5 (m/s) ∗∗ -0.910 0.171 -5.312 <0.001 -0.295

Exposure

Vehicles position: Middle 0.129 0.119 1.082 0.279 0.044
Vehicles position: End 0.018 0.161 0.109 0.913 0.006
Vehicle type: Car ∗ 0.236 0.123 1.922 0.055 0.082
Vehicle type: LCV 0.242 0.185 1.309 0.190 0.084
Vehicle type: Bus ∗∗ 0.579 0.217 2.665 0.008 0.189
Approching vehicle’s direction: Left ∗∗ 0.379 0.130 2.908 0.004 0.129
Approching vehicle’s direction: Right ∗∗ 0.424 0.163 2.597 0.009 0.144

State of crossing

Distraction: Mobile talking -0.196 0.234 -0.836 0.403 -0.068
Distraction: Texting -0.260 0.518 -0.503 0.615 -0.091
Distraction: Headphones ∗ -0.659 0.385 -1.713 0.087 -0.251
Distraction: Eating/drinking/smoking 0.452 0.443 1.021 0.307 0.140
Distraction: Group talking -0.020 0.215 -0.094 0.925 -0.007
Distraction: Holding phone in hand -0.011 0.212 -0.051 0.959 -0.004
Distraction: Others -0.026 0.279 -0.092 0.927 -0.009

Cautionary behaviour
Before crossing traffic glance: yes -0.197 0.128 -1.544 0.123 -0.065
During crossing traffic glance: yes ∗∗ -0.402 0.136 -2.952 0.003 -0.129

Traffic characteristics Traffic per cycle ∗∗ -0.004 0.001 -3.420 0.001 -0.001

Intercepts

Central 4.879 na na na na
Chandni Chowk 3.405 na na na na
Deshapriya Park 4.447 na na na na
Gariahat 3.749 na na na na
General Post Office 3.394 na na na na
Jadavpur 4.669 na na na na
Kalighat 3.723 na na na na
Shobhabazar 4.215 na na na na

Model fit statistics
AIC: 3343.46 and BIC: 3468.75
Wald χ2 (23) = 105.68, p = <0.001

Reference levels
Gender = Male; Group/Platoon size = Single; Crossing speed = ≤1; Vehicle position = Initial lane; Vehicle type
= Two-wheeler; Approaching vehicle’s direction = Straight; Distraction = None; Before crossing glance = No, and
During crossing glance = No.

Note:

na: not applicable.

** Denotes variable significance at 95% confidence level;
* Denotes variable significance at 90% confidence level.
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Table 8.5: Pedestrian Safety Margin model’s random-effects parameters sum-
mary.

Random-effects parameters Estimate Std. err.
95% CI

(LB)
95% CI
(UB)

Location: Identity
var(Constant) 0.307 0.177 0.099 0.95

var(Residual) 2.085 0.098 1.901 2.286

LR test vs. linear model: chibar2(01) = 55.70; Prob ≥ chibar2 = 0.00

8.6.2 Effect of Pedestrian Behavioural Characteristics

Pedestrian behavioural characteristics such as crossing in a group were observed to

be a significant factor in risky crossing behaviour reported by past studies. The

group’s effect on the safety margin showed no significant impact in the case of one-

way crosswalks. In contrast, for the two-way crosswalks, pedestrians in a group took

more caution by taking a larger safety margin. It was observed that pedestrians took

11% larger safety margin when crossing in a group (8.2) compared to crossing alone.

One possible reason could be that pedestrians in a group were more concerned about

the group members’ safety, thus deterring themselves from taking unnecessary risks.

Figure 8.2: Impact of group/platoon size on Pedestrians Safety Margin (two-way
crosswalks)
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Figure 8.3: Impact of crossing speed on Pedestrians Safety Margin.

Further, the crossing speed variable revealed that pedestrians who can increase their

speed during crossing could adopt a smaller safety margin. This behaviour is ob-

served especially among young pedestrians who can increase their speed more fre-

quently to adopt small vehicular gaps (Figure 8.3). It was observed that in one-way

and two-way crosswalks, pedestrians with a crossing speed of >1.5 m/s accepted

30.6% and 29.5% smaller safety margins compared to reference crossing speed (≤1

m/s).

8.6.3 Effect of Exposure

Pedestrian exposure to traffic is investigated using three variables when a pedestrian

encounters an oncoming vehicle. The variables are the vehicle’s position, type of

vehicle and direction of its arrival (applicable for two-way crosswalks only). For

one-way crosswalks, it has been observed that pedestrians took a smaller safety

margin at the end lane. In contrast, for two-way crosswalks, no significant influence

of position was observed. The reason might be that the end lane is near the footpath

rest area; pedestrians see this as a safer zone than the middle lane of the road. Thus,
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to attain the reward of reaching the so-called safe zone, pedestrians undertook more

risks and accepted small gaps.

Further, results from both the models revealed that as the vehicle size increases,

pedestrians’ safety margin size requirement for safe crossing also increases, which

can also be validated from Figure 8.4. Pedestrians took 25.5% (one-way crosswalks)

and 18.9% (two-way crosswalks) largest safety margin when the oncoming vehicle

was a bus compared to a two-wheeler (base-case). This result is similar to the past

study conducted by Avinash et al. (2018) and Zhuang and Wu (2011). In addition,

the results on interaction with turning vehicles illustrate that pedestrians took the

largest safety margin with right-turning vehicles (14.4% larger). The reason could

be that right-turning vehicles’ trajectory seemed almost a blind spot for pedestrians

while crossing the road. Thus, interaction with the right-turning vehicle could have

felt like a surprise; thus, to be on the safe side, pedestrians took more caution.

Figure 8.4: Impact of vehicle type on Pedestrian Safety Margin.
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8.6.4 Effect of State of Crossing

The distraction variable was included in the two-way PSM model based on the

Kruskal-Wallis significant test statistics. The distraction variable’s coefficient re-

vealed that only the “headphones use” category has a significant influence on PSM

(refer Table 8.4 and Figure 8.5). The estimate revealed that compared to pedestri-

ans without any distraction (base category), those engaged in music listening via

headphones took a 25.1% smaller safety margin. The reason behind such behaviour

could be that headphones capture pedestrians’ attention while obstructing traffic

noise. This reduces the existing traffic awareness. Further, it makes pedestrians

envision being in a natural environment, withdrawing their alertness from the situa-

tion (Walker et al., 2012). Koh and Wong (2014) studied signal violation behaviour

in Singapore and observed no significant influence of distraction on gap acceptance

behaviour.

Figure 8.5: Impact of distraction on Pedestrian Safety Margin (Two-way cross-
walks).
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8.6.5 Effect of Cautionary/Glance Behaviour

Pedestrian cautionary or glance behaviour is an essential factor that provides impor-

tant information to pedestrians, thus helping them plan a better and safer crossing

decision. In both, the models, “before crossing glance”, showed no significant influ-

ence on PSM. The reason could be that a “before crossing traffic glance” might have

been useful only when pedestrians encountered the traffic in the initial lane (first

lane). The difficulty might have escalated if they encountered the gap at mid-lane

and end-lane; after looking at the vehicle by the time pedestrians reached at mid/end

lane, the vehicle’s dynamic could have changed, turning into an unsafe crossing. This

can also be validated by the ”during crossing glance” variable, which significantly

impacted PSM. The results revealed that pedestrians accepted a 13.3% and 12.9%

smaller safety margin when performing a “during crossing glance” at one-way and

two-way crosswalks, respectively. The “during crossing glance” helped pedestrians

keep track of the vehicular dynamics while rolling over one lane to another, thus,

adopting a smaller safety margin (refer Figure 8.6).

Figure 8.6: Impact of during crossing traffic glance on Pedestrian Safety Margin.
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8.6.6 Effect of Traffic Characteristics

The number of traffic plying per cycle is also found to be negatively associated with

the safety margin (refer Table 8.3 and Table 8.4), which is elucidated by the premise

that when the number of vehicles increases, the safe gap between vehicles decreases.

During high traffic volume cycles, pedestrians willing to take crossing risks accept

a small safety margin to complete the manoeuvre, increasing their chances of crash

risk.

8.7 Practical Implications from the PSM Results

• The impact of pedestrian behavioural characteristics on pedestrian safety has

been identified, and these results may be useful to transportation engineers in

similar kinds of roadway conditions to identify unsafe pedestrian intersection

crosswalks.

• The impact of vehicle type (large vehicles) identified in the current study may

be useful to transport planners. Intersections where traffic flow is comprised

of a large number of heavy vehicles, such as buses and trucks, require special

attention.

• The current study showed that ”during crossing glance” is one of the significant

parameters that guides pedestrians during the road crossing process. Thus,

educating the young population about before crossing traffic glance (looking

left and right) and during crossing traffic glance might help them cross the

road safely.
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• Pedestrians’ movement needs to be separated entirely by providing foot-over

bridges or underpasses at intersections with intense traffic to eliminate pedestrian-

vehicle interactions.

• The study results may also be useful for developing new design standards for

new pedestrian facilities where similar kind of roadways and traffic prevails.

8.8 Summary

The pedestrian safety margin (PSM) model presented in this chapter aims to identify

the significant factors that influence PSM. The variables such as ‘gender’, ‘age’,

‘traffic look before crossing’, position where safety margin has been taken (one-way

model), and different ‘distractors’ (one-way model) were found to be insignificant.

The results show that pedestrian behavioural characteristics such as ‘group size’

(two-way model) and ‘crossing speed’ affect the safety margin value maintained by

the pedestrians. Interaction with large vehicles and the presence of right-turning

traffic increased safety margin, while ”during crossing traffic glance” and through

traffic per cycle were observed to reduce the pedestrian safety margin values.

The conclusions and research contributions of the current work are discussed in the

next chapter.
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Chapter 9

Conclusions and Practical

Implications

9.1 Summary

In the current study, the methodologies were proposed to develop signal violation,

distracted crossing, waiting behaviour and safety margin models. A video graphic

and a questionnaire survey (for distraction) were conducted at selected signalised

intersection crosswalks in Kolkata, India. The required quantitative data (such

as pedestrian behavioural and traffic characteristics) were extracted from collected

video footage. Initially, the influence of social and non-social factors on signal vi-

olation behaviour was studied at three one-way crosswalks and relationships were

established. Later, the influence of various distractors (such as mobile phone talking,

texting, headphones use, group talking and eating/drinking/smoking) was studied

to understand whether these distractors promote unsafe road crossing behaviour.

Afterwards, pedestrian waiting behaviour and the influence of covariates’ on signal

175
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violation were studied using time-to-event analysis at two-way crosswalks. Finally,

pedestrian and vehicle interaction was quantified using the safety margin approach.

The significant findings of the research are classified into four categories: i) pedes-

trian signal violation behaviour model, ii) pedestrian distracted road crossing be-

haviour model, iii) pedestrian waiting behaviour survival model, and iv) pedestrian

safety margin model at signalised intersection crosswalks and summarised in the

following sections.

9.2 Study Findings

This study addressed the pedestrian unsafe road crossing behaviour at signalised

intersection crosswalks under mixed traffic conditions in Kolkata, India. Major

conclusions drawn from this study are presented below.

9.2.1 Pedestrian Signal Violation Behaviour Model

The specific conclusions drawn from the data collection and analysis of social and

non-social factors influencing signal violation behaviour are as follows:

(i) The study provided empirical evidence that social and non-social factors influ-

enced pedestrians’ red-light violation behaviour. This is a significant finding

because both factors can be used to understand signal violation behaviour.

The red-light violation could be utilised as a surrogate measure to identify

unsafe intersections in Kolkata city.

(ii) Regarding the group effect, the tendency to wait on the red-light phase was

greater when more people were waiting at the curb, either when a pedestrian
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arrived, or other pedestrians joined after the arrival of the subject pedestrian.

The present finding indicates a group’s power to influence its members to obey

the law positively. Media campaigns should utilise this power for educational

purposes by emphasising the positive value of social control and its benefits.

(iii) The chances of pedestrians’ signal violation are significantly high if a pedestrian

finds that a significant number of neighbours successfully crossed the road,

violating the red-signal phase.

(iv) The number of neighbours crossing the street in the red-light phase is a sig-

nificant influencer for signal violation, compared to binary selection (someone

crossed in the red-light phase or did not cross) used in past studies.

(v) The model outcome also revealed that compared to 0-20 seconds waiting time

(reference category), if pedestrians experienced a longer waiting time of 20-

40 seconds or >40 seconds for safe crossing, they became impatient, and their

illegal crossing probability was increased by 12.8% and 28.4% respectively. The

present finding points to the deficiencies in signal design and infrastructure

planning.

9.2.2 Pedestrian Distracted Road Crossing Behaviour Model

In the era of digital devices, mobile phone use has proliferated in developing coun-

tries and caused safety compromises during road crossings. As vehicle drivers and

pedestrians use a shared space for movement (especially at intersections); thus, sim-

ilar to driver distraction, the pedestrian could also engage in such distraction, which

reduces crossing safety. Thus, to understand the behavioural difference between

pedestrians with and without distraction in this study, a detailed investigation has
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been conducted, considering three one-way crosswalks in Kolkata, India. The fol-

lowing conclusions are drawn from different pedestrian distraction model results.

(i) Questionnaire survey response showed that among all reported mobile use,

the primary segment of the respondents was reported to be distracted from

frequent mobile phone talking (81.2%) and when it was work-related (41%).

(ii) About 13.7% (61) of respondents was subjected to at least one near-miss in

the past, and 4.5% (20) experienced at least one accident.

(iii) Pedestrians of the young adult age group (18-29 years) were more likely to talk

on their mobile phones, while the teenage group (<18 years) was more involved

in texting than any other age group when crossing the road at intersection

crosswalks.

(iv) Pedestrians, with a wait time of one or more seconds, were 6% more likely to

talk on a mobile phone compared to others during the crossing process.

(v) The pedestrian distracted by talking on the mobile phone, texting, eating/-

drinking/smoking, and group talking was less likely to perform ‘glance/cau-

tionary behaviour’ before and during the crossing.

(vi) Pedestrians engaged in texting were 7.9% more likely to cross in the red-signal

phase compared to the green walk-signal phase.

(vii) In comparison to pedestrians without distraction, mobile-talking pedestrians

were 4.5% more likely to ‘nearly hit/bump’ into another oncoming pedestrian.

(viii) Pedestrians crossing alone were found to perform more mobile talking and

texting due to less social interactions and boredom as compared to pedestrians

in groups of two or more.

TH-2875_166104036



Chapter VI. Conclusions and Practical Implications 179

(ix) Many variables in the “holding a phone in hand” analysis did not reach sig-

nificance, indicating that pedestrians holding a phone (not using it) did not

contribute to distraction. Thus, it should not be treated as any sort of dis-

traction.

(x) Pedestrians involved in texting or eating/drinking/smoking walk considerably

slower than their undistracted counterparts, which might increase the traffic

exposure time and subsequently affect their safety.

9.2.3 Pedestrian Waiting Behaviour Survival Model

Pedestrian waiting time has a significant influence on risk-taking behaviour at sig-

nalised intersection crosswalks. The waiting duration of pedestrian crossing through

the intersection crosswalks was modelled using a hazard-based duration approach.

The conclusions drawn from the time-to-event analysis results are as follows:

(i) The study result revealed that the hazard-based duration approach could be

a very useful technique for understanding the signal violation behaviour over

a given duration of the waiting period.

(ii) Log-Normal distribution best represents the waiting duration of pedestrians

at intersection crosswalks in Kolkata.

(iii) The high danger rate is shown by the short waiting time (less than 3 seconds),

where 49.5% of pedestrians crossed the road immediately after red-phase ar-

rival, indicating a pre-determined crossing decision or familiarity with the in-

tersection.

(iv) The pedestrian endurance towards waiting was reflected in the span of 36.7

seconds, over which 75% of the pedestrians violated the signal.
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(v) The pedestrians carrying luggage were observed to be more likely to violate

traffic signal rules (survival time dropped by 38%). Hence, intersections with a

high volume of such pedestrians (like intersections near public transportation

terminals) require additional attention.

(vi) Group talking social distraction reduces signal violation tendency and increases

waiting for endurance for the green light.

(vii) Pedestrian glance is an important predictor of signal violation. The study

results revealed that pedestrians who looked at traffic before initiating crossing

were less likely to violate the signal (survival wait time increased by 1131.72%).

(viii) The model outcome also suggested that a longer cycle length increases the

probability of signal violation. This is an important finding, capturing broader

planning, design and enforcement issues influencing pedestrian risk-taking be-

haviour.

9.2.4 Pedestrian Safety Margin Model

The pedestrian safety margin is a good quantitative dummy measure of unsafe cross-

ing behaviour at signalised intersection crosswalks. In the present study, the pedes-

trian safety margin (PSM) at intersection crosswalks was modelled using the Multi-

ple Linear Regression (for one-way crosswalks) and Random Intercept Linear model

(for two-way crosswalks), and significant covariates were identified. The conclusions

drawn from the PSM model are as follows:

(i) The result showed that pedestrian gender and age do not have any significant

influence on pedestrian safety margin.
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(ii) Pedestrians took 11% (two-way crosswalks) larger safety margin when crossing

in a group compared to crossing alone.

(iii) Pedestrians took 25.5% (one-way crosswalks) and 18.9% (two-way crosswalks)

larger safety margin when crossing against a bus compared to a two-wheeler.

(iv) The model result suggested that pedestrians with higher crossing speeds can

accept a smaller safety margin.

(v) An exciting finding is that pedestrians took a smaller safety margin at the end

lane to complete the crossing manoeuvre.

(vi) Model result deliberated that pedestrians took more caution in the presence

of turning traffic than through traffic.

(vii) The current study results showed that ”during crossing glance” helped pedes-

trians to keep track of the vehicular dynamics while rolling over from one lane

to the other. This helped them adopt smaller safety margins.

(viii) Pedestrians with higher crossing speeds showed riskier crossing behaviour, i.e.,

took a smaller safety margin.

9.3 Research Contribution

This study advances the state of the art in understanding pedestrian risk-taking

behaviour at signalised intersection crosswalks. The study enhances and develops

models using real-world empirical data. Moreover, the current research effort pro-

vides the following contributions:

TH-2875_166104036



Chapter VI. Conclusions and Practical Implications 182

• The study of signal violation risk-taking behaviour demonstrated the influence

of social factors along with non-social factors that encourages risk-taking be-

haviour at intersection crosswalks. The research highlighted the positive and

negative implications of having social information disseminated from other

pedestrians in road crossing decision-making.

• This study explored distracted road-crossing behaviour to understand the in-

fluence of distraction on road-crossing safety. This provides an overall frame-

work for the safety evaluation of intersection crosswalks regarding digital and

social distraction.

• Time to event analysis (survival analysis) was used to model pedestrian waiting

behaviour at intersection crosswalks. The study provided a good overview of

survival analysis in pedestrian safety research. The application part could be

extended to other parts of transportation research.

• The study also explored a proactive evaluation mechanism of pedestrian safety

using the safety margin concept at signalised intersection crosswalks under

mixed traffic conditions. It developed a realistic model considering pedestrian

crossing behavioural characteristics on pedestrian safety evaluation.

9.4 Policy Implications

Due to the increase in pedestrian crashes at intersection crosswalks, transport poli-

cymakers face myriad challenges in reconciling unsafe road crossing behaviour. Clear

directives and formulation of new policies based on pedestrian crossing behaviour

provide an opportunity to reinforce the pedestrian infrastructure. In particular, the

impact of individual risk-taking behaviour at crosswalks led to many crashes and
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fatalities in developing countries, India in particular. Recognising that reconfiguring

or formulating transport policies should be based on users’ current behaviour, several

possible policy implications obtained from this research are summarised below.

Prioritising Pedestrians: In India, pedestrian infrastructures are lagging, there-

fore, pushing them to behave in an unsafe manner. For example, none of the selected

sites in the current study had a well-designed refuse island, which forced pedestri-

ans to wait at the median in an unsafe manner. Hence, building safe and updated

pedestrian infrastructure should be one of the top priorities for policymakers that

make pedestrians feel valued and safe. Thus, increasing trust and respect for the

traffic law.

Forgiving Infrastructure: In the current study, the K-M estimate showed that

75% of pedestrians got impatient and crossed the road within 36.7 s. The finding

pointed out the deficiencies in signal design and infrastructure planning. A similar

outcome has been observed for the longer signal cycle lengths. One solution could

be to adjust the red-light phase duration at busy intersections or provide grade-

separated crossing facilities where the red-light phase length is too long. Past studies

suggested keeping the red-phase length below 40 s to enhance pedestrian signal

compliance (BAASS, 1989; Wang et al., 2011). In developing countries where traffic

rules are lenient, this type of unsafe crossing is more observed within a short waiting

duration. Thus, more studies must be conducted to develop a reasonable red-light

phase length.

Moreover, in the current study, 49.5% observations waited only for a shorter duration

(0-3 s), which could be due to the reason that the decision was predetermined, or

the pedestrians were familiar with the intersection and thus decided not to wait

further. It indicates even with the best possible measures put in place to stop

unsafe crossing; there will still be pedestrians who would take the risk and cross
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the road in an unsafe manner. In the real-world scenario, exceptions exist; it would

be unrealistic to expect every road user to abstain from unsafe behaviour. Thus,

policymakers must make future infrastructures forgiving in nature so that the cost

of unintended mistakes can be avoided. One example could be narrowing down the

crosswalk section of the road, which would reduce the crossing duration as well as

the pedestrian exposure time if entering the road during the red-signal phase, and

also force drivers to reduce their speed near the intersection, which helps in reducing

fatal crashes (Distefano and Leonardi, 2017). A before and after implementation has

been illustrated in Figure 9.1. Further, flashing LED lights and Variable Message

Signs (VMS) could be installed to reduce serious vehicle-pedestrian conflicts and

improve drivers’ yielding behaviour at intersection crosswalks (Hussain et al., 2021).

In addition, traditional fixed time signals should be replaced with count-down signals

at intersection crosswalks, as it reduces crashes involving pedestrians and vehicles

(Pulugurtha et al., 2010).

Road Safety Education: Although improvements made in the design of a built

environment to improve pedestrians’ convenience are necessary, re-educating and

motivating millions of pedestrians to make a long-lasting behavioural change should

also be the goal of policymakers. In the current study, we observed that glance is one

of the most important parameters that help pedestrians in crossing decision-making.

Past studies on pedestrians’ distracted road-crossing behaviour also highlighted the

importance of glances in road-crossing behaviour (Bungum et al., 2005; Pešić et al.,

2016). Thus, educating the young population about traffic glances (looking left and

right) and taking precautions before making the crossing decision might help them

cross safely.

Innovation in Road Safety Interventions: Policymakers and planners could
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Figure 9.1: Human-oriented street design

take advantage of modern innovative solutions to develop innovative road safety in-

terventions. For example, computer vision-enabled AI systems could be utilised to

track red-light violations and to warn road users (Keller and Gavrila, 2014). Simi-

larly, Agent-based frameworks could be utilised to evaluate pedestrian road crossing

safety at intersection crosswalks (Zhu et al., 2021). Although the impact of dis-

traction in the current study is not significant in the observed intersections, still

wherever this type of behaviour is found to be unsafe during road crossing on those

intersections, innovative interventions could be applied. For example, stencil re-

minder (refer Figure 9.2 (A)) could be installed at crosswalk waiting areas (Barin

et al., 2018). In-ground LED lights, or audio-based systems in pathways, could be

used to seek distracted pedestrians’ attention (refer Figure 9.2 (B)) and warn them
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about the signal status (Larue et al., 2019). Further, public campaigns and adver-

tisements (refer Figure 9.2 (C) and 9.2 (D)) could be utilised to warn pedestrians

about the crossing risk while distracted (Mwakalonge et al., 2015).

(a) Stencil reminder installed at crosswalks in
California, USA (Barin et al., 2018)

(b) In-ground LEDs installed at crosswalks in
South Korea (Larue et al., 2019)

(c) The “E-Lane” in Philadelphia (Mwakalonge
et al., 2015)

(d) Distracted walking street campaign ad in
San Francisco (Mwakalonge et al., 2015)

Figure 9.2: Interventions to reduce distracted road crossing behaviour

Further, installing pedestrian push buttons and Accessible Pedestrian Signals (APS)

in place of existing signals could help pedestrians cross the road safely (refer Figure

9.3). Moreover, additional buttons need to be introduced in the existing Accessible

Pedestrian Signals (APS) that would extend the normal crossing time (walk time)

to accommodate the need of pedestrians with disabilities (walking disability) or

impaired vision that could help them cross the road safely.
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(a) Pedestrian push button (b) Accessible Pedestrian Signals (APS)

Figure 9.3: Pedestrian crossing assistance devices

Strict Enforcement: Traffic laws were enforced to prevent and protect road users,

mainly pedestrians, worldwide. These rules and regulation protect pedestrians and

safeguards against rush drivers, also instruct drivers that they must slow down their

vehicle when approaching a pedestrian crossing facility and it also prevents drivers

from parking his/her vehicle near a traffic light/pedestrian crossing facility/cross-

walk. Even though these rules are in place, road users in developing countries

and especially drivers, are less likely to comply with rules and regulations due to

lack of enforcement, thus resulting in numerous traffic violations leading to many

pedestrian-vehicle crashes. In the current study, we observed that in many pedes-

trian green phases (red phase for vehicles), vehicles occupied the pedestrian right of

way (stopped over zebra crossing) while waiting for their green light, which forced

pedestrians to move out of the zebra crossing, which is very common in Indian

scenario. Therefore, in addition to building pedestrian-friendly infrastructures, it is

also essential that law enforcement agencies strictly enforce traffic laws in the field to

safeguard pedestrians and other road users. For example, at intersections, a speed

table with raised crosswalks could be provided (refer Figure 9.4), which not only

helps in reducing approaching vehicle speed during the vehicle green phase but also
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discourages drivers from occupying the pedestrian right of way (zebra crossing) due

to raised nature of the crosswalk during vehicle red-phase (i.e., while waiting for

vehicle green phase), (Distefano and Leonardi, 2017).

Figure 9.4: Speed table with raised crosswalk

9.5 Study Limitations and Scope for Future Work

Like any other study, this study is also not without limitations due to a shortage

of resources and field setting. The study limitations and future research scopes are

presented below.

• The pedestrians’ road crossing behaviour was observed only during non-peak

hours (11 am to 2 pm) to avoid the influence of traffic police (forcibly stopping

pedestrians from signal violations). Thus, future research should include peak

and non-peak hours to study pedestrians’ unsafe road crossing behaviour.
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• In signal violation research, social and non-social factors were studied on one-

way crosswalks. In future research, the same approach could be extended to

two-way crosswalks also.

• Research involving the interaction between variables (demographics of leader

and follower pedestrian violating signal) could help better understand the

pedestrian signal violation risk-taking behaviour.

• The current study did not account for the driver’s behaviour, such as yielding

behaviour, speeding and rush driving into consideration. Future research in-

volving these explanatory variables can provide better insight into pedestrian

risk-taking behaviour.

• To get an initial understanding of pedestrian distracted road crossing be-

haviour in developing countries like India, similar to past studies, the present

study also considered crosswalks with one-step crossing (three one-way cross-

walks). The current study methodology can be extended to two-way divided

streets in terms of two-step crossing to understand more complex crossing be-

haviour, where pedestrians could use mobile phones in the first step of crossing

(start to median) and might not use them on the second step (median to end)

or vice-versa.

• Future research should also investigate how pedestrians utilise their hearing

senses to perceive their environments (especially pedestrians who are holding

their phones or texting and not wearing headphones). This would provide a

better understanding of how situational awareness is reduced by mobile phone

use or if pedestrians are relying on senses other than sight to inform them of

traffic conditions.
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• The current distraction study only measured the influence of various distrac-

tors on road crossing behaviour. In future research, distracted unsafe road

crossing behavioural estimates could be incorporated with the “Level of Ser-

vice” measures to identify unsafe signalised intersection crosswalks.

• Combining objective observational data (on all stages of pedestrian road cross-

ing) with subjective data (questionnaire survey) from the same observed pedes-

trian would provide a better understanding of human factors involved in cross-

ing behaviour at signalised intersection crosswalks.

• The observations under the current study were made only based on one city-

level data, which may restrict the scope of the conclusions drawn from the

current study. Thus, future studies need to extend the methodology to a

wider variety of intersections and samples with a more diverse category of

signalised and unsignalised intersections over different Indian provinces (com-

mercial, residential, and educational) to make findings more generalised.

Although there are several possibilities for future research in this domain, the results

obtained from this study can be of great help to researchers, policymakers, design

practitioners, and engineers. These findings will also be useful for designing better

interventions and reducing unsafe crossing behaviour.
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Appendix A

Questionnaire Survey Format

Figure A.1: Mobile phone distraction questionnaire survey format
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Appendix B

Data Extraction Sheet

Figure B.1: Data extraction sheet [includes raw data of red-light arriving pedes-
trians]
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Where,

location: Survey Sites.

gender : Gender (Male/Female).

pace: Walking pace (Normal/Hurried).

crossing type: Crossing path (Perpendicular/Oblique).

Speed : Crossing speed in m/s.

wait till green: Waiting duration (s) till green phase initiation.

people waiting : Number of pedestrian waiting on arrival.

people joining : Number of people joined after the candidate pedestrian’s arrival.

cross from same: Number of pedestrian crossing from same direction during red-

light phase.

cycle time cat : Cycle time category (0-100 s, >100-150 s and >150 s).

traffic: Number of traffic plying on the road per cycle.

sig dep: Signal status on departure (green walk/ red do not walk).
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